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Abstract

Structural breaks are considered as permanent changes in the series mainly because
of shocks, policy changes, and global crises. Hence, making estimations by ignoring
the presence of structural breaks may cause the biased parameter value. In this con-
text, it is vital to identify the presence of the structural breaks and the break dates
in the series to prevent misleading results. Accordingly, the first aim of this study is
to compare the performance of unit root with structural break tests allowing a single
break and multiple structural breaks. For this purpose, firstly, a Monte Carlo simula-
tion study has been conducted through using a generated homoscedastic and station-
ary series in different sample sizes to evaluate the performances of these tests. As
a result of the simulation study, Zivot and Andrews (J Bus Econ Stat 20(1):25-44,
1992) are the best-performing tests in capturing a single break. The most powerful
tests for the multiple break setting are those developed by Kapetanios (J Time Ser
Anal 26(1):123-133, 2005) and Perron (Palgrave Handb Econom 1:278-352, 2006).
A new Bootstrap algorithm has been proposed along with the study’s primary aim.
This newly proposed Bootstrap algorithm calculates the optimal number of statis-
tically significant structural breaks under more general assumptions. Therefore, it
guarantees finding an accurate number of optimal breaks in real-world data. In the
empirical part, structural breaks in the real interest rate data of the US and Australia
resulting from policy changes have been examined. The results concluded that the
bootstrap sequential break test is the best-performing approach due to the general
assumption made to cover real-world data.

Keywords Unit root with structural breaks - Monte Carlo simulation - Real interest
rate - Bootstrap algorithm

JEL Classification C40 - C53 - C22

Extended author information available on the last page of the article

Published online: 08 July 2024 @ Springer


http://orcid.org/0000-0002-7196-8882
http://orcid.org/0000-0003-4903-5573
http://orcid.org/0000-0003-0263-2258
http://orcid.org/0000-0002-1504-0270
http://crossmark.crossref.org/dialog/?doi=10.1007/s10614-024-10651-z&domain=pdf

0. Camalan et al.

1 Introduction

In time series studies, the issue of how a series changes over time have significant
implications. The tendency of a time series and a given sample period may not
always be constant over time, but changes may be due to permanent or temporary
shocks. Covariance stationarity is weakened by this issue.

Changes in a time series may be caused by structural breaks. These breaks may
arise due to policy changes, global shocks, structural reforms, etc., and generate
permanent changes in the series. In other words, when structural breaks in the
series are ignored, the estimators of a regression model give biased and mislead-
ing results. Thus, it is essential to determine the presence of structural breaks in
the series. This phenomenon was first discussed by Perron (1989, 1990) in the
literature. Perron (1989) suggested that if there is a structural break in a station-
ary series and the break date is correctly determined, the null hypothesis of the
unit root may be rejected. When a structural break occurs in the series, but the
break date is incorrectly specified, the unit root null hypothesis would be rejected
based on the incorrect methodology. In this sense, such tests do not have statisti-
cal power in testing a unit root. This conclusion was further supported by the
power analyses of Perron’s (1989, 1990) studies on a small sample.

The stationarity feature of the time series is also crucial for long-term forecasting
of the series. Additionally, running a regression model with a nonstationary series
may lead to spurious regression and invalidate the classical theory of distribution. In
addition to the nonstationarity problem, it is crucial to identify the sources of nonsta-
tionarity, which may result from a unit root or structural breaks. That is, determining
the presence of structural breaks and the dates of those breaks should be more criti-
cal than the unit root problem. This is because structural breaks prevent proper unit
root testing by masking stationarity. Hence, unit root tests that allow both structural
break and unit root simultaneously are frequently seen in the literature.

Nevertheless, not many structural break unit root tests developed under the sta-
tionarity assumption. Therefore, it is vital to differentiate between unit root and
structural break as the sources of nonstationarity. Hence, we investigated which
test is more powerful in determining the actual break date. For this purpose, ran-
dom data is generated under the homoscedasticity and stationarity assumption.
The Monte Carlo simulation study uses this data to compare the unit root tests
with a structural break.

The main contribution of this study is that it is the first study in the literature
where a Monte Carlo simulation is conducted to evaluate the statistical performances
of the unit root with structural break(s) tests applied in this study. The relevant tests
are classified into unit root with a single structural break and unit root with multiple
structural break tests. We employed the unit root test with a single structural break
developed by Zivot and Andrews (1992) (ZA hereafter), Banerjee et al. (1992) (BLS
hereafter), Andrews and Ploberger (1994) (AP hereafter) and Perron (1997), and the
unit root test with multiple structural breaks developed by Lumsdaine and Papell
(1997) (LP hereafter), Bai and Perron (1998, 2003a) (BP hereafter), Lee and Stra-
zicich (2003) (LS hereafter), Kapetanios (2005) and Perron (2006).
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The findings of the Monte Carlo simulation states that the best performed test in
determining a single structural break is the ZA test. Kapetanios (2005) and Perron
(2006) tests are more powerful ones, and they have equal strength in capturing struc-
tural breaks in mean in a series.

In this study, we develop a newly proposed bootstrap methodology along with
the main aim of our study. In order to determine the structural break and their break
dates more accurately, we proposed a new robust bootstrap method encompassing
the null hypothesis, and considering heteroscedasticity and nonstationarity under the
null. According to the results of this newly suggested bootstrap method, Kapetanios
(2005) is the best performed test in sequential break test. In the empirical part, struc-
tural breaks in the real interest rate data of the US and Australia resulting from pol-
icy changes have been examined. The results concluded that the bootstrap sequential
break test is the best-performing approach due to the general assumption made to
cover real-world data.

This paper is organized as follows: Sect. 2 provides a review of the limited litera-
ture focusing on the different unit root with structural break tests applied to deter-
mine the structural break in mean and explain the reasons of the mean break com-
ing from the economic theory. The third section introduces theoretical foundations
of structural break tests applied in this study. In the third section, the Monte Carlo
study is explained. In the fourth section, the theoretical foundation of the newly pro-
posed method is exhibited, and empirical research conducted with this newly pro-
posed method is examined in detail. The fifth section presents conclusion.

2 Literature Review

The real interest rate plays a significant role in various economic frameworks, such
as monetary transmission, consumption-based asset pricing models, and the neoclas-
sical growth model (Neely and Rapach, 2008). Consequently, considerable research
effort has been dedicated to exploring the relationship between the stochastic char-
acteristics of real interest rates as a time series and corresponding policy changes.
However, a limited amount of research focuses specifically on the persistence of real
interest rates and their underlying determinants.

Many studies in the relevant literature examine the structural changes in the
mean of the U.S. real interest rate. Garcia and Perron (1996) analyzed the behav-
ior of the U.S. real interest rate time series from 1961 to 1986, finding that shifts
in the mean were mainly influenced by periods of budget deficits and oil shocks
rather than changes in policy regimes. Rapach and Wohar (2005) suggest that the
structural break in the mean interest rate of the U.S., as observed in 13 other indus-
trialized countries, is attributable to a mean shift in the inflation rate. Caporale and
Grier (2005) examine the mean shifts in real interest rates of the U.S. and U.K. They
conclude the structural break in the mean is caused by changing the Federal Reserve
Chair of the U.S.

