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Abstract 

There is a stark contrast between the recent evolution of labor productivity (and TFP) in the 

US and EU countries. In the US it accelerated around the mid-1990s and there is evidence 

of reversion to a high-growth regime. In some EU countries, while employment-population 

ratios started to rise after a period of stagnant employment, labor productivity (and TFP) 

decelerated. 

In this paper we apply univariate and multivariate methods, that have been used to 

detect structural breaks in productivity growth in the US economy, to EU data to confirm 

the existence of a significant permanent shift to lower productivity growth in some 

European countries around the mid-1990s. We find a structural break in mean labour 

productivity growth in the US around the mid-1990s (towards higher growth), in Continental 

Europe around the early 1990s (towards lower growth) and no evidence of structural 

breaks in the UK. 

JEL Classification: C22, O47 
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1 Introduction
Around the middle of the 1990s labor productivity (and Total Factor Produc-
tivity, TFP henceforth) accelerated in the United States, and there is some
evidence of reversion to a "high-growth regime" (Hansen, 2001, Kahn and Rich,
2004). In stark contrast, around the same time, labor productivity (and TFP)
decelerated in some European Union countries. For instance, in the European
Union (EU-15) as a whole, the annual rate of growth of real GDP per hour
worked declined from an average of 2.3% in the 1980-94 period to 1.4% since
the mid-1990s. As shown in Table 1, this deceleration took place in the five
largest EU countries and it was particularly acute in Italy and in Spain.
Whether this deceleration in labor productivity growth in the EU is a tem-

porary or a permanent phenomenon is controversial.1 Some pundits argue that
in the EU labor productivity growth has not yet shown an acceleration, as a
result of the technical progress brought up by the introduction of new tech-
nologies as in the US, because the introduction of new technologies takes time
to be translated into higher productivity and investment in these technologies
occurred in the EU with some delay with respect to the US. When focusing on
the sectorial sources of labour productivity growth, the bulk of the divergence
in labor productivity growth between the US and the EU arises mainly from the
disappointing performance of non-ICT producing sectors in the latter (Van Ark,
et al. 2003), which suggests that the lack of technical progress in ICT is not
the main reason for the lagging EU performance in this regard, and that there
could be some true in the argument pointing out to delays in the transmission of
new technologies to non-ICT producing sectors. There is also the view that the
deceleration of labor productivity growth in the EU was a transitory phenom-
enon due to the fall in capital accumulation during the transition to a balanced
growth path with a higher employment rate. A slightly modified version of this
view relies on composition effects: increasing employment in Europe brought
back into employment low-skilled workers, which had a temporary negative ef-
fect on productivity growth. However, although it is true that capital-labor
ratios increased by less in Europe to some extent (see Table 1), the decline in
labor productivity growth was also due to the fall in TFP growth (with the
exceptions of France and the UK).2

Nevertheless, as time goes by and there are no signs of recovery, it seems
that there could be more fundamental, structural reasons behind the deceler-
ation in productivity growth in the EU. Among them, several hypothesis are
put forward:3 i) a composition of human capital biased towards specific skills

1Although there are some relevant measurement issues, they can only explain a minor part
of both the acceleration of US labor productivity and the deceleration of European labor
productivity.

2As for composition effects, they can only explain a small portion of the deceleration of
labor productivity growth. Notice, moreover, that, as unemploymet rates are still high in
some EU countries, particularly among the low-skilled, the difference in labour productivity
levels between the US and the EU should widen, were employment rates continuing increasing
in the EU.

3For an account of these hypotheses, regarding the UK case, see Basu et al. (2003).
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3 Searching for structural breaks (I): Univariate
analysis

We start by using univariate statistical methods to identify permanent shifts in
mean labor productivity growth in the five largest EU countries and the US. We
first assume that productivity growth follows a simple auto-regressive process
and perform testing of structural breaks and estimation of break dates. In a
second step we also consider alternative specifications, such as long-memory
processes with structural breaks and Markov-Switching Regime Models.

3.1 Testing

We first assume for simplicity that labor productivity growth, ∆yt, follows an
AR(1) process:

∆yt = α+ ρ∆yt−1 + ut (1)

being ut a white noise process of variance σ2. Thus, the dynamic properties of
labor productivity growth would vary whenever any of the three parameters,
α, ρ, σ2, changes. We focus on structural breaks in long-run labor productivity
growth, that is, permanent shifts in the constant or the auto-regressive parame-
ter (α and ρ).7 As measure of labor productivity growth, we take the quarterly
growth rate of GDP per hour worked. First of all, we test the null hypothesis
of inexistence of structural breaks (stability in the regression parameters). We
consider both individual and joint tests for instability of the intercept and of
the auto-regressive parameters. In this context, it is important to remark that
we have considered the most simple model (i.e. AR(1)) in order to perform
structural breaks tests. Assuming and estimating more complex models could
undermine the power of the tests8 .
We have performed three tests9: i) Nyblom’s L test (Nyblom, 1989, and

Hansen, 1992) that has locally optimal power and does not require knowing a
priori the date of the break, ii) the Quandt Likelihood Ratio (QLR) (Quandt,
1960) or maximum Wald statistic (Sup-W) and iii) the logarithm of Andrews-
Ploberger exponential Wald statistic (Exp-W). The Sup-W and Exp-W tests
check for structural breaks making the assumption of unknown break date.10

7 In this context, Hansen (2001) surveys methods available to perform i) Tests for a struc-
tural breaks of unknown timing, ii) Estimation of the timing of a structural break, and iii)
Tests to distinguish between a random walk and broken time trends.

8Nevertheless, additionally, we have performed all these tests with the model selected by
the Bayesian Information Criteron and the results do not change significantly. We do not
include them in the paper but they are available upon request.

9Other tests of parameter instability are the famous Chow test (Chow, 1960) whose main
disadvantage is that the break point must be a priori known, and the CUSUM tests of recursive
residuals and of squares of recursive residuals of Brown, Durbin and Evans (1975) which have
poor asymptotic power. We have also performed CUSUM and CUSUM SQ tests and in all
cases we find that they reject parameter stability.
10The former test is the largest value of all the sequence of Wald F-statistic calculated for

each date and the latter is the exponential transformation of that sequence of F-statistic. 
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Results, collected in Table 3, suggest that there is statistical evidence of instabil-
ity in both parameters, and, consequently, in mean labor productivity growth,
in Spain, Italy, Germany and France. In the case of United States and United
Kingdom only the Nyblom’s test rejects the null of joint stability of both the
intercept and the auto-regressive parameter.11

In a second step, we search for multiple break dates using several procedures
developed by Bai and Perron (1996, 2003a, 2003b): i) a test of the null of no
break against the alternative of the existence of a fixed number of breaks (one,
two and three), ii) a test of the null of no break against an unknown number
of breaks (double maximum tests), and finally, iii) a test of the null of k breaks
against the alternative of k + 1 breaks (for k = 1, 2). The two panels of Table
4 report the results, the top panel regarding a pure structural change AR(1)
model, that is, considering changes in the intercept and in the AR parameter,
and the bottom panel regarding a partial structural change AR(1) model in
which only changes in the intercept are considered.
Results suggest that there is at least one structural break in any of the

parameters in Germany, Italy and Spain. For these three countries, the first
two tests reject the null of no break in both the general and the partial models,
while the third test accepts the existence of two breaks in Germany and Italy,
and one in Spain. In the case of France we only find evidence in favor of
one breakpoint in the partial structural change model. In general, there is no
evidence of structural breaks for the United Kingdom. And, finally, the three
tests for both models indicate that labor productivity in the United States would
have experimented at least one break.