Research analyzing the structural breaks in the Australian real interest rate is rela-
tively limited. Felmingham and Mansfield’s (2003) study examines the stationarity
and structural breaks of short-term and long-term interest rates using the Z.A. and
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Nunes et al. (1997) tests. They discover that long-term indicators are trend station-
ary at the level. In contrast, short-term indicators exhibit stationarity with a struc-
tural break. They highlight that the data-generating process of Australia’s real inter-
est rate is influenced by political factors, monetary policies, and international effects
on Australia’s economy, which was regarded as a small economy in 2003. The stud-
ies by Mishra et al. (2023) focused on whether shifts in political and bureaucratic
regimes resulted in notable changes in Australia’s real interest rate. Employing the
B.P. structural break test, they identified three distinct structural breaks in the real
interest rate in 1980: Q1, 1992: Q2, and 2008: Q4. The study also presents results
from the ZA, LP, and Kapetanios (2005) tests. The other research in the literature
examines the related issue for the Chinese real interest rate series. Hong et al. (2020)
shed light on the factors leading to structural breaks in mean interest rates. Analyz-
ing Chinese data, they used the Bai and Perron (1998, 2003a, 2003b) test to identify
structural breaks in various interest rate means. They compared these break dates
with interest rate liberalization dates. Their findings revealed structural breaks in
mean interest rates over the studied period (Hong et al., 2020).

3 Econometric Methodology

Nelson and Plosser (1982) investigated the stationarity of 14 macroeconomic time
series of the US between the years 1907-1970 by employing the ADF unit root test.
As a result, they failed to reject the unit root null of 13 series. They concluded that
shocks are permanent because stochastic series have a unit root. Following Nelson
and Plosser (1982), Perron (1989) suggested that the macroeconomic time series
may not only contain unit root, rather there may be temporary fluctuations in the
series. Based on this suggestion, Perron (1989) developed the first unit root test with
structural break where the break date is determined exogenously. Perron (1989)
stated that the null hypothesis of unit root should not be rejected without considering
the structural break. Therefore, Perron (1989) added dummy variables to the model
to present the break date, which was known in advanced. In addition to that, Perron
(1989) allowed structural breaks in the level, slope, or both of the trend functions.

Upon the seminal work of Perron (1989), the related literature has started to
grow. Various unit root tests with structural break(s) are developed since then. In
this study, the ZA, BLS, Perron (1997) unit root tests are applied to capture a single
structural break. The LP, BP, LS, Kapetanios (2005) and Perron (2006) unit root
tests are applied to capture multiple structural breaks in the series.

3.1 Unit Root Tests Allowing a Single Structural Break

Following the study of Perron (1989, 1990), Zivot and Andrews (1992) developed
a novel unit root with a structural break test focused on determining the structural
break date. On the contrary to Perron’s (1989, 1990) unit root test, which deter-
mined the break date exogenously, Zivot and Andrews (1992) suggested a unit root
with structural break where the break date is determined endogenously.
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In the ZA test, the null hypothesis stating the unit root is tested against the
alternative one stating the trend stationary process. Testing process of the ZA
test, an ADF-type test, begins with three models, Model A, Model B, and Model
C, which were set up following Perron (1989, 1990). Model A captures a break in
the intercept. Model B captures a break in the slope of the trend function, while
Model C captures a break both in the intercept and slope. Minimum z-statistic is
used for hypothesis testing of three models. The minimum value of the ¢-statistic
is defined as z [ifnf] = ,%Ie]/[; t;i(A),i=A,B,C (Zivot & Andrews, 1992).

The second unit root test allowing a single endogenous structural break is
developed by Banerjee et al. (1992). The BLS test, an ADF-type test, follows the
studies of Rappoport and Reichlin (1989) and Perron (1989, 1990). The assump-
tion of the break date of the BLS test is that it cannot be known a priori. They
provide an asymptotic distribution for recursive, rolling, and sequential test sta-
tistics. These three test statistics are used in hypothesis testing for the varying
unit root/trend cases. The initial model for obtaining the recursive and rolling test
statistics is provided in Eq. (1) (Banerjee et al., 1992).

Model 1 © y, = pg+puit+ay,_ +pLAy,_ +¢, t=1,...,t (1)

In Eq. (1), p(L) is a lag polynomial of the roots of 1 — (L) out of the unit
circle, and under the unit root null, @ = 1, u; =0. ¢, is a martingale difference
sequence series.

Recursive test statistics are obtained by using the sub- samples k =k, ..., T and
t=1,..,k,, where T is the sample size and k; is the starting value. Rolling sta-
tistics are obtained by using sub-samples having a constant fraction and rolling
them through the sample (Banerjee et al., 1992).

Sequential test statistics are calculated based on using the full sample sub-
sequently. The model for obtaining sequential test statistics is given in Eq. (2)
(Banerjee et al., 1992):

Model 2 : y, = g + py7,(K) + pipt + @y + LAY,y + @'x,_ (k) +€, t=1,-,T
2
where f(L) is a lag polynomial of order p which is already known. In Model 2, there
is an additional m-vector of regressors that is given by x,_, (k) which are stationary
with a constant zero mean. The term 7 (k) shows the possible shift or jump in the
trend component at period k. In this framework, Banerjee et al. (1992) considers the
two cases given in Egs. (3) and (4), by following Perron (1989, 1990).

Case A 1],(k) = (t— K 1(t > k) 3)

Case B 7 (k) = 1(t > k) )

The selection of the break date for sequential test statistics is done by the
Quandt likelihood ratio (LR) test. Thus, one needs to compute the LR test statis-
tics for at least one break and then choose the maximum value.
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The third unit root with structural break test for a single endogeneous structural
break is developed by Andrews and Ploberberger (1994). The AP test, an LM-type test,
analyzes the null hypothesis of no structural break against the alternative of a structural
break. The AP test utilizes exponential Lagrange Multiplier (Exp-LM), exponential
Wald and exponential likelihood ratios (LR). At the a significance level, Exp-LM often
has the largest weighted mean when compared to the others. Thus, AP uses the Exp-
LM test statistics for the testing procedure.

The last structural break test of this group was developed by Perron (1997). Perron
focused on cases where the break date was unknown. Perron (1997) states that a finite
sample and its distribution depend on the correlation between data and break dates.
Perron (1997) considers the sequential test that makes the unit root test values mini-
mum based on the break date. According to Perron (1997), lag selection is a crucial
factor in determining break dates.

3.2 Unit Root Tests Allowing Multiple Structural Breaks

After applying unit root tests with a single structural break, the LP, BP, LS, Kapetanios
(2005) and Perron (2006) tests are applied to the series to determine whether it exhibits
multiple structural breaks.

Lumsdaine and Papell (1997) suggested that conducting a unit root test with a sin-
gle structural break would provide ambiguous results. Based on their suggestion, they
developed a unit root test with two endogenous structural breaks. The LP test, which is
an extension of the ADF-type tests, is developed by following the studies of Zivot and
Andrews (1992) and Banerjee, Lumsdaine ve Stock (1997). Three models in the LP,
Model AA, CA, and CC, are used in the LP. Model AA allows two structural breaks in
the mean only. Model CA allows the first structural break in the mean and slope, and
the second structural break can only occur in the slope. Model CC does permit two
structural breaks both in the mean and slope.

The hypothesis testing procedure of the LP test is based on testing the null hypoth-
esis of the unit root with no structural break against the alternative hypothesis of trend
stationarity with two structural breaks in the trend function at two different points.
Rejecting the null hypothesis does not necessarily mean rejecting a unit root, but the
unit root without breaks. Similarly, the alternative hypothesis does not naturally imply
trend stationarity with breaks but may imply a unit root with breaks (Lumsdaine &
Papell, 1997).

Lee and Strazicich (2003) estimated two structural break Lagrange Multiplier (LM)
unit root test statistics. They followed the testing procedure suggested by Schmidt and
Phillips (1992) and Lumsdaine and Papell (1997) to estimate the test statistics.

k
Model AA: Ay, = pi+ ay,_; + ft + ®, DUy, + DUy, + Y ¢, Ay, +£, (5)
j=1
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k
Model CA: Ay, = p+ay,_; + pt+ ® DU, , +yDT|,t + oDU, , + Z c;Ay,_; + £

j=1
(6)
k
Model CC: Ay, = u + ay,_; + pt + CD,DUU +yDT,, + wDU,, +yDT,, + 2 ciAy,_j +¢,

j=1
(N
where t =1,---,T. DU, and DU, are dummy variables presenting the break dates

(TB, and TB,) in mean, respectively. Similarly, DT and DT, are dummy variables
added to express the structural breaks in trend occurred at 7B, and TB,.

1 if t>TB, t—TB, if t > TB,

DUy, = 0, otherwise DTy, = 0, otherwise
_J 1 ift>TB, _Jt=TB, if t > 1B,
DU,, = 0, otherwise DT, = 0, otherwise

Optimal lag is chosen by using a general to specific methodology. Break dates are
determined by ¢- statistics that gives the minimum « value.

Lee and Strazicich (2003) generalized the testing procedure suggested by Schmidt
and Phillips (1992). The LS test allows for two endogeneous structural breaks under
the null and alternative hypotheses. The LS test utilizes the unobserved component
model given in Eq. (8).

v =08Z+e e =pe_+¢ ¢ ~iidN(0,07) 8)

where Z, is a vector of exogeneous variables.
The LS unit root test is computed by the model given in Eq. (9).

Ay, =8 AZ,+®,S,_| +u, 9)

where S, =y, — @y — Z,oy — 6, t =2,+--,T and &' are the coefficients of the esti-
mated regression, @y is given by y, — Z;S’ where y, and Z, represents the first
observation of y, and Z,, respectively. The null and alternative hypotheses are
Hy:p—1=®=0and H, : p—1= <0 are subject to the hypothesis testing
by using the LM statistics for @ = 0. The LS technique employs a grid search proce-
dure to identify the break dates, which are not known. These break dates are deter-
mined based on the minimum value of the LM statistic.

LM, =inf#(1), A= (4, =TB,/T. A, = TB,/T) (10)
A

Bai and Perron (1998) unit root test is another unit root test with multiple struc-
tural breaks. By applying the BP test, they can examine the presence, number, and
position of structural breaks in the series. The BP test analyzes the null of a unit
root with breaks against the alternative hypothesis of/ number of structural breaks
(Bai & Perron, 2003b). Structural breaks are determined sequentially in the BP test.
Besides, this test allows heteroscedasticity, serial correlation, and different distribu-
tions of error terms.
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Kapetanios (2005) and Perron (2006) unit root with multiple structural breaks
tests are the other two unit root tests utilized in this study.

The null hypothesis of Kapetanios (2005) test contains unit root null where the
alternative hypothesis states stationarity with m- number of structural breaks in
constant and/or trend. The undefined number of structural breaks, m, must exceed
two but it must be less than or equal to m.

Kapetanios (2005) developed the unit root test based on several existing unit root
tests. Kapetanios employs the sequential Dickey—Fuller (DF) #-statistics, following
Banerjee et al. (1992) and Zivot and Andrews (1992) for a single break. The testing
procedure is started with the following model:

k k k
Vo= Mo+t + 0y, + Z 9,8y, + Z ©,DU;, + Z DT, +e (1D
i=1 i=1 i=1

All of 1 — d(L)’s circle are outside of the unit circle. The vector (Ay,_y, ..., Ay, ;)
shows the covariance matrix’s probability limit. The dummy variables for inter-
cept and trend are DU;, and DT;,, respectively. These two dummies are defined as
DU, = 1(t > T),;)), DT;, = 1(t > T},;)(t — T,,;). Here, T}; the break date of ith structural
break, indicator function is represented as 1(.).

In order to clear up the analysis and identify the vector of regressors, Kapetanios
relied on Banerjee et al. (1992) and Lumsdaine and Papell (1997) in addition to
Eq. (11). They resolve the Ordinary Least Square (OLS) estimators used in Eq. (11)
by specifying the scaling matrix. After applying OLS to the one break case,
Kapetanios (2005) applies the grid search implemented by Lumsdaine and Papell
(1997) to extend the analysis to m structural breaks. As this method requires a lot of
mathematical operations, they follow the grid research employed by Bai and Perron
(1998).

A six-step testing structure is proposed by Kapetanios (2005) based on the
research of Bai and Perron (1998) and the ordinary least square (OLS) approach
as follows: (i) finding one break is the first step in the process of calculating the
maximum number of structural breaks. The #-statistics for each potential sample
component are then gathered., (ii) the minimum sum of square residuals (SSR) are
obtained to determine the break date., (iii) the next break date is obtained by using
the break test once more., (iv) similar to the second stage, the next break date is
defined where the minimum SSR is obtained., (v) repeat steps 3 and 4 until the min-
imum ¢ statistics is achieved and, (vi) minimum t statistics is obtained, and m struc-
tural break is identified.

In this study, the Perron (2006) test is the last unit root test with multiple structural
breaks test applied in this study.' Perron asserted that because both structural break
and unit root testing methodologies employ the same tools, new research on structural
break literature was created along with unit root analysis (Perron, 2006). Consequently,
these two work together. Given this fact, Perron (2006) designed a unit root test with

! Apart from all this, the Narayan and Popp (2010) test, which is the newest in the literature, allows two
breaks. Since the ADF type test they developed is similar to the Lee and Strazicich (2003) test in large
samples in terms of power and size, this test was not considered in the study.
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Table 1 Summary table of test statistics to estimate the break dates

Test Test statistics
Single structural break tests ZA Infimum t
BLS Quant Likelihood Ratio
AP SupLM, SupLR, SupW
Perron (1997) Minimum t
Multiple structural break tests LP Infimum t
BP Argmin SSR
LS Infimum t
Kapetanios (2005) SSR minimum
Perron (2006) Argmin SSR

an undefined break date and concentrated on the decomposition of structural break and
unit root.

Perron (2006) applies the sequential test utilized by Bai and Perron (1998) to ascer-
tain the break date by locating the global maximum of the objective function. Perron
(2006) uses the ordinary least squares (OLS) method that assigns equal weights to error
terms. Breaks can be captured only when variance changes match the breaks in the
coefficients. If necessary, different weights should be assigned while taking the vari-
ance changes into account. Therefore, the quasi-likelihood method should be consid-
ered in Perron (2006) test.

The assumption of a constant trend is incorrect in the case of an unknown break
date. Thus, before discussing trend changes, researchers should initially neglect the
series’ stationarity. In other words, Perron applies this assumption as a diagnostic
check. Perron recommends using DF test statistics when there is a constant trend. Yet,
when there is a change in trend, the unit root test should be used based on discussing
the break date when the SSR is obtained from the relevant regression. When there is
only a change in the intercept, the estimate of break date is conflicting under the null. In
this case, two statistics can be evaluated together (Perron, 2006).

Perron (2006) discussed that sequential tests usually outperform the other tests. He
did, however, issue a caution that by using this method, fewer structural break dates are
chosen than actually could be achieved. Perron (2006) also suggested that the number
of actual break points may be more than estimated ones because of the problems with
the power of the test. Thus, the double maximum test should be firstly used in deter-
mining the existence of structural breaks (Perron, 2006).

The abovementioned structural break tests benefit from several test statistics to
determine the break dates. These test statistics are given as a summary in Table 1.
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4 Monte Carlo Simulation

The estimates of the break date for each test may vary with each trial. In this regard,
how closely the estimated values match the actual values is essential. Mean square
error (MSE), root moan square error (RMSE), and mean absolute error (MAE) are
metrics commonly used as an evaluation indicator. Hansen (2001) utilized MSE in
their study as an evaluation indicator, which indicates the residual variance. Another
indicator, RMSE, is used to measure the distance between the residuals’ estimated
and actual values. This makes it easier to find the model’s weak points and offers
suggestions for future improvements. Additionally, RMSE’s ability to draw attention
to significant mistakes and outliers. It makes it easier to understand how the model
behaves in these situations. Since simulation results inevitably differ from actual
values, RMSE plays a crucial role in determining acceptable error boundaries. As
a result, it helps choose an appropriate model or simulation result within those con-
straints. Hence, in this study, the RMSE, which is regarded as the residuals’ standard
deviation, is used to evaluate the performances of structural break tests. The formula
for the RMSE is given below:

RMSE =

~l =

T
2 (12)
J=1

The RMSE takes any value in the range of 0 to oo. If the RMSE number is 0,
there is no error, and the test performs successfully. A high RMSE value indicates
poor performance. Additionally, when penalizing major errors, RMSE is superior to
other criteria.