3.2 Dating

Under the assumption of linearity and homoskedasticity of the covariance ma-
trix, the natural candidate for the estimation of the break date is that corre-
sponding to the largest value of Wald test sequence (sup-W), that is algebraically
identical to the date that minimizes the sum of squared residuals. In general, for
practical purposes, it is preferable and more efficient estimating regression mod-
els by OLS splitting the sample at each possible break date, and, then, finding
the one that minimizes the full-sample sum of squared errors sequence.12

In Table 5 we report the estimated breakpoints and values for the mean
productivity growth. We include the point estimation of the break date and
the confidence interval at 90% for the five largest EU countries and United

Both statistics have unknown distributions. Andrews (1993) and Andrews and Ploberger
(1994) provided the corresponding critical values, and Hansen (1997) developed a method to
calculate p-values.
11We also tested for variance stability. For the US and the UK we found that there seems

to be shifts in the variance of the AR(1) process for labor productivity around 1983 and 1985,
respectively. It should be noticed that under variance instability, the tests we performed for
stability of the intercept and the auto-regressive parameter have low power and they would
yield incorrect results (see Cogley and Sargent, 2005).
12Bai (1994,1997a and 1997b) derives the asymptotic distribution of the breakdate estimator

and shows how to construct confidence intervals. 
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States. For Italy and Germany, as the previous tests revealed the presence of
two breaks in the mean productivity growth, we have estimated two instead of
one. In both cases the first break date would be around the end of the 1970s,
towards lower mean growth, and the second one at the beginning of the 1990s,
to an even lower mean growth rate. The shift to a lower mean growth regime
in Spain would have happened in the mid-1980s, while in France it would have
taken place at the onset of the 1990s13 . For United States, we have performed
estimation of two break dates finding that the first one would be around 1973
and the second one between 1996 and 1997. This confirms the results obtained
in previous studies: Hansen (2001) finds strong evidence of these two breaks for
labor productivity in the US manufacturing/durables sector, Kahn and Rich
(2004) obtains similar breaks in US non-farm business sector output per hour
growth, and Benati (2005) achieves the same results for three series of output
per hour growth for business, non-farm business and manufacturing sectors. In
the case of the United Kingdom, we have estimated a break date even though we
did not find evidence of a structural change in mean productivity growth. Not
surprisingly, we obtain a very uncertain outcome, with rather large confidence
intervals around the estimated break date.14

An alternative approach at estimating break dates is to build upon the re-
sults of the Structural Break Augmented Fractional Dickey-Fuller (SB-AFDF)
test15, that we explain in more detail in section 3.3. The estimated break dates
are presented in Table 6. Under this approach, the break is assumed to have
occurred at an unknown date, but by performing the test in a sequential way,
the break date can be identified as that corresponding to the minimum statis-
tic. This approach yields results consistent with those of previous tests for the
United States, France and Spain. As for Germany and Italy, it signals to the
existence of two break dates, one at the end of 1970s and another during the
1990s. Lastly, for United Kingdom the break would have taken place at the
beginning of the 1980s, but in this case it is not statistically significative.
Summing up, for France, Germany and Italy we detect an important slow-

down in the mean labor productivity growth around the mid-1990s. For Spain
this slowdown would have occurred before, in the mid-1980s. United States pro-
ductivity growth would have experimented a decline around 1973, and then a
recovery to higher mean productivity growth around 1997, reaching an average
rate even greater than the one observed before 1973. And finally, we do not find

13This result coincides with the findings of Beffy and Fourcade (2005).
14This also has to do with the instability in variance shown by the labor productivity

growth in the UK. In the presence of variance shifts, the tests we have used would become
invalid. However, all the time in our analysis we have controlled by heteroskedasticity and
serial autocorrelation using the Newey-West variance-covariance matrix.
15Another way of testing for the presence of structural breaks is using unit root tests (see Per-

ron, 1989, Andrews and Zivot, 1992). Perron (1989) provides a test of a difference-stationary
process with breaks versus the alternative of a trend-stationary process with breaks, treat-
ing the break dates as known a priori. Andrews and Zivot (1992) propose a modification of
ADF unit root tests with endogenous break date, but only under the alternative of a trend-
stationary process. We have performed Andrews and Zivot’s test for the labor productivity
series and in the majority of cases the test is rejected. The results are not included for brevity
reasons but they are available upon request. 
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any clear evidence in favour of a structural break in labor productivity growth
in the case of the UK.

3.3 Long-memory processes and structural breaks

An alternative approach for explaining dynamic persistence in economic vari-
ables is to consider fractional integration. There is a connection between frac-
tional integration and common notions of structural change. Stochastic processes
with short memory or stationarity that exhibit structural changes can display
similar characteristics (such as auto-correlogram function, periodogram, etc) as
the ones observed in long memory or long range dependent processes. Dolado,
Gonzalo and Mayoral (2002, 2005) develop a time-domain test in order to distin-
guish between long-memory and structural breaks. In essence, it is an ADF test,
but in this case the null is that the process is integrated of order d (I(d)), with
0 < d < 1. The alternative hypothesis entails that the process is I(0), but allow-
ing for structural breaks (in the intercept and in the deterministic trend in case
of incorporating deterministic components) at unknown dates. This distinction
is relevant because the current shocks will have temporary effects of greater
(integrated process) or lower duration (stationary process), and only occasional
events or shocks associated to structural breaks will have permanent effects on
the long-run level of the series. So, the distribution of the durations of the shocks
determines whether or not the process is fractionally integrated. Fractional in-
tegration requires that a small percentage of the shocks have long durations to
generate high-order auto-correlations. And when we observe stationary series
with structural breaks, these few occasional shocks with long-duration effects
would produce certain persistence or symptoms of non-stationarity in the series.
Results from applying this test to labor productivity are summarized in Table

6.16 We have considered several cases of fractional integration, with values of
d, the order of integration, lower and higher than 0.5, as the SB-AFDF statistic
follows different distributions depending on the value of this parameter: for
values of d smaller than 0.5 the series will tend to be stationary (this means
the expected number of surviving shocks after several periods will be small) and
the SB-AFDF statistic will be normally distributed; alternatively, when d takes
values greater than 0.5, the process will be more non-stationary (higher number
of expected surviving shocks) and the SB-AFDF follows a special distribution.
We have considered two models: i) a pure structural change model or the crash
and changing-growth model in Perron’s terminology in which changes in the
deterministic trend as well as in the intercept are allowed, and ii) a partial
structural change model with shifts in the constant or the crash model. We
have performed the estimation of the SB-AFDF statistic in a sequential way for
each point without imposing a break date a priori. Then, we have chosen the
infimum of that sequence to develop the test.
According to the results, in all countries but the United Kingdom it is pos-

sible to accept the alternative of stationarity with structural breaks for several
16We are very grateful to Juan J. Dolado, Jesús Gonzalo and Laura Mayoral for their help

in performing the test and for providing us the programs and routines in MATLAB.
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values of d and for both models. However, for the British case, we are able to
reject the null of fractional integration only for d = 0.9 under the first model,
suggesting that productivity growth follows a long-memory process17. Besides,
notice that it is the only country for which we are not able to reject the hypoth-
esis of fractional integration with high d values (greater than 0.5). This result
indicates that UK labor productivity growth, apart from having a high persis-
tence, would exhibit a marked instability in variance (i.e. process non-stationary
in covariance).

3.4 Markov-switching productivity regimes

A flexible extension of the AR(1) process is Hamilton’s (1989) model that al-
lows for gradual changes and transition periods between different regimes. The
simplest specification of this model is the following Markov process with two
regimes distinguished by different mean growth rates:

∆yt = µSt + φ(∆yt−1 − µSt−1) + εt
V ar(εt) = σ2

p = Pr[St = 1/St−1 = 1]
q = Pr[St = 0/St−1 = 0]

(2)

where ∆yt is labor productivity growth, φ is an auto-regressive coefficient, µ is
mean productivity growth and εt is a Gaussian white noise with variance σ2.
St is the state variable, that takes values 0 or 1 depending on the two states of
nature, low or high mean growth, with transition probabilities of remaining in
the same state of q and p, respectively. The parameters for each state and the
state at which the economy is at every moment can be simultaneously estimated,
without any need to assume the break date nor the nature of the change (gradual
or abrupt)
We have estimated a MS-AR(1) model with changing mean for Spain and

Germany. For Italy and France we estimate a MS-AR(4) model, that supplies
the most reasonable results in terms of goodness of fit, parameter values and
probabilities. Here, in contrast with the before sections in which we were mainly
interested in testing, the model specification is crucial to obtain reliable results.
Table 7 summarizes the estimated models and Figure 4 plots the smoothed state
probabilities. We find that in several European countries the mean duration
of the low-mean growth regime is similar than that of the other regime, and
the ergodic probability of remaining in that state is around 0.5. This would
indicate us that in all these four countries there is evidence of a switch to a low
productivity regime more or less in the middle of the sample, this is, sometime
along the 1980s, earlier in Spain, Germany, and Italy, and later in France.
The most intense productivity slowdown would have happened in Spain and
Italy, and the smoothest would be that of France. As for the UK and the US,

17We have also estimated the order of fractional integration d for the british series by means
of the generalized minimum distance estimator proposed by Mayoral (2006), and we obtained
a value of 0.83. 
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the estimation of this specification for labor productivity growth yields non-
satisfactory results. In fact, for these countries, a MS-AR(1) with only variance
switching, namely,

∆yt = µ+ φ(∆yt−1 − µ) + εt
V ar(εt) = σ2St

p = Pr[St = 1/St−1 = 1]
q = Pr[St = 0/St−1 = 0]

(3)

seems to work better. Results are also reported in Table 7 and Figure 4. There
seems to be a decline in the variance of labor productivity growth around 1989
for the UK and around 1983 for the US.18 The results from estimation of a MS
process combining both mean and variance switching for these two countries
were also non-satisfactory.

3.5 Summary of results

Productivity growth series display quite a noisy behavior at quarterly frequen-
cies. This together with data limitations generate not very consistent results
from alternative univariate structural breaks tests. In any case, as a summary of
results within the univariate framework, we draw the following list of findings:
i) There is some statistical evidence of a slowdown in mean labor productivity

growth for several European countries, but the United Kingdom. However, the
number, size, and dating of breaks are not really clear, as results depend on
the statistical models and tests considered. In fact, the estimated confidence
intervals for breaking dates are too wide in many cases. Moreover, for Italy and
Germany we obtain conflicting results regarding the number of breaks: in some
case we obtain evidence of two breaks, one in the seventies and another in the
nineties, but by estimating a Markov Switching model, we are led to conclude
that there was only one break towards lower mean growth at the mid-seventies.
ii) As for the US, in line with other works in the literature, we detect a

productivity growth slowdown in 1973 and an important resurgence around the
mid-nineties. We also find evidence of variance instability.
iii) Regarding the UK, we also find evidence of variance instability and symp-

toms of fractional integration instead of structural breaks.

4 Searching for structural breaks (II): Multi-
variate analysis

Separating permanent and transitory shifts in labor productivity growth is a
hard task, especially when the shifts take place at the end of the sample period
and, hence, subsequent data to confirm the nature of the shifts are not yet
available. Hence, not very surprisingly, univariate statistical methods applied

18This last result confirms previous findings regarding US GDP growth (see McConnell and
Perez-Quiros, 2001) 
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to detecting structural breaks in productivity growth do not always yield robust
results, especially in the case of very volatile series at high frequencies.
As an alternative approach, we rely on co-movements among several related

macroeconomic variables to identify shifts in the long-trend of the variable of
interest. Within this framework, there are three alternative approaches: i) using
a large number of variables to estimate factor models, ii) exploiting restrictions
implied by economic theory on these co-movements, which allows to specify low
dimensional systems, and iii) using cross-country restrictions (i.e. simultaneity)
on the dating of structural breaks.
Here we follow the second and third approaches. In the case of labor produc-

tivity growth, the neoclassical growth model establishes that, under a balanced-
growth path, both labor and capital income shares, on the one hand, and em-
ployment rates and work effort per capita, on the other, are constant. This
implies that labor productivity, consumption per capita, wages and the capital-
labour ratio have a common stochastic trend, which can be associated to long-
trend productivity growth. Below we exploit these restrictions in the estimation
of structural break dates.

4.1 Estimating breaks under common stochastic trends

If indeed labor productivity, consumption per capita, wages, and the capital-
labour ratio have a common stochastic trend, they will be co-integrated. After
normalizing the series by hours, preliminary co-integration analysis shows that
only France and Germany exhibited at most two co-integration relations among
the variables considered, as it is the case in the US. In Italy, we only find one
co-integration relation, and there is no evidence of co-integration in Spain and
the UK . But it is important to signal that conventional co-integration tests
could yield misleading results in the presence of structural breaks (Leybourne
and Newbold, 2003). The study of co-integration relations in presence of struc-
tural breaks is very complicated and even more, in case of more than two series,
since the instability or break could be in all or several co-integration coefficients,
in the error correction coefficient, in all long-run relations or in some of them, or
in the short-run dynamics. And the breaks could happen contemporaneously in
all the series or not. Several tests have been recently developed in the statistical
literature for testing co-integration in presence of breaks (e.g. residual-based co-
integration test with regime shifts of Gregory and Hansen, 1996; co-integration
rank tests of a VAR with level shift at unknown time, as in Lütkepohl, Saikko-
nen and Trenkler, 2004; and panel co-integration tests with multiple structural
breaks,as in Westerlund, 2006; among others) but there are no consensus about
which is more powerful and offers more robust results. Instead, we have carried
out recursive eigenvalues test (Hansen and Johansen, 1999) to detect instability
in the number of co-integration relations or co-integrating rank (probably, due
to the presence of structural breaks in the co-integration relation), and we found
symptoms of a slight instability in the co-integration relations for Spain, Italy,
France and United Kingdom. Thus, the results commented below, which are
obtained under the maintained hypothesis of co-integration, should be taken 
with some caution for these countries.
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To detect common structural breaks we apply the methodology developed
by Bai et al. (1998) to a system consisting of labor productivity, consumption
per hour and labour compensation per hour. Bai et al showed that there seems
to be important gains in terms of precision by using multivariate inference about
break dates since the width of the confidence interval is inversely related to the
number of series which have a common break date. And even if series with no
common breaks were included, the width of the interval for the break date does
not increase. This test is similar to those of the univariate case since it consists
in calculating sequences of F-Wald tests, but here we check for the null of a
common break date in the intercept treating the break date as unknown.
We estimate unrestricted bivariate and trivariate VAR models for the series

in first differences and one lag19. Table 8 reports the results of these tests,
as well as the estimated common structural break dates (and their confidence
intervals) for the bivariate VAR (panel A) and trivariate VAR (panel B). It turns
out that it is possible to find a statistically significant structural break in labor
productivity for all European countries, except for the UK, although at different
dates. In Italy a structural break common to the three series considered is found
exactly in the middle of the 1990s, while in the rest of the countries the break
date is found to be previous. In particular, the common break date is estimated
to have taken place around mid-1980s in Spain, at the end of that decade in
France and finally, in the second half of the 1970s and at the beginning of the
1990s in Germany. For the US, we detect two break dates, one in the early
1970s and another one around the mid-1990s. Overall, the confidence intervals
are reduced when compared to the estimation of break dates with univariate
methods.
The next step consists in estimating a VECM model but allowing for a break

in the growth rate of the common stochastic trend (i.e. shift in the intercept
term), as in King, Plosser, Stock and Watson (1992) and Bai et al. (1998):

∆Yt = µ+ λdt(k0) +A(L)∆Yt−1 + βα0Yt−1 + et (4)

where ∆Yt is the vector of variables (i.e. labor productivity, consumption
per hour and compensation of employees per hour) in logarithms and first dif-
ferences, α is the co-integration vector, dt(k0) is a dummy variable which takes
value 0 for t < k0 and 1 otherwise, and k0 is the a-priori unknown breakpoint.
In spite of the weak results of co-integration obtained, we think it is interesting
to incorporate the information of the possible long-run relations with the aim
of gaining some precision in the statistical inference and reducing the width of
the confidence intervals.
We estimate the co-integration vector by dynamic ordinary least squares

(DOLS) and then one VECM for each possible break date. Results are sum-
marized in Table 9. In general, they are similar to those obtained from the

19We have also performed all these tests with the model selected by the Bayesian Information
Criteron and the results do not change significantly. We do not include them in the paper but
they are available upon request.
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unrestricted VARs, except for two cases: the United Kingdom, where we obtain
statistical evidence of a break in the second half of the 1980s, and Spain, where
now the break is found at the beginning of the 1990s. For this last one, it is
interesting that when we re-estimate the unrestricted VAR starting the sample
from 1986 onwards (i.e. after the severe industrial restructuring process suffered
by Spain ), we obtain the same break than in the VECM (see summary in Table
2). Perhaps the great magnitude of the structural change experimented by the
Spanish economy in the mid-eighties could have hidden other relevant breaks
such as that of 1993.
With all, the most important thing is that in all cases the width of the

confidence interval in the VECM is narrower than in the VARs, showing the
gains of including the co-integration vectors in the system. However, we again
insist that all of these results must be taken carefully, given the instability of
co-integration relations for European countries. For the United States, the co-
integration vectors are very stable and when we test for unit coefficients, that
is, (1,-1,0) and (1,0,-1), the null is not rejected at 5% significance level. Thus,
we include the results of the VECM imposing this restriction. They are in
line with the results of VECM with estimated co-integration vectors, but, not
surprisingly, the width of the confidence interval is smaller.