For the Monte Carlo simulation study, 1000 simulation trials have been carried
out with different sample sizes as T=50, T=100, T=250, and T=500. Follow-
ing that, the actual break dates have been compared with the estimated break dates
obtained in each trial of the simulation study.

The break fractions are assigned at the samples’ beginning, middle, and end. The
simulation procedure is started with models that permit one and two breaks in the
mean, as given in Eqgs. (13) and (14).

Model 1: Model for a single break in mean:

v, = py +0,Duml, + ax, +e, (13)
Model 2: Model for two breaks in the mean:
Y, = My + 0, Duml, + 0,Dum?2, + ax, + e, (14)

For each simulation trials, independent and identically distributed random num-
bers, X, ~ N(0, 1) were generated by the random number generation. The initial
value of y, is set to 0.5, gy = 1 and @ = 0.5. Dum1, and Dum?2, are dummy variables
denoting structural breaks. 6, is the break magnitude coefficient of the first break and
0, is the magnitude of the second break.

In Eq. (13), 6, is given different values from 1 to 10. In Eq. (14), 0, is given dif-
ferent values between 1 and 5, and 0, different values from 1 to 8. 4, denotes the first
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break fraction. The values 0.2, 0.5 and 0.8 are assigned to A, at the beginning, in the
middle and at the end of the series, respectively. If ¢t > TA;, Duml, = 1, otherwise
Dum1, = 0. This break fraction definition is constant for both models.

The second break fraction, 4,, is gradually shifted farther from the first break
date. Different values of A, depending on the location of the first break are given
below:

If A, = 0.2 then 0.3, 0.5, 0.7 and 0.9, respectively.

If 2, = 0.5 then 0.7 and 0.9, respectively.

If A, = 0.8, it takes the value 0.9.

Similarly, if £ > T'A,, then, Dum2, = 1, and if t < T'A,, then Dum?2, = 0. By using
the randomly generated data, 1000 simulation trials with various sample sizes, break
magnitudes, and break fractions for each of the structural break tests are conducted.
Based on the simulation study, 1000 structural breaks and break dates were esti-
mated for Model 1 and Model 2.

The findings of the simulation study for one break case are illustrated in Fig. 1
in grid search graphs. As it is seen in Fig. 1, a single break test for the T=50 does
not depend on the break fraction. There is good performance in the Lee and Stra-
zicich (2003), Kapetanios (2005) and Perron (2006) tests, regardless of where the
break fraction occurs. Other tests are sensitive to the location of the break fraction
and the break magnitude. That is, when working with T=50, one must apply the
tests mentioned above in order to obtain small errors. The AP and BP tests perform
poorly at any specific break fraction. They are also sensitive to the break magnitude
when working with sample sizes of 100, 250, and 500. The LS, Kapetanios (2005)
and Perron (2006) tests are not superior to the BLS, ZA, and LP tests. In these
tests, small break magnitudes do not perform well statistically. Their performances
improve as the magnitude of the break increases.’

It can be observed from the test results of two break case® given in Figs. 2 and
3, the power of the LP test varies depending on the break magnitude. On the other
hand, the LS test provides ambiguous results when the two breaks’ magnitudes are
near one another. It is clear from this evaluation that the LS test is sensitive to the
break magnitude. LS predicts both break dates accurately when the second break
magnitude is excessively large or extremely small compared to the first one. The
tests conducted by Kapetanios (2005) and Perron (2006) provide good results in
terms of how effectively they perform in determining the structural break date. For
the two break cases, the test proposed by Bai and Perron (1998, 2003a, 2003b) has
the poorest performance.*

In all figures, dark points on the surfaces of the separating hyperplanes (which
can be represented as regression planes) correspond to the actual data points.
MATLAB has plotted the 3D lines with reference to these points, enhancing the

2 The comprehensive results of the performances of the related tests for one break in the mean case is
given in Appendix 1.

3 For the two break case, the analysis for T=>50 is not provided in the study because of the decreased
sample size. The results can be provided upon request.

4 The comprehensive results of the performances of the related tests for two break in mean case are
exhibited in Appendix 2.
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Fig. 1 RMSE results of a single break case for sample sizes of 50, 100, 250 and 500, respectively

visualization of the tables rather than the 3D data points themselves. For read-
ers who are more interested in the technical details, the MATLAB 3D plot tool-
box calculates the means of the actual points. Consequently, some data points
lie on the separating hyperplanes, while others might not be visible as they are
positioned beneath these separating hyperplanes. The blue and dark blue sections
correspond to low root mean squared error (RMSE), whereas the light blue and
yellow sections pertain to high RMSE. Also, in all Figures, N represents T.
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T=100 T=250
Test First Break Second Break Test First Break Second Break
LP - [rer—

LS

BP

Kapet
anios

Perron Y - Perron
i) Sl =

Fig.2 RMSE results of two break case for sample sizes of 100 and 250

Summary table of the ranking of the tests employed for the simulation study is
given in Table 2. The success of the test is ranked sequentially as 1, 2, 3, 4, and 1
indicates the best performed test.

As it is given in Table 2, the best performed test in detecting a single break is
the ZA test. The least performed tests allowing a single break is both the AP and
the Perron (1997) tests. Among the tests detecting two breaks, the Kapetanios
(2005) and Perron (2006) tests exhibit the strongest performance. There is no sig-
nificant difference in power between these two tests. The weakest performance is
exhibited by the BP test among the structural break tests allowing two breaks.

In the empirical part of our study, all structural test applied to the series of
real interest rate of the US and Australia. The performance of tests in the empir-
ical part is determined based on the number of structural breaks that they can
correctly capture. According to this criterion, the best performed unit root test
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T=500

Tests

First Break

Second Break

LP

LP test under different structural break N=500

Sl [N

Break Location 0.4
(Lamda) 4 Break Magnitude

02 s (Theta)

LP tost under different structural break N=500

4
6 BreakMagnitude
03 (Theta)

06
Break Location 05
(Lamda) 04
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LS test under different structural break N=500

06
3
Break Location 04 s Break Magnitude
(Lamda) (Theta)
5

02

LS test under different structural break N=500

\\\- RNSE vs_6_joc.B_mag

Break Location 8 Break Magnitude
(Lamda) (Theta)

BP

BP test under different structural break N=500

06

Break Location 3

(Lamda) s Break Magnitude
(Theta)

BP test under different structural break N=500

e

+ RMSE .8 lcc, B_mag|
<

1
o
]

06
Break Location
(Lamda)

4
& Break Magnitude

o (Theta)

8

Kapetanios
(2005)

06

3
Break Location ) Break Magnitude
(Theta)

Kapetanios test under different structural break N=500

P

06
Break Location
(Lamda) 8

Perron
(2006)

Perron(2006) test under different structural break N=500

— [+ RuSE 5.5 foc B_mag]

A

06

Break Location 3

(Lamda) Break Magnitude
(Theta)

Perron(2006) test under different structural break N=500

4
06 Break Magniude
Break Location 6 (Theta)

(Lamda) 04

Fig. 3 RMSE results of two break case for sample size of 500

allowing multiple structural break test is found as the LP for the US, and the LP,

LS, Kapetanios (2005) and Perron (2006) tests® for Australia.