4.2 Exploiting cross-country restrictions

A possibility to be exploited in the estimation of break dates is that similar
countries may have experienced them simultaneously.
When performing the test of common break dates for the labor productivity

growth series of all the Continental European countries considered (see Table
10), the null hypothesis is not rejected at the 5% significance levels and the
break date is estimated around the second half of the 1990s. When Spain is
not included (see footnotes in Table 10), there is again statistical evidence sup-
porting the common break date in the 1990s. And finally, considering only the
United States and the United Kingdom, the results do not show any favorable
sign of a common shift at the same time. As a complementary exercise we have
developed these tests for sets of pairs of similar European countries: Italy and
Spain, and France and Germany. In both cases there is not enough statistical
evidence in favor of a common break at the mid-1990s.

4.3 Markov switching productivity regimes: Multivariate
analysis

As in the univariate case, Markov processes could be used to analyze changes in
productivity growth. For the US this has been done by Kahn and Rich (2004),
who estimate the following multivariate model:
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����������� �& �	�� � ���� �	���	 �& #�C#� =��	�	�. � ���� ���� �	���	 �����
���� � ��	���	 "#�A �	��� ����	 � ?	���� �� ����� ���� ,$�7 �	��� �� �
����	. "#�A �	���. ���� 	������ �����������	� �& ����� #�># � ��	 ���		 ���	��

���	 ��	�	������. �����	 > ����� ��	 ������	� �� �	��'���	 �����������	�
�& �	����� � ���'������ ����	 �� 	�	�� ���	� !��� ��	 ��0 ������	�. �
&��� �& ��	� (?	����. +����. ���� �� ����	* ��	�	 �		�� �� �	 � ������ ��
� ���'������ �	���	 ���	��	�	 �	��		 ��	 	���� �� ��� ,--#�. � ��	 �3
��	�	 �� ��	 ���� � 	���	�	 �& � ������. ����	 � ��	 ��. ����� ������������
����	� � ��	 ���'������ �	���	 &��� ��	 	���� ,-7#� �� �� ��	 ��� ,--#�. ��	
�� 	�	�	� � � 	� 	�����	 �& ���� ������������ �	� �������

��� ����	 �� +���� �	 ���	��	 ����	 ��D	�	�	� �	��		 ������	� �� �	��'
���	 �����������	� (���� ��. �����	��� �� �� ��� ��	 �����	 �� 	������	 ��	�*�
!� 	0�	��	�. �	��'���	 �����������	� �	�	�� �	���	'���&�� �	�	��� F����	�� �&�	�
������	� �����������	� ��. �	����	 ��	� �� �� ��	 ��	 	���	 �����	� %��� &���
����� ������	 ���� ��	 �	���	'����	� ��	 �� ������� ��� �� �� 	�	����� � ���
�& �&������� �� �	�	�� ��	� ����	����

,(, !�����
 �� �	�����

�0������� ��	 �	��������� �����	� �� ��	 	������ ��	��� � ��	 ��'���	�	��
���� �����	������ �	��	� �� �����	 � ��� ������� ��� ��������� �������	�
�	���	� �� ����� ������������. ��	� ����	����� �& 	�����		� �� ���������.
�	 ����� �������� ���� � ��	 ��	����� �& ��	 ����������� �&	�	�	 �� ��	
����� �& ��	 ��/�	�	 ��	����� �	��	��	� �� �	 ��	 ���	 �� �	�	�� ��	�
�
���	 ��	����� ��	� ���� ��������. ��	 ��� /���� ��	�

�* %�	�	 �� ��������� 	���	�	 �& � ������ ������� � ���'�	� ������ �	���	
�	��		 ��	 	���� �� ���'�	��	� &�� &��� �����	� ������	� (?	����. +����.
����	 �� 	�	 ����* &��� 	�������� �& ��	������	� B!8�. B�2�� ��
@����� ������ ���	�� ���� ���
�� �������� � 1�	 �	 	0����� ��	 �����'
������ �&�������. ���� ��	�	 �� ����������� 	���	�	 �& � �������	��� ��	�

&�� ��	 ��9����� �& ������	� �����	�	� ����� ��	 �	��� ���& �& ��	 �	��	��

��* !� &�� ���	� ����	�. �	 ��/�� ��	 �	����� �����	� ��	� ��	 ��������	
��������� � ������� � ������������ ������ � ��	 	���� 7#� �� ��	 �	���	��
�& ��	 ���',--#��

���* + �������. ������ ������������ ������ � ��	 ���	� 3����� ��	� ��
���� �������� �& �� ��	�
 �� ��	 	0���	�	 �& � ����� ��	�
 ���� ���	�
����	� ����� ��	 ���'�	��	� �� ��	���� �	9	��	��

,>
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. ��������# 0	���$�

%�	 &��� � ����� ������������ ������ ���	��	� � ���	 �� ������	� �� � ��'
�	����� ����	� %�	�	 �		�� �� �	 � ���	��� ����� 	���	� ��� �������� ����	
�� ��	 ��������� �� �	���	� &������ ���� ����� ������ &�� ��	 �	�	�	�����
� ����� ������������� ��� ���	. �� �� 9��� � �	�	 ���� ��������	� �� ��	 ���'
����� �� � �����	� ������ ���� ���� � ����	� �	�	� �& 	������	� ���	�� ���
���	��. �� �� � �������� �& ��	 ����	 �	����� ������ &��� ��	 ���� �& �������
�� ������� � ��	�	 ������	� ���� ��� ���	 ��
	 ����	 ���	���	 ����
��	 ,-A#� �� �	���	 ���	 	���	� ��	 ��	 	� �	�������	� �����	� �� ����
��� �& ��	�� ���	����� �� ��	 ���

+ ���� ���	�. �	 ���	 �� ����	� ���� ������	. ��� �	 ���	 ����. �������
� ����	�� �& ����������� �	���. ���� � ��������	 �� �����������	 ���	0��. ����.
� &���. ���	���� <����������< �		�� �� ���	 ����		� �� ����� ������������
������ � ?	����. +����. ����	 �� ����. ������ � ���	� ���'��	� ������
���	 ��	 ,--#�� %���. ���	��	� ���� ���� ��	 �3 	0�	��	�	. ���	�	� �� ��	
<������ ������������ ������< ��  �	 �� 4��� 	� ��� ("##C*. ������ &���	� ���	
�	�	���� �� ��	��&��� ��	 ����	� ��� ��	 ���������� �& 	� �	�������	� ���
�	� �� ��D	�	� ������������ �	�	����	�� �� ��	 ��� ���	� �& ��	 !�������

,$
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1 ���	��/� *��� �����	�

�� �	��	� ��	 ��
	 &��� ��	 4��	�� �& ������ ����������� �	��	� &�� ����'
�	� ������	� ���	 �		 �����	� ���� �	�	��� ���� �����	�� + ����������.
������ �� 	������	� ���� ���	 &��� 	��� ������I� E������ ����������� +'
������	 (E�+*. �� ���������. ����	����� �& 	�����		� �� ?@) �	G����
���� ���	 &��� �������� (	0�	�� � ��	 ���	 �& ?	����. &�� ����� ��	� �	�	
�����	� &��� ��	 4��	���
*� 5����� &�� 	��� ������ �	&	�� �� ��� ?����
@��	���� )������ � ������ ����	�� (� 	���� � ��	 ���	 �& ��� ������	�
&�� ��	 ����	 �����	 �	����* �� � �	�� �	���. ����� &��� J����	��� E������
!������. �� �	�� �� �	�� ������	 ���������� @��� � ���
	� ����� ��	 ��
	
&��� ��	 5�2@ )����������� @������	� )�������� ���� ���	 &��� �	�	���
�����	�� 5�2@ (&�� �3 �� +����. ��������� ��	� ,> �� $>*. ��	 ����	������
E�+ (&�� ?	���� �� ����	. ����� ���������* �� ��	 ������� �& ������
(����. ��������� ��	� ,$ �	��� �& ��	*�

!�� �	��	� ��� ��������� � F����	��� &�����. 	0�	�� ����� ����. ����� ��	
�	/	� �� ���� ����� �������� ���
	� �	� �	��� � 	������	�� %���. �	
�����	� � ��	�� ��	�������� � ���	� �� �	� � F����	��� �	��	� &�� ����� ���
	��

%�	 �	��� �& ��	 �����	 �	���� �� ��D	�	� &�� 	��� ������ �� ��� �
��	 ���	 �	 ��
	 � �����'������ �������. �	 ��	 ��	 �����	 �	���� ����� ��
����� �� ��� ������	�� &��� ,-A#J, �� "##6J6� + ��	 �	�� �& ��	 ���	�. �	
��
	 ��	 �& ��	 �����	�� ���	 �	���� &�� ����� ���� &�� ��� �	��	� ��	 ��������	
� 	��� ������. ���� ��. &��� ,-67J, � ��	 ���	 �& ��!. &��� ,-$#J6 &��
?	����. &��� ,-7#J, &�� +����. &��� ,-7,J" &�� �3. &��� ,-7AJ, &�� ����	
�� /����. &��� ,-A#J, &�� �����

,7
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Figure 1. Employment (annual growth rates) 
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Figure 2. Hours worked (annual growth rates) 
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Figure 3a. Real  GDP per worker (annual growth rates) 
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Figure 3b. Real  GDP per hour worked (annual growth rates) 
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Figure 4 

Smoothed probabilities of low mean growth regime 

(MS-AR univariate) 

 

 

 

 

 

 

 

Smoothed probabilities of low variance regime 

(MS-AR univariate) 
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Figure 5 

Smoothed and Real Time probabilities of low mean growth regime 

(Multivariate Dynamic Factor with MS) 
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Real GDP per Capital-Labor (*) TFP (4)

hour worked (1) (2) ratio (1) (3)

United States
1980-1994 1.6 1.4 0.5
1995-2004 2.8 2.6 1.2

European 
Union 15

1980-1994 2.3 2.5 1.1
1995-2004 1.4 1.5 0.7

Germany
1980-1994 2.7 1.6 1.6
1995-2004 1.6 0.8 1.1

United 
Kingdom

1980-1994 2.3 2.3 1.1
1995-2004 2.1 2.5 1.2

France
1980-1994 2.5 3.3 0.9
1995-2004 2.1 1.4 0.9
Italy
1980-1994 2.1 3.3 0.7
1995-2004 0.9 1.6 -0.1
Spain
1980-1994 2.6 3.8 1.9
1995-2004 0.8 1.6 -0.4

(*) Capital refers only to non-residential capital.
Sources:
(1) Banco de España 
(2) OECD Productivity Database
(3) AMECO
(4) Updated Database of Timmer, Ypma and van Ark (2003)

(Average annual growth rates, %)

Table 1: Labor productivity, capital-labor ratio and TFP
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Table 2. Estimation of break dates: Summary of results

Models

Variables

Countries Sample period
1947.Q1-2005.Q1

1949.Q2, 1997.Q4 1967.Q1 1986.Q2 1968.Q3, 1978.Q3 1951.Q1, 1996.Q1 1968.Q2, 1978.Q4 1972.Q2, 1974.Q4
1974.Q1-2005.Q1

1994.Q3, 1999.Q1 1994.Q2 1999.Q3 1994.Q1, 2001.Q1 1995.Q1, 2000.Q3 1994.Q2, 2000.Q4 1996.Q2, 1998.Q4
1980.Q1-2004.Q4

1985.Q2, 1987.Q2 1983.Q2 1986.Q3 1985.Q2, 1987.Q2 1984.Q3, 1986.Q3 1984.Q3, 1986.Q3 1989.Q1, 1991.Q1 1993.Q3, 1994.Q3
1986.Q1-2004.Q4

1991.Q4, 1995.Q2 1995.Q4, >2004.Q4 1991.Q4, 1995.Q2 1993.Q3, 1994.Q1 1993.Q4, 1994.Q2
1970.Q1-2004.Q3

1971.Q1, 1983.Q2 1976.Q1 1984.Q4 1978.Q3, 1982.Q1 1978.Q1, 1982.Q3 1978.Q3, 1982.Q1 1994.Q4, 1996.Q2 1983.Q3, 1984.Q3
1970.Q1-2004.Q3

1991.Q2, 1999.Q4 1989.Q3 2000.Q3 1991.Q4, 1999.Q2 1992.Q4, 1998.Q2 1993.Q1, 1998.Q1
1978.Q1-2004.Q4

1983.Q3, 1997.Q3 1984.Q1 1996.Q4 1986.Q3, 1992.Q3 1984.Q1, 1997.Q1 1986.Q2, 1992.Q4 1986.Q3, 1992.Q3 1987.Q1, 1989.Q3
1971.Q1-2004.Q4

<1971.Q2, >2004.Q4 1977.Q1 1992.Q2 1971.Q3, 1984.Q1 1973.Q4, 1981.Q4 1974.Q1, 1981.Q3 1985.Q2, 1986.Q2 1985.Q1, 1986.Q3
1960.Q1-2004.Q4

1973.Q1, 1980.Q3 1977.Q4 1986.Q4 1974.Q2, 1976.Q2 1977.Q3, 1981.Q1 1976.Q4, 1978.Q4 1969.Q2, 1969.Q4
1980.Q1-2004.Q4

1986.Q4, 1998.Q2 1986.Q2 1997.Q3 1989.Q1, 1996.Q1 1988.Q4, 1996.Q2 1988.Q4, 1996.Q2 1992.Q4, 1993.Q2

Notes: The upper value in each cell corresponds to the estimated breakdate and the two values below are the inferior and superior limits of the 90% confidence interval.
(1) Estimated dates and confidence intervals corresponding to the Supremum Wald statistics sequence.
(2) Estimated dates and confidence intervals corresponding to the Minimum Sum of Square Residuals sequence. To see the statistical relevance in this case we employ a t-test of equality of means.
(3) Imposing unit coefficients in the cointegration relations.
(4)  We have re-estimated the VARs starting the sample from 1986 onward, as Spain experimented a severe industrial restructuring process around that time, and perhaps this fact could hide a more recent break.
P: Labor productivity
R: Compensation of employees per hour
C: Private consumption per hour
* Statistical significative at 10% level.
** Statistical significative at 5% level.
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Table 3
Test of structural breaks in the quarterly growth of labor productivity

Countries Test Intercept AR(1) parameter Joint Variance

NL (1) 0.22 0.26 2.18** 1.85**
SupW 4.80 3.36 9.46 25.61**
ExpW 0.75 0.63 2.51 9.66**
NL (1) 1.28** 0.47 2.04** 0.54**
SupW 32.13** 27.08** 38.29** 19.07**
ExpW 12.64** 10.28** 15.4** 6.88**
NL (1) 0.67** 0.78** 1.59** 0.75**
SupW 10.11** 14.3** 16.53** 10.43**
ExpW 2.64** 4.38** 5.16** 2.52**
NL (1) 0.40 0.44 0.68 0.11
SupW 8.39** 4.61 8.40 2.78
ExpW 2.04** 1.42 2.13 0.33
NL (1) 0.06 0.05 2.57** 2.42**
SupW 2.24 3.02 5.40 23.77**
ExpW 0.14 0.32 0.97 10.4**
NL (1) 1.72** 0.06 3.76** 1.66**
SupW 31.23** 11.54** 43.44** 16.4**
ExpW 11.82** 2.41** 17.41** 5.84**

Note:
The model used in all tests is an AR(1). Three tests are performed to check the existence of a shift in: 
i) the intercept, ii) the AR(1) parameter, iii) both of them and iv) the residual variance. 
In order to do that we employ three statistics: (1) Nyblom's L (NL), (2) Quandt-Andrews Supremum
(SupW) and (3) Andrews-Ploberger  Exponential (ExpW).
For the second and third tests we have calculated bootstrap p-values to perform the tests.
(1) Joint hypothesis in Nyblom's test considers changes in the intercept, autoregressive parameter and 
residual variance.
Two asterisks are indicating that we reject the null of no break at 95% confidence level.