> The detailed results of the empirical part are provided in the Sect. of 4.2.
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Table2 Summary table of simulation rankings of the tests

Simulation Empirical study
ranking ranking
Test m
Multiple structural break tests LP 2 4 1
BP 4 3 2
LS 3 3 1
Kapetanios (2005) 1 1 1
Perron (2006) 1 2 1
Single structural break tests ZA 1 - -
BLS 2 - -
AP 3 - -
Perron (1997) 3 - -

5 Empirical Investigation and Newly Proposed Structural Break
Significance Evaluation

This study used controlled data to compare different methods of detecting structural
breaks through Monte Carlo simulation. The assumptions for the controlled data
were as follows: (i) covariance stationarity, (ii) homoscedasticity or no conditional
heteroskedasticity, (iii) absence of serial correlation, and (iv) a specified number of
structural breaks. Under this framework, data containing a single structural break
were generated and compared using various break detection methods. Subsequently,
data incorporating multiple breaks were generated, and the analysis was repeated.
However, it’s important to note that these studies did not investigate how to find the
optimal number of structural breaks in the data or what results would be obtained if
the assumptions above were violated.

Additional factors beyond the assumptions listed above should be made when
working with actual data (real world data). It is important, for example, to ascertain
whether the deterministic part of the data exhibits a break in the mean or the trend.
This problem has been discussed in detail in the economics literature for a variety of
data sets and theories.

In Table 3, the type of structural break for each data set will be created, com-
bined with insights from economic theory. For example, suppose only a structural
break exists in the mean of the data. In that case, detecting a structural break in
trend should not be pursued. If there is no information from economic theory, results
from investigating trend breaks should be considered “spurious trend breaks”. This
is because economic theory does not provide an explanation for trend breaks, and
statistically fitting a trend is only valid within the scope of data mining. Since the
information provided by a structural break in mean and trend differs, considering
both information is essential. Hence, determining and testing hypotheses based on
insights from economic theory is crucial. Economic theory-based testing require-
ments for each data set are compiled in Table 3.

@ Springer



0. Camalan et al.

(soot
e 19 Yeyswinieyed) [9A] UBSW € 0} UINJAI [ENJUIAD Inq ddu)sistad
oy) Surziseydwo ‘sorwreukp Krowow-3uo| Aq poziIejoereyd SI
Jo1AvYaq SIYL (LOOT ‘UIGHION % POOM[[RWS (600T ‘PIRUOCRIA %
uueWHOH SO0T e 30 Yeyswnieyeq) owr) I9A0 SIN[eA wnuiqijinbe
J19[} 0] 1J9AI 0} pud) Ay Jey) Sunesrpur ‘sontodord Suntoaax

X -UBOW JIQIYXQ S[ENUAISYIP Q)L JSAISIUI [BAI JeY) UMOYS SBY YoIeasdy () [ENULISHIP Q)L JSAIIUI [By

X
din £q pajorpaxd
SIIRUM ()IM S[ENUIDJJIP Q)BT JSI)UT SUSIe Jey) Jouuew e ur ut
-)snfpe sajer a3uryoX? 0) SUIPEI] ‘PAJOALIOd 9q A[[BNIUAAD [[IM JIN
X X wolj suoneIAdp 1ey susod £103y) (J10) A1 15219)U] PAIdAOIUN) (d1N) Ared 1S219)Ul PAIAAOSU)
(€661 ‘Sury »
JIo)Xed) [9AQ] [ENIUL S)I 0 SUINAI AJ[enJUSAR Inq )kl ISAIAUI [el oY)
saster Apuaysisiad sormipuadxo JuowuIoAos ur asearout Arerodurd)
X X ®‘[opowt yimoi3 wnriqinbo [esrsse[ooou pajeIqed ay) 03 JUIpIoddy (dry) Anred oyex 3sarour [eoy
(8661 ‘112ded 29 poom3oH)
sIsA[eue puaI Ul syeaIq [eINJonys SuIssaIppe Jo
Qoueyrodwl Ay SULI0OSIOPUN ‘san[eA wnLqIInba (100T ‘T 19 I0[AR]) SYOOYS )Ll FULYIXD [BAI 0) NP
uni-3uof Sunewnse AfejeInode uo puadap sonfea syea1q ueaw Jo aouasald ay) Sunesrpur ‘papI0oar Ajsnoradxd ueyy
ddd uo SurA[a1 s1sed210J pue suolstodp Aorjod jey spaads juounsnlpe 1a3se) payS1y31y Loy, sojzznd Ayred romod
poziseydwo Aoy ], "oyer 93uBYIXd [BAI O} JOJ SonJeA Surseyoand oy Surajos 10J suoneor[dwr sJ1 pue sajer 93UBYIXD [eaT
wnuqinba uni-3uoj Sunewrnsa A)91109 Jo suon Ul UOISIOAQI-UBIW JeuI[uou Jo 1doduod ay) passnosip ‘e 10 Jo[Ae],
-eorjduur ayy passnosIp (8661) [[eded pue poomSoy SOLIUNOD
PUQL], + UBS]A! ‘Kred 1omod Surseyoand 1senb Jo 1x9)uoo oy uf - ssoxoe uoneroidop pue uonerdardde o3 anp ueaw ur yeaiq Aresodwa], ddd 1send)
SUOTJRU ISIOAIP
$S0I0B AouaLInd Jo jiun e jo 1omod Surseyoind oy ur Ayrred Surure)
-urewr £qa19Y) ‘S[oAQ] 9911d Ul suoneId[e 03 Asuodsal ur AW IA0
A[renpess isnfpe 0] JYSNo SOLNUNOD OM] USIMII] S9JBT 9FUBYIXD
X X ey sysod s1saypodAy (ddd) Lired romod Surseyoind uni-Suof oy, (ddd) £Linred romod Surseyoing
dno.s a2o14d auQ)
PUaI], + UBSA[ pua1], e\ sisoypodAH
/SAL19S

s1soyjodAY pue SOLI9S QW) OIWOU0DJ UT SYeaIq [eInonys jo sadAy, € ajqel

pringer

As



Comparison of the Performance of Structural Break Tests in...

918 9[qe} Y}

9SBAIOUT JOU 0) J[qR], AY) UT St WY} PATWI] JABY dM INq “ISTX? sasayjodAy Sunse) oIuouod? I9Y)0 SNOIAWNYN "Yedlq [ernjonys jo odA) pajear o) Jo 20Uasqe 9y} SAJouap X

puan Jeaur|

SOTWRUAPD JIY) Ul UOISIOAI UBIW JIQIYXS Paopul
ued $9559001d 9NSLYD0)S Jey) SUNELIIPUI ‘XLNBW IDUBLIBAOD Y} JO
Qmeu SunIaAdl-uedw o) aziseydwo (6007) ‘Te 12 1eqoIsy own)
JOAO 93I9AUOD UBD $Is59001d o1seyo0ls moy ojut syysisut Surpraoxd
‘SOIWIOUOI0IOBW PUE [JMOIS OTWOUOID JO IXIUOD A} UT 2OUITIIA
-U0J JISBYD0IS SSNISIP (£66]) 1OSUIS PUE USS "9OUISIIAUOD OU SI
2I9Y) “J00I JIUN B SUTRIUOD SALIUNOD OM] UIMIRQ Sawodu] ejided
1od UT 9JURIAYIP Y} JI ‘SPIOM ISYIO U] "9OUISIIAUOD OIISBYI0IS ST
puan Ieaury Q19) ‘awn) paxy e Je suonorpaid Jndino swes Jy) dABY SALNUNOD J]
*UOISIOAQ] UBW PUB 2OUITIOAUOD £ UIM]AQ UOTIIUUOD
® SunesIpur ‘ejeq JoxIew ay) 10§ $s9001d O1SLYS0)S SunIeAdI-uBSW
e asodoid (5007) AodI[Iyd pue BAOISO[ "WYY} UO YI)ed 2I0JAIAY) pue
SQUO YoLI Uey) J9)se} MmoI3 suor3ar 1ood yorym ur ssoooid e 0 s19§o1
Q0UISIOAUO0D-BIOY [OAJ] SWIOUT [RNIUT A} PUB (IMOIS WOIUT )

Q0UaSIoAU0D onseyool§

X X uoamlaq dIysuone|ar dAneSou 9y SB pauyap SI 90UITIAU0D Blog 90ua319AU0D BlOg
20U2842410D YIMOLE)

PURL], + UBIA pua1], eI\ sisoylodAH
/SAL10S

(ponunuoo) ¢ s|qey

pringer

As



0. Camalan et al.

This study focuses on empirical research on real interest rate data; based on
Table 3, we concentrate on the level break of real interest rate (RIP). In a study by
Caporale and Grier (2005), real interest rate data for the United States were exam-
ined to investigate whether political changes cause structural breaks in the mean of
the real interest rate series. The study considered two specific political-economic
hypotheses: (1) political changes affect monetary policy, and (2) bureaucratic
changes affect monetary policy. The structural break in the mean of the real interest
rate resulting from these reasons was examined by applying the methodology pro-
posed by Bai and Perron (1998). Following the study of Caporale and Grier (2005)
and Mishra et al. (2023), we test the existence of a structural break in the mean in
the Australian real interest rate series considering the same method.

Real interest rate data was collected from 1960:Q1-1999:Q4 for the US and
1970:Q1-2019:Q4. The nominal interest rate for the US was taken as a 3-month
Treasury bill rate, while for Australia, it was used as a 90-day bank-accepted bill
rate. Inflation rates were calculated as the percentage change in the Consumer Price
Index (CPI) for both countries. Nominal interest rate data for Australia was obtained
from the Main Economic Indicators (MEI)® database of the OECD. The 3-month
treasury bill rate of the US and inflation rate for both the US and Australia were col-
lected from the International Financial Statistics (IFS) database.

Real interest rate data is constructed by following Mishra et al. (2023) as
r, =1, — &, . 1, is the real interest rate at time t, i, shows the nominal interest rate
at the current year, and z,,, is the inflation rate which is calculated as the percent-
age change in CPI over the time span between t and t+ 1. r, denotes the ex-post real
interest rate.

This study excluded the Bai and Perron (1998) method from the Monte Carlo
comparisons section for two main reasons. Firstly, the primary focus of this study
is to compare break date detection methods tailored explicitly for unit root tests.
Therefore, since the Bai and Perron (1998) method is not designed for unit root tests
but rather for identifying structural breaks, it does not align with the study’s objec-
tives. Secondly, the Bai and Perron (1998) method is not designed for conducting
unit root tests. Moreover, it suggests stationarity when performing structural break
tests. Caporale and Grier’s (2005) study discusses the assumption of stationarity of
the Bai and Perron (1998) method. Still, they did not find it necessary to test it for
US real interest rates. However, Mishra et al. (2023) addressed this issue by incor-
porating structural break detection into their simulation study, demonstrating that
structural breaks were accounted for and the series was stationary.

In the section where the Bai-Perron process is explained in the Caporale and
Grier (2005) method, the considerations to be taken into account and the assump-
tions under which the Bai and Perron (1998) method operates are summarized.
These assumptions are categorized under three main headings: Stationarity, No
Serial Correlation, and No Heteroskedasticity. Moreover, the Bai and Perron (1998)

% The 90-day bank accepted bill rate of Australia can be gathered from https://www.oecd.org/sdd/oecdm
aineconomicindicatorsmei.htm, accessed on 3 February 2024.

The 3-month treasury bill rate of the US and inflation rate of the US and Australia data can be obtained
from https://data.imf.org/?sk=4c514d48-b6ba-49ed-8ab9-52b0c1a0179b, accessed on 4 February 2024.
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method is also used in two ways: sequential detection of the breakpoints and sample
splitting. Caporale and Grier (2005) mentioned that both methods consistently found
the same breakpoint dates, suggesting that the sequential break detection method
might be evaluated as a more general structural breakpoint test. Therefore, a method
that includes the safest repetition of each stage without intervention in every step
needs to be proposed for this purpose.

Considering the restrictive assumptions in the Bai-Perron (1998) method in the
Caporale and Grier (2005) and Mishra et al. (2023) studies, the Kapetanois (2005)
methodology of sequential detection of the dominant breakpoint needs to be devel-
oped using the bootstrap method. Empirical research in this direction will provide a
better opportunity to compare the results obtained in the Caporale and Grier (2005)
and Mishra et al. (2023) studies.

5.1 A Methodology Proposed for Evaluating the Significance of Multiple Breaks
in a Sequential Manner: A Bootstrap Approach

A new bootstrap approach will be proposed by following Namba (2017), ordinary/
wild bootstrap (heteroskedasticity robust structural break detection), and combining
it with the sieve bootstrap (nonstationarity under the null of the test) methods for
assessing the significance of the F test for the nested hypothesis of sequential break
detection. Bootstrap is a method used to estimate the distribution of a statistic or
estimator by resampling data or a model estimated from data (Horowitz, 2001). As
mentioned by Horowitz (2001), under appropriate conditions, bootstrap approaches
approximate the distributions of statistics, the coverage probabilities of confidence
intervals, and the rejection probabilities of hypothesis tests, which can be more
accurate than first-order asymptotic distribution theories. Therefore, when it is diffi-
cult to calculate the asymptotic distribution of a statistic or estimator, critical values
obtained using the bootstrap method will be more accurate and represent a good
approximation of the asymptotic distribution in small samples. This topic is also
stated by Horowitz (2001), noting that “Bootstrap generally provides more accurate
results than first-order asymptotic approaches, but does not require the algebraic
complexity of higher-order expansions”.

Caporale and Grier (2005) utilized the Bai and Perron (1998) approach in their
methodology, with its crucial assumption being stationarity. In this context, Mishra
et al. (2023) believed they addressed the issue Caporale and Grier (2005) overlooked
by conducting all structural break tests containing unit root tests in our simulation
section. However, the proposed methods did not apply consecutive and sample-split-
ting unit root tests. Caporale and Grier (2005) also mitigated the assumed absence
of serial correlation and changing variance in the BP method by using Andrews’s
(1991) robust standard errors. Therefore, considering they thought they addressed so
many issues without testing or controlling, they actually inferred results with inher-
ent weaknesses. Hence, a more straightforward and more robust method should be
proposed.
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Namba (2017) ordinary/wild bootstrap methods mitigated the size distortion
arising from changing variance in the Chow test methodology. Likewise, the sieve
bootstrap methodology was used to test the unit root null hypothesis (Ugar and
Omay, 2009). These two bootstrap approaches will generate critical values for robust
structural break testing against dynamics such as unit roots, changing variance, and
serial correlation under the null hypothesis, where the series has no structural break.
Therefore, robust critical values against the mentioned conditions will be produced
when an alternative structural break exists. Thus, multiple structural break tests will
be performed more simply and robustly compared to the Caporale and Grier (2005)
methodology. The proposed bootstrap methodology is outlined below:

Estimate the M break Model

V= ody e, (dy=0if 1y <tdy=1 ifz >1)

y,=;4]+;42d2+,u3d3+;44d4+e[(d2:lif‘rl<l§12d3:lif‘rz<t§‘r3d3:1if‘r3>t)

u1+2/4 +e(dy=1if 1, <t<7y, dy = 1if 5, <t <73, ,dyy = 1 if 71 > 1)

M is the number of break.