Table 4 Tests and estimation of the number of breaks

0 vs 1 0 vs 2 0 vs 3 UDmax WDmax 2 vs 1 3 vs 2
United 
States 7.47 12.23* 8.74* 12.23* 13.90* 8.57 3

Spain 40.36* 21.16* 15.20* 40.36* 40.36* 9.4 3.98
Italy 11.73* 10.12* 7.97* 11.73* 11.73* 8 3.78
France 7.7 6.62 6.49 7.7 8.45 4.63 4.35
United 
Kingdom 5.52 6.63 5.67 7.37 11.11 8.89 8.89

Germany 18.34* 15.59* 11.19* 18.34* 18.34* 9.34 4.69

0 vs 1 0 vs 2 0 vs 3 UDmax WDmax 2 vs 1 3 vs 2
United 
States 3.67 8.04* 5.77* 8.04* 9.01* 9.32* 2.08

Spain 36.08* 21.64* 14* 36.08* 36.08* 3.26 2.52
Italy 7.18* 6.03 4.86 7.18 7.18 7.81* 3.84
France 7.74* 7.03* 5.50* 7.74* 7.88 4.7 1.91
United 
Kingdom 1.34 4.79 3.52 4.79 5.94 6.5 3.29

Germany 14.17* 14.74* 10.80* 14.74* 16.52* 9.83* 1.9
Notes:
One asterisk indicates that the null is rejected at 10% significance level.
(1) SupF is a Wald-F statistic that checks the null of no break against the existence of a fixed number of breaks: 
 one (1st column), two (2nd column) or three breaks (3rd column).
(2) Double maximum tests to check the null of no break against the alternative of an unknown number of breaks. We have 
estimated two statistics: UDmax (Unweighted Double Maximum) and WDmax (Weighted Double Maximum).
(3) SupF(k+1/k) is a Wald-F statistic that checks the null of the existence of k breaks against the alternative of  k+1 breaks 
(for k = 1, 2).

Pure Structural Change AR(1) model

SupF (1) Test of unknown number of 
breaks (2) SupF(k+1/k) (3)

Partial Structural Change AR(1) model

SupF (1) Test of unknown number of 
breaks (2) SupF(k+1/k) (3)

France

United 
Kingdom

Germany

Change in:

United 
States

Spain

Italy
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Table 5 Estimations of Structural Breaks in the mean of quarterly labor productivity growth (1)

Min. Max. Min. Max.
USA 1973.Q3 1949.Q2 1997.Q4 1973.Q2 1967.Q1 1986.Q2

1996.Q4 1994.Q3 1999.Q1 1997.Q1 1994.Q2 1999.Q3

Spain 1986.Q2 1985.Q2 1987.Q2 1985.Q4 1983.Q2 1986.Q3

Italy 1980.Q2 1971.Q1 1983.Q2 1979.Q4 1976.Q1 1984.Q4

1995.Q3 1991.Q2 1999.Q4 1995.Q1 1989.Q3 2000.Q3

France 1990.Q3 1983.Q3 1997.Q3 1990.Q1 1984.Q1 1996.Q4

UK 1984.Q2 <1971.Q2 >2004.Q4 1981.Q1 1977.Q1 1992.Q2

Germany 1976.Q4 1973.Q1 1980.Q3 1979.Q2 1977.Q4 1986.Q4

1992.Q3 1986.Q4 1998.Q2 1990.Q3 1986.Q2 1997.Q3

USA 1947.Q1:1973.Q2 0.68 0.09 1947.Q1:1973.Q1 0.68 0.09
1973.Q2:1996.Q3 0.38 0.09 1973.Q2:1997.Q1 0.36 0.09
1996.Q4:2005.Q1 1.17 0.18 1997.Q2:2005.Q1 1.29 0.2

Spain 1980.Q1:1986.Q1 0.99 0.13 1980.Q1:1985.Q3 1.05 0.12
1986.Q2:2004.Q4 0.48 0.11 1985.Q4:2004.Q4 0.45 0.10

Italy 1970.Q1:1980.Q1 0.92 0.23 1970.Q1:1979.Q3 0.97 0.23
1980.Q2:1995.Q2 0.53 0.07 1979.Q4:1994.Q4 0.53 0.08
1995.Q3:2004.Q4 0.20 0.09 1995.Q1.2004.Q4 0.20 0.10

France 1978.Q1:1990.Q2 0.72 0.07 1978.Q1:1989.Q4 0.73 0.06
1990.Q3:2004.Q4 0.47 0.06 1990.Q1:2004.Q4 0.46 0.06

UK 1971.Q2:1984.Q1 0.70 0.16 1971.Q2:1980.Q4 0.60 0.20
1984.Q2:2004.Q4 0.35 0.05 1981.Q1:2004.Q4 0.34 0.05

Germany 1960.Q4:1976.Q3 1.19 0.14 1960.Q4:1979.Q1 1.16 0.12
1976.Q4:1992.Q2 0.74 0.09 1979.Q2:1990.Q2 0.64 0.11
1992.Q3:2004.Q4 0.27 0.06 1990.Q3-2004.Q4 0.27 0.06

(1) All the results apply to a complete or pure structural change AR(1) model.
(2) Estimations of confidence intervals use the asymptotic distribution of the breakdates derived by Bai (1994,1997) based on Picard
distribution (Picard, 1985).

Sup-Wald Statistic Minimum Least Squares

Country Estimation 90% Confidence Interval (2)
Estimation 90% Confidence Interval (2)

Sub-samples
Mean 

(% quarterly 
growth)

Std Dev.Country Sub-samples
Mean 

(% quarterly 
growth)

Std Dev.
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Table 6

Order of 
integration under 

the null (d)
Statistic Break 

Point Statistic Break 
Point Statistic Break 

Point Statistic Break 
Point Statistic Break 

Point Statistic Break 
Point

0.1 -2.464 1978.Q2 -1.362 1985.Q3 -2.679 1993.Q3 -2.702 1992.Q1 -1.777 1984.Q1 -2.687 1990.Q3

0.2 -3.089** 1978.Q2 -1.993 1985.Q3 -2.992 1993.Q3 -2.951 1992.Q1 -2.126 1984.Q1 -3.117** 1990.Q3

0.3 -3.691** 1978.Q2 -2.631 1985.Q3 -3.310** 1993.Q3 -3.391** 1990.Q1 -2.501 1984.Q1 -3.537** 1990.Q3

0.4 -4.267** 1978.Q2 -3.28 1985.Q3 -3.638** 1993.Q3 -3.828** 1990.Q1 -2.90 1984.Q1 -3.959** 1990.Q3

0.6 -5.366** 1978.Q2 -4.635** 1985.Q1 -4.344** 1993.Q3 -4.621** 1990.Q1 -3.781 1984.Q1 -4.841** 1990.Q3

0.7 -5.893** 1978.Q2 -5.359** 1985.Q1 -4.726** 1992.Q4 -4.992** 1990.Q1 -4.256 1984.Q1 -5.310** 1990.Q3

0.8 -6.414** 1978.Q2 -6.088** 1985.Q1 -5.128** 1992.Q4 -5.357** 1990.Q1 -4.754 1984.Q1 -5.800** 1990.Q3

0.9 -6.932** 1978.Q2 -6.822** 1985.Q1 -5.538** 1992.Q4 -5.721** 1990.Q1 -5.269** 1984.Q1 -6.307** 1990.Q3

Order of 
integration under 

the null (d)
Statistic Break 

Point Statistic Break 
Point Statistic Break 

Point Statistic Break 
Point Statistic Break 

Point Statistic Break 
Point

0.1 -2.14 1996.Q3 -1.751 1987.Q3 -4.044** 1997.Q4 -1.87 1999.Q4 -1.662 1977.Q2 -2.869** 1990.Q3

0.2 -2.35 1996.Q3 -1.948 1987.Q3 -3.794** 1997.Q4 -2.176 1991.Q2 -1.752 1991.Q4 -2.932** 1990.Q3

0.3 -2.847** 1973.Q2 -2.454 1986.Q2 -3.687** 1979.Q4 -2.689 1990.Q1 -1.878 1991.Q4 -3.042** 1990.Q3

0.4 -3.401** 1973.Q2 -2.96 1986.Q2 -4.027** 1979.Q4 -3.262** 1990.Q1 -2.068 1991.Q4 -3.349** 1979.Q1

0.6 -4.528** 1973.Q2 -3.745** 1986.Q2 -4.682** 1979.Q4 -4.241** 1990.Q1 -2.795 1983.Q4 -4.240** 1979.Q1

0.7 -5.107** 1973.Q2 -4.057** 1986.Q2 -5.009** 1979.Q4 -4.685** 1990.Q1 -3.180 1983.Q4 -4.724** 1979.Q1

0.8 -5.693** 1973.Q2 -4.342** 1986.Q2 -5.342** 1979.Q4 -5.115** 1990.Q1 -3.597 1983.Q2 -5.237** 1979.Q1

0.9 -6.281** 1973.Q2 -4.617** 1986.Q2 -5.685** 1979.Q4 -5.537** 1990.Q1 -4.032 1983.Q2 -5.772** 1979.Q1

Notes:
(1) Test developed by Dolado, Gonzalo and Mayoral (2005) to verify the null of I(d) or fractional integration of order d against the alternative of
I(0) with deterministic components subject to structural breaks at unknown dates. The break point estimated is the date  in which the SB-AFDF 
(Structural Break Augmented Fractional Dickey Fuller) statistic is minimized. 
Model 1 (pure structural change model) has one break in intercept and in the deterministic trend at an unknown date. It corresponds to the crash
and changing growth model in Perron's terminology.
Model 2 (partial structural change model) only allows for one break in the intercept at an unknown date. Perron called it crash model.
The number of lags included in each model is the one that minimizes SBIC.
Two asterisks indicate that the null hypothesis is rejected at 95% confidence level.

UK Germany USA Spain Italy France

Model 2: Partial Structural change model

Germany 

Quarterly growth of productivity per hour
Structural Break Augmented Fractional Dickey Fuller (SB-AFDF) tests (1)

USA Spain Italy France UK

Model 1: Pure Structural change model
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µ0 0.30 (0.06) 0.35 (0.18) 0.49 (0.08) 0.58 (0.09)
µ1 1.06 (0.12) 1.15 (0.28) 0.70 (0.08) 1.18 (0.12)
σ² 0.50 (0.07) 0.45 (0.08) 0.19 (0.08) 1.26 (0.06)
q 0.99 (0.01) 0.97 (0.05) 0.98 (0.04) 0.99 (0.01)
p 0.98 (0.03) 0.90 (0.09) 0.98 (0.04) 0.99 (0.01)

µ0-µ1

Prob(St=0)(1)

Prob(St=1)(1)

Expected Duration of 
St=0 (years)(3)

Expected Duration of 
St=1 (years)(3)

% of time spent in 
St=0

Log-likelihood
SBIC

µ 0.56 (0.05) 0.59 (0.05)
σ0² 1.07 (0.06) 1.16 (0.01)
σ1² 0.62 (0.05) 0.38 (0.04)
q 0.995 (0.01) 0.99 (0.01)
p 0.99 (0.01) 0.99 (0.01)

σ1²-σ0²

Prob(St=0)(2)

Prob(St=1)(2)

Expected Duration of 
St=0 (years)(3)

Expected Duration of 
St=1 (years)(3)

% of time spent in 
St=0

Log-likelihood
SBIC

Notes: Standard deviations in parenthesis.
All models are autoregressive of order 1 except for Italy and France which are of order 4 instead. Estimated autoregressive
parameters are not included for brevity reasons but they are available upon request.
(1) Notice that in the top table Prob(St=0) refers to the ergodic probability of staying at low-mean growth state
and similarly, Prob(St=1) corresponds to the ergodic probability of being in high-mean growth regime.
(2) In the bottom table Prob(St=0) and Prob(St=1) refer to the ergodic probability of remaining in high-variance and
low-variance states, respectively.
(3) The expected duration of each state is the length of time that it is expected to remain in it. It is calculated using 
the transition probabilities q and p. For instance, the mean duration of St=0 is 1/(1-q).

43.75

167.76
-272.21
575.40

-63.07

31.25

-145.40

0.45

46.67

334.88

0.47
0.53

27.78

-300.81

11.90 35.71

7.35

54.55 52.94

74.24

41.67 27.78

634.28
-147.06
323.46

11.36 2.55

0.55

66.67

United States United Kingdom

50.00

France Germany

Table 7: Univariate MS-AR models

-0.76

Spain Italy

-0.60-0.80
0.74
0.26

-0.21
0.47
0.53

0.44
0.56

-0.45 -0.78

0.67
0.33

-109.77
247.05

22.73 10.42
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Table 8
Tests and Estimation of Structural Breaks in a multivariate framework
A. BIVARIATE VAR(1)

Variables: Labor productivity and Compensation of employees per hour.
Country SupW (2) ExpW (2) Breakdate

United States 19.04 6.87 1973.Q3** (1968.Q3, 1978.Q3)
(0.00) (0.00)
10.14 2.56 1997.Q3* (1994.Q1, 2001.Q1)
(0.09) (0.10)

Spain 26.6 10.41 1986.Q2** (1985.Q2, 1987.Q2)
(0.00) (0.00)

Italy 12.99 3.47 1980.Q2** (1978.Q3, 1982.Q1)
(0.03) (0.04)
10.49 2.67 1995.Q3* (1991.Q4, 1999.Q2)
(0.08) (0.09)

France 13.35 3.95 1989.Q3** (1986.Q3, 1992.Q3)
(0.02) (0.02)

United Kingdom 4.87 1.02 1977.Q4 (1971.Q3, 1984.Q1)
(0.58) (0.52)

Germany 62.61 27.83 1975.Q2** (1974.Q2, 1976.Q2)
(0.00) (0.00)
12.14 3.65 1992.Q3** (1989.Q1, 1996.Q1)
(0.04) (0.03)

Variables: Labor productivity and Consumption per hour
Country SupW (2) ExpW (2) Breakdate

United States 4.65 0.92 1973.Q3 (1951.Q1, 1996.Q1)
(0.62) (0.57)
12.89 4.16 1997.Q4** (1995.Q1, 2000.Q3)
(0.03) (0.02)

Spain 21.1 7.69 1985.Q3** (1984.Q3, 1986.Q3)
(0.00) (0.00)

Italy 9.67 1.99 1980.Q2 (1978.Q1, 1982.Q3)
(0.11) (0.18)
14.99 5.03 1995.Q3** (1992.Q4, 1998.Q2)
(0.01) (0.01)

France 6.75 1.84 1990.Q3 (1984.Q1, 1997.Q1)
(0.32) (0.21)

United Kingdom 7.84 1.1 1977.Q4 (1973.Q4, 1981.Q4)
(0.22) (0.47)

Germany 40.78 17.18 1979.Q2** (1977.Q3, 1981.Q1)
(0.00) (0.00)
11.07 3.34 1992.Q3** (1988.Q4, 1996.Q2)
(0.06) (0.04)

B. TRIVARIATE VAR(1)

Variables: Labor productivity, Compensation of employees per hour and Consumption per hour.
Country SupW (2) ExpW (2) Breakdate

United States 18.73 6.96 1973.Q3** (1968.Q2, 1978.Q4)
(0.00) (0.00)
11.07 3.18 1997.Q3 (1994.Q2, 2000.Q4)
(0.15) (0.14)

Spain 21.71 8.19 1985.Q3** (1984.Q3, 1986.Q3)
(0.00) (0.00)

Italy 12.31 3.07 1980.Q2* (1978.Q3, 1982.Q1)
(0.09) (0.15)
16.05 5.57 1995.Q3** (1993.Q1, 1998.Q1)
(0.02) (0.02)

France 13.41 4.22 1989.Q3** (1986.Q2, 1992.Q4)
(0.06) (0.05)

United Kingdom 8.41 1.61 1977.Q4 (1974.Q1, 1981.Q3)
(0.35) (0.53)

Germany 65.18 29.47 1977.Q4** (1976.Q4, 1978.Q4)
(0.00) (0.00)
11.61 3.56 1992.Q3* (1988.Q4, 1996.Q2)
(0.12) (0.10)

Notes:
(1) Bivariate and Trivariate VARs are pure structural change models, unrestricted, in first differences and 
with 1 lag.
(2) SupW and ExpW are the Quandt-Andrews supremum and Andrews-Ploberger exponential transfor-
mation of the sequence of F-Wald statistics.
* Statistical significative at 10% level.
** Statistical significative at 5% level.
Values in parenthesis correspond to the asymptotic p-values (calculated with the approximation of 
Hansen, 1997).