_ SSR, -SSR, /df
-SSR, /df

(i) The following OLS regression is considered, and we imposed the null of no
break.
Yo =B+ Boyioy + €

(i) The null of no unit root is imposed to generate samples of residuals (Basawa
et al., 1991). Error terms are estimated as below:

Aétl = Ayz - ﬁAl - :BAZAyz—I

(iii) Stine (1987) offers that the residuals must be centered with

AAI=AA1 AAI
& T 06 T (T—1—2)121;2

(iv) We first generate stationary bootstrap residuals recursively from
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T
g = 2 Aell
t=1
(v) Following Namba (2017) the below data generation is obtained:
Vi = B+ ﬁAzyt_l +¢&

(vi) The bootstrap statistics are computed for each bootstrap replication by running
the regressions.

YE= g+ pody + pady + pgdy +u(dy = 1if 1) <t <y dy = 1if 1y <t < 73 dy = 1if 73 > 1)

M
Y=+ Y pdi+u(dy=1if 7, <t <1y, dy = 1if 7, <t < 73, ,dyy = 1if 7 > 1)
i=2
Mth break.
(vii) Obtain the empirical F test and use for construction of bootstrap or empirical
density function:

% _ SSRr — SSRur/df

"= ~ EDF (MomentsF},i=1,...,B)
l SSR,./df '

Empirical distribution of these statistics is produced by 2000 replications, thus,
their p-values are generated.

A consecutive break date is obtained sequentially for each break, from the domi-
nant break to the recessive break. Therefore, this sequential process incurs a nested
F test hypothesis testing starting from 1 break to no break null end with M-1 break
to M break alternative hypothesis.

Remark: We designed this 7-stage process under the most general assumptions; het-
eroscedasticity and nonstationarity. With each break added in each stage, the empiri-
cal distribution function changes, and after a stage, the remaining series should
exhibit stationary properties. Hence, the empirical distribution function must incur
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these features. Therefore, continuing with the bootstrap algorithm with é? is assumed
to be a more accurate approach. Thus, skipping steps 2, 3, and 4 and obtaining £} in
step 5 with é? instead of étl is better to generate the suitable empirical distribution
function.

5.2 Comparison of the Newly Proposed Bootstrap Approach and Caporale
and Grier (2005) Method

Depending on this proposed bootstrap algorithm, we have obtained the following
results for the US between 1960:Q1-1999:Q4, and for Australia 1970: Q1-2019:
Q4.

Caporale and Grier’s (2005) approach identifies four breaks, whereas our pro-
posed bootstrap method reveals three statistically significant break dates. Although
the first three break dates coincide with those identified by Caporale and Grier
(2005), the fourth statistically significant break in their method is recognized as the
fifth dominant break in our proposed method. However, this fifth dominant break is
statistically insignificant.

The method proposed by Caporale and Grier (2005) differs from the sequential
approach of the Bai and Perron (1998) method. Their method divides the sample
into different blocks, and the process is repeated. However, this process has incon-
sistencies within itself. Primarily, the Bai and Perron (1998) method is applied to
stationary processes. Therefore, the initial lack of stationarity in the series affects
the distribution evaluated for the initial result. Caporale and Grier (2005) described
the process they used as follows: “A sequential procedure can also be used to select
the number of breaks in which, if an initial break is found [based on the initial
SupFt(l) test], the sample is then divided into subgroups at the break point, and the
same parameter constancy test is then performed on the subsamples. The partition-
ing of the subsamples continues until the parameter constancy test fails to reject
the null”. Hence, since the stationary test is not performed for each sample sepa-
rated, it is doubtful to obtain the correct results. Additionally, the assumption set
used in the Bai and Perron (1998) method states, “Serial correlation in the errors
and nonconstant error variances within and between segments”. Caporale and Grier
(2005) explained that they corrected the standard errors for each sub-group with
Andrews’s (1991) and Newey and West’s (1987) methods. We designed the boot-
strap method to cover all described scenarios, ensuring its robustness against these
cases by incorporating F-test critical values derived from the empirical distribution
function. Furthermore, Caporale and Grier (2005) state that “determining the num-
ber and location of the breaks, 90, 95, and 99% confidence intervals for the break
dates are provided. The derivations of these values are explained in Bai and Per-
ron (2000, pp. 11-13) and rest on using a novel asymptotic framework in which the
magnitudes of the shifts converge to zero as the sample size”. We do not consider the
confidence intervals obtained here as reliable. For instance, for 1967:Q2, a 95% con-
fidence interval is given as 1966:Q1 and 1969:Q2. In this confidence interval, four
lower and seven upper quartiles are drawn.
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Fig.4 Sequential break date estimation and the locations of break for the US

Breaks obtained by Cap&Gr Method Newly Proposed Bootstrap Method
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Fig.5 Comparison of Cap&Gr method and newly proposed bootstrap method

For the other three

breaks,

1971:Q4-1973:Q1-1973:Q2  (4,0),

1980:Q1-1980:Q3-1981:Q1 (1,1), 1985:Q1-1986:Q2-1987:Q3 (4,4) are deter-
mined. As seen from Table 4, the dominant break is 1980:3 with 1% signifi-
cance level. Similarly, the Bai and Perron (1998) method also provides a very
narrow confidence interval. Providing a narrow confidence band indicates the
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Breaks obtained by Cop&Gr Method Newly Proposed Bootstrap Method
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Fig. 8 Comparison of Cap&Gr method and newly proposed bootstrap method

high significance of the structural break here. While the other two breaks remain
relatively narrow, 1966:Q1-1967:Q2-1969:Q2 (4,7) is statistically significant in
a wide band interval, indicating the dubiousness of the result due to the meth-
odological shortcomings explained earlier. Since the Bai and Perron (1998)
method is conducted without considering many critical assumptions, there is a
high probability that the critical values or confidence intervals generated may be
biased. Our proposed bootstrap method rejected the 1967:Q2 break found in the
fifth position (0.609) at a 61% statistical significance level. Therefore, it was con-
cluded that there is no significant break, and the null hypothesis of no break can-
not be rejected. At this point, it is worth mentioning that the Kapetanios (2005)
test also applies this method as a break selection criterion and avoids arbitrary
break selection. Furthermore, the bootstrap method proposed here can access the
more complex form of the asymptotic distribution that Kapetanios (2005) could
not reach. In this sense, developing a similar bootstrap algorithm can also suita-
ble for Kapetanios (2005) unit root test (The unique feature of the newly proposed
test can be accurately followed through following the Figs. 4, 5, 6, 7, 8).

To provide additional insights into the proposed bootstrap method based on the
F- test table, we have added the significance levels of 10%, 5%, and 1% obtained
from the F- test alongside the bootstrap statistics in small font. The bootstrap criti-
cal values obtained and the F-test critical values converge closely after each sequen-
tially obtained break. Explaining this phenomenon would be useful in demonstrat-
ing the consistency of the proposed bootstrap method. The proposed bootstrap
method is robust against nonstationarity, heteroscedasticity, and serial correlation.
For instance, upon finding the first break, if we had referred to the standard F-test
table, we would have concluded that the break date is significant at the 1% level,
with F(1,195,%10)=6.81, whereas the computed test value is 33.231. Following
the structural break found in March 1992, there is a divergence in the significance
levels, with the F-test indicating significance at the 1% level for the existence of a
break. In contrast, our proposed method suggests significance at the 10% level.

Regarding the break date in April 1972, our proposed method does not find it
statistically significant at the traditional significance level, while the F-test would
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Table 6 Comparison of all structural break tests

LP LS BP_5 Kap_5 Perron_5 Cap&Gr

US 1980:Q3%  1973:Q4%  1973:Q3* 1980:Q3*  1973:Q2  1967:Q2

1960:Q1-1999:Q4  1994:Q1 1980:Q3%  1975:Q1  1973:Q2*%  1980:Q2%  1973:Ql*
1979:Q4  1986:Q3*  1986:Q1*  1980:Q3*
1981:Q1% 1981:Q2  1990:Q1  1986:Q2%
1983:Q2  1967:Q2  1993:Q4

Success rate w.r.t. 1/4 2/4 2/4 4/4 3/4 4/4
original model

Success rate w.r.t. 173 2/3 2/3 3/3 2/3 3/3
Bootstrap model

Australia 1980:Q1**  1980:Q1** 1972:Q3 1977:Q2* 1979:Q4 1980:Q1%**

1970:Q3-2019:Q1 1992:Q2%** 1992:Q2*** 1974:Q1  1999:Q1* 1981:Q2%* 1992:Q2%**
1977:Q1  1980:Q2**  1991:Q4 2008:Q4
1999:Q2  1992:Q3*** 2000:Q1

Success rate w.r.t. 2/3 2/3 0/3 2/3 2/3 3/3
original model
Success rate w.r.t. 2/4 2/4 0/4 4/4 1/4 2/4

Bootstrap model

* %% and *** denote %1, %5 and %10 significance level of break date estimates depending on the boot-
strap Kapetanios type F-test. We accepted errors up to two quarters. w.r.t. indicates “with respect to”

have considered it significant at the 5% level. Hence, an additional break date
would have been unnecessarily added. As nonstationarity, heteroscedasticity, and
serial correlation decrease in each sequence, the empirical distribution function
and traditional F-test asymptotic values converge. Therefore, the results pro-
vided for Australia Table 5 demonstrate the consistency of the proposed bootstrap
method.

The proposed BP method for Australia has found narrow confidence intervals for
the breaks at 1979:Q3-1980:Q1-1981:Q1 (1,3), 1990:Q4-1992:Q2-1994:Q4 (5,9),
and 2006:Q4-2008:Q4-2013:Q3 (7,19). Using our proposed method, we identified
statistically significant breaks at 1977:Q2, 1999:Q1, 1980:Q2, and 1992:Q3. Out
of the four breaks we identified, only two align with Mishra et al. (2023)’s breaks,
while the break given for 2008:Q4 as having low significance (wide confidence
band) was not obtained even after increasing the number of breaks to eight. As evi-
dent from both studies, our proposed bootstrap method has performed excellently in
determining the optimal number of breaks within the context of these two examples.

5.3 Empirical Research: Remaining All Tests Which are Compared in Sect. 3
In the empirical research part of our study, the results obtained are compared with

the findings from the Monte-Carlo study section. We confirmed that there would
be a break in the mean from two sources: political party changes or changes in the
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Fig. 9 Important break dates depending on the bureaucracy changes in Australia

central bank governor, as corroborated by the study of Caporale and Grier (2005).
We have also introduced a bootstrap methodology to further confirm these break
dates.

Table 6 shows that Kapetanios (2005) has the highest success rate in capturing
possible break dates. When looking at Figs. 6 and 9, it becomes apparent that rather
than political party changes, Federal Reserve chair changes, i.e., bureaucratic shifts,
have played a significant role in determining the real interest rate mean values. The
mean value change of the real interest rate is nearly one-to-one, corresponding to
each change in the Federal Reserve chair.

While the sequential implementation of the Bai and Perron (1998) method yields
similar results to the partitioned sampling approach in the US data set, it shows zero
performance in the Australian dataset, performing worse than all other methods. The
LP and LS methods are two methods that predict up to two structural breaks. The
LP correctly predicts one of the two breaks for the US and both for Australia. The
LS correctly predicts both breaks for both countries. However, due to limitations in
these two methods, it would be more appropriate to compare the the Bai and Perron
(), Kapetanios (2005), and Perron (2006).

The BP achieves two out of four successes with the sequential method for the
US, while for Australia, it achieves zero successes. Kapetanios (2005) captures four
out of four successes for the US and two out of three successes for Australia. Per-
ron (2006) achieves three out of four successes for the US and two out of three for
Australia. Although the break date estimations in the original articles may be ques-
tioned, our proposed bootstrap method guarantees optimal significant break date
selection and provides a benchmark for comparison.
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The empirical study results are consistent with the results obtained in Monte
Carlo simulations. The general conclusion can be derived as Kapetanios’ (2005)
sequential break estimation performed better than all other tests included in the
study. Perron’s (2006) multiple structural break method performed weaker than
Caporale and Grier’s (2005) suggested sample splitting BP test. The sequential BP
method by Bai and Perron (1998) performs even worse than the LP and LS methods
in finding two breaks.

6 Concluding Remarks

In this study, the main aim is to compare the performances of the structural breaks
and their break dates. Zivot and Andrews (1992), Baneerje, Lumsdaine, and Stock
(Banerjee, 1992), Andrews and Ploberger (1994), Perron (1997) tests allowing a
single structural break, and Lumsdaine and Papell (1997), Bai and Perron (Bai &
Perron, 2003a), Lee and Strazicich (2003), Kapetanios (Kapetanios, 2005) and
Perron (Perron, 2006) tests allowing multiple structural breaks are applied to the
randomly generated series. In order to determine the performances of the tests
and compare them, the Monte Carlo simulation experiments with 1000 simula-
tion trials are applied to the randomly generated series with a normal distribu-
tion for the one break in mean and two break in mean cases. For the one break
case, the break fractions have been placed at the beginning, in the middle and
at the end of the series. The performances of the tests depending on the loca-
tion were obtained. In the two break cases, the break fractions were calculated
in the same way. For the second break, the break fraction was gradually removed
from the first one. It is found out that the sensitivity of the tests are increased as
break magnitude increases. Considering both cases, a common conclusion from
the simulations is that the Kapetanios (2005) and Perron (2006) tests performed
better than the other tests.

To conduct the empirical part of the study more robustly, it was necessary to
determine the optimal statistically significant number of breaks. The main problem
in this regard, within the framework of the Bai and Perron (1998) method, assumes
stationarity for the structural break test. Additionally, it is known that periods of
high volatility, i.e., increased heteroscedasticity or unequal variance in sample seg-
ments where breaks occur, would significantly affect the reliability of F-test statis-
tics. We proposed a new bootstrap methodology to address these two fundamental
issues, thereby developing a robust bootstrap algorithm that accounts for heterosce-
dasticity and nonstationarity under the null. Through the empirical study, we deter-
mined that the proposed bootstrap algorithm generates data in a structure that accu-
rately represents an empirical distribution function, thereby assisting in obtaining
accurate critical values of the challenging asymptotic distribution.

Furthermore, it is evident that the sequential test stages converge towards a tradi-
tional F distribution under the null by effectively eliminating nonstationarity, hetero-
scedasticity, and serial correlation. Modeling each break leaves behind a smoother
series closer to white noise, ensuring stationarity, homoscedasticity, and no serial
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correlation structure after each break estimation. This is further supported by the
fact that the generated bootstrap crucial values converge to the F test values obtained
under these assumptions. This phenomenon is observed in Tables 4 and 5.

Moreover, we can use the bootstrap F-test for the pre-test of Kapetanios (2005)
unit root test. Hence, we can use statistically significant breaks for the unit root test-
ing. It would be more meaningful if the optimal number of statistically significant
breaks leads to a stationarity conclusion. Thus, we believe that we have made a sig-
nificant contribution to the literature by proposing a bootstrap algorithm that allows
for more reliable handling of pre-testing with sequential break detection methods.

The study’s main objective was to measure the performance of structural break
tests conducted within unit root tests by generating controlled structural breaks
under the conditions of stationarity, homoscedasticity, and no serial correlation.
However, evaluation problems encountered in the empirical section and perfor-
mance criterion have led to new proposals and addressing existing deficiencies in
the literature. Since the proposed methods were developed based on the empirical
study, there is considerable benefit in confirming them through broader Monte Carlo
simulations and conducting theoretical investigations. The results obtained within
the scope of the empirical research are consistent and align with expectations.
Therefore, it can be concluded that the article’s primary objective, comparing break
detection methods within unit root tests, has been achieved. It has been concluded
that the sequential Chow test-type break detection methods proposed by Kapetanios
(2005) yield better results.
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