--90% confidence interval--

--90% confidence interval--

--90% confidence interval--
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Table 9 Testing for breaks in the common stochastic trend

VECM, with DOLS estimated cointegration vectors      

Country Cointegration 
Relations Sample SupWald ExpWald Breakdate --90% confid. interval---

2 1948.Q4-2004.Q2 8.78 1.95 1973.Q3 (1966.Q3, 1980.Q3)
(0.31) (0.40)

2 1975.Q4-2004.Q2 17.66 5.81 1998.Q1** (1996.Q4, 1999.Q2)
(0.01) (0.01)

2 1973.Q1-2004.Q4 21.57 6.94 1985.Q4** (1985.Q2, 1986.Q2)
(0.00) (0.01)

1 1973.Q1-2004.Q4 17.18 4.85 1985.Q4** (1985.Q1, 1986.Q3)
(0.01) (0.03)

2 1981.Q4-2004.Q4 11.62 3.69 1990.Q1* (1989.Q1, 1991.Q1)
(0.12) (0.08)

1 1981.Q4-2004.Q4 18.96 5.75 1994.Q1** (1993.Q3, 1994.Q3)
(0.01) (0.01)

2 1987.Q4-2004.Q4 15.28 4.52 1993.Q4** (1993.Q3, 1994.Q1)
(0.03) (0.04)

1 1987.Q4-2004.Q4 20 6.82 1994.Q1** (1993.Q4, 1994.Q2)
(0.00) (0.01)

2 1979.Q4-2004.Q3 13.06 4.64 1989.Q3* (1986.Q3, 1992.Q3)
(0.07) (0.04)

1 1979.Q4-2004.Q3 11.63 3.59 1988.Q2* (1987.Q1, 1989.Q3)
(0.12) (0.09)

2 1976.Q2-2004.Q3 16.77 5.21 1995.Q3** (1994.Q4, 1996.Q2)
(0.01) (0.02)

1 1976.Q2-2004.Q3 15.25 4.26 1984.Q1** (1983.Q3, 1984,Q3)
(0.03) (0.05)

2 1962.Q3-2004.Q4 41.5 16.01 1969.Q3** (1969.Q2, 1969.Q4)
(0.00) (0.00)

2 1981.Q4-2004.Q4 25.6 8.76 1993.Q1** (1992.Q4, 1993.Q2)
(0.00) (0.00)

VECM, with unit cointegrating coefficients imposed  

Country Cointegration 
Relations sample SupWald ExpWald Breakdate --90% confid. interval---

2 1948.Q4-2004.Q2 27.07 8.98 1973.Q3** (1972.Q2, 1974.Q4)
(0.00) (0.00)

2 1975.Q4-2004.Q2 10.97 3.03 1997.Q3 (1996.Q2, 1998.Q4)
(0.15) (0.15)

Notes: Lags selection based on SBIC criterion for each test.
Variables included in the VECM: Labor Productivity, Compensation per hour and Consumption per hour.
* Statistical significative at 10% level.
** Statistical significative at 5% level.
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Table 10 Tests and Estimation of Structural Breaks in a multicountry framework

MULTICOUNTRY (PRODUCTIVITY ONLY)

Country SupW (1) ExpW (1) Breakpoint
All countries (with US)(2) 16.24 6.13 1997.Q4* (1996.Q1, 1999.Q3)

(0.17) (0.09)
All countries (without US)(2) 15.01 5.34 1998.Q1* (1996.Q2, 1999.Q4)

(0.14) (0.09)
France, Germany, Italy and Spain(2) 23.85 9.3 1998.Q1** (1997.Q1, 1999.Q1)

(0.00) (0.00)
France, Germany and Italy 14.83 5.21 1992.Q3** (1989.Q4, 1995.Q2)

(0.03) (0.02)
France and Germany 9.71 2.43 1992.Q3 (1987.Q3, 1997.Q3)

(0.11) (0.11)
Italy and Spain(2) 8.97 2.14 1995.Q3 (1992.Q2, 1998.Q4)

(0.14) (0.15)
United Kingdom and United States 8 2.4 1997.Q3 (1992.Q1, 2003.Q1)

(0.21) (0.12)
Notes:
(1) SupW and ExpW are the Quandt-Andrews supremum and Andrews-Ploberger exponential transformation 
of the sequence of F-Wald statistics.
(2) Starting the common sample in 1986, as Spain suffered a hard decrease in productivity in 1985, which dominates 
all the shifts of the rest of countries and its inclusion or not determines the results of the test. 
* Statistical significative at 10% level.
** Statistical significative at 5% level.
Values in parenthesis corresponds to the asymptotic p-values (calculated with the approximation of Hansen, 1997).
All the models refers to complete or pure structural change unrestricted VAR models bivarite, trivariate or multivariate
with 1 lag and in first differences.

--90% confidence interval--
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Common permanent component

γ 0.27 (0.04) 0.22 (0.08) 0.23 (0.08) 0.63 (0.07) 0.22 (0.06) 0.60 (0.06)

µ0 -0.84 (0.20) -1.34 (0.83) -0.36 (0.20) -0.84 (0.20) -0.60 (0.30) -7.57 (1.62)

µ1 0.61 (0.16) 1.51 (0.96) 0.24 (0.16) 1.09 (0.26) 0.86 (0.41) 6.94 (1.48)

φ -0.13 (0.16) -0.21 (0.36) 0.61 (0.17) -0.42 (0.11) -0.50 (0.18) 0.27 (0.10)

q1 0.98 (0.01) 0.99 (0.01) 0.99 (0.01) 0.99 (0.02) 0.99 (0.01) 0.01 (0.01)

p1 0.99 (0.01) 0.99 (0.01) 0.99 (0.01) 0.97 (0.02) 0.99 (0.02) 0.99 (0.01)

Common transitory component

λ1 0.23 (0.05) -0.22 (0.04) -0.17 (0.07) -0.03 (0.09) -0.19 (0.05) 0.19 (0.10)

λ2 0.09 (0.03) -0.13 (0.05) -0.29 (0.23) 0.06 (0.08) -0.14 (0.12) -2.23 (1.27)

λ3 -0.53 (0.04) -0.21 (0.04) -0.37 (0.05) -0.34 (0.10) -0.35 (0.07) 0.05 (0.10)

λ4 0.41 (0.04) 0.23 (0.03) 0.26 (0.04) 0.16 (0.04) 0.05 (0.02) -0.02 (0.04)

τ -5.83 (1.12) -2.03 (0.58) - - - - 0.10 (0.01) 0.48 (1.45)

φ11* 1.37 (0.06) 1.59 (0.07) 0.91 (0.15) 1.31 (0.17) 1.54 (0.16) 1.43 (0.41)

φ12* -0.47 (0.04) -0.63 (0.06) -0.21 (0.07) -0.43 (0.11) -0.55 (0.163) -0.45 (0.41)

q2 0.79 (0.13) 0.63 (0.23) - - - - 0.01 (0.03) 0.99 (0.01)

p2 0.99 (0.01) 0.97 (0.03) - - - - 0.99 (0.01) 0.06 (0.69)

Idiosyncratic component

ψ11 0.91 (0.04) 0.94 (0.05) 0.97 (0.03) 0.97 (0.03) 0.85 (0.07) 0.48 (0.23)

ψ21 1.00 (0.01) 0.94 (0.05) 1.00 (0.01) 0.99 (0.02) 0.99 (0.01) 0.32 (0.56)

ψ31 -0.53 (0.11) 0.97 (0.04) -0.35 (0.38) -0.14 (0.15) -0.42 (0.17) 0.93 (0.04)

ψ41 1.35 (0.06) -0.76 (0.28) 1.43 (0.10) 1.59 (0.06) 1.66 (0.06) 1.61 (0.06)

ψ42 -0.45 (0.04) -0.14 (0.10) -0.51 (0.07) -0.63 (0.05) -0.69 (0.05) -0.65 (0.05)

Regime shifts

γ(µ0-µ1)

Prob(S1t=0)(1)

Prob(S1t=1)(1)

Prob(S2t=0)(2)

Prob(S2t=1)(2)

Expected 
duration of S1t=0 
(years)(3)

Expected 
duration of S1t=1 
(years)(3)

% of time spent 
in S1t=0

log likelihood

SBIC
Notes: Standard deviations in parenthesis.
(1) Prob(S1t=0) refers to the ergodic probability of remaining in low-mean growth state and similarly, Prob(S1t=1) corresponds to the ergodic
probability of being in high-mean growth regime for the common permanent component.
(2) Prob(S2t=0) and Prob(S2t=1) are the ergodic probabilities of staying at negative-mean growth or at zero-mean growth states for the common 
transitory component.
(3) The expected duration of each state is the length of time that it is expected to remain in it. It is calculated with the transition probabilities
q1 and p1. For instance, the mean duration of S1t=0 is 1/(1-q1).
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Table 11: Dynamic Factor Model with Markov Switching
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