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Abstract

This study discusses four commonly used optimal approximations to the infinite order moving average
filter that ideally extracts from a time series fluctuations within a specified range of periodicities. Based
on our findings, we use two of those approximations in the estimation of two macroeconomic signals:
business cycle fluctuations and medium to long run component of output growth rate. This study dis-
tinguishes itself from related literature by showing how to successfully incorporate in the multivariate
band-pass approximations factors estimated from a large panel of time series.

As illustration, we apply these approximations to U.S. data. We evaluate the real-time performance of
the indicators and provide forecasting comparisons. The results suggest that the multivariate indica-
tor outperforms the competing univariate indicator across all different settings considered. Moreover,
multivariate methods that target smooth growth are useful to forecast quarterly GDP growth rate at

short-term and to forecast yearly GDP growth.

Keywords: dynamic factor models, band-pass filter, business cycle fluctuations, smooth component, co-

incident indicator, macroeconomic fluctuations.



Resumo

Este estudo discute quatro aproximagoes 6ptimas ao filtro de médias méveis infinitas que idealmente
isola de uma série temporal flutuagoes compreendidas num determinado intervalo de periodicidades.
De acordo com as nossas conclusoes, utilizamos duas dessas aproximagoes na estimagdo de dois sinais
macroeconémicos: flutuagdes de ciclo econémico no produto e a componente de médio e longo prazo
da taxa de crescimento do produto. Este estudo distingue-se da literatura corrente ao mostrar como
integrar nas aproximagoes do filtro banda multivariado factores estimados a partir de um largo painel
de séries temporais.

Como ilustragao, aplicamos estas aproximagoes a dados dos E.U.A.. Avaliamos o desempenho dos in-
dicadores em tempo real e apresentamos comparagoes em termos de previsdo. Os resultados sugerem
que o indicador multivariado tem um desempenho claramente superior ao do indicador univariado em
todos os cenéarios considerados. Adicionalmente, os métodos multivariados que aproximam o crescimento
alisado sao 1teis na previsao da taxa de crescimento trimestral do PIB a curto prazo e para previsao do

crescimento anual do PIB.

Palavras Chave: modelos dindmicos de factores, filtro de banda, flutuagoes de ciclo econémico, compo-

nente alisada, indicador coincidente, flutuagdes macroeconémicas.
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1 Introduction

A main concern of macroeconomic analysts, policy makers and others lies in tracking, in real
time, the state of the economy. So, they focus attention on signals that aim at summarizing
information embedded in the time series movements of major macroeconomic aggregates.

The idea that an individual time series can be seen as the sum of multiple components driven
by different kinds of shocks follows from Persons’ (1919) work. Ever since several methods have
been proposed in the literature to measure those different components; in particular the trend
and cyclical component. Methods can be divided into two groups: economic-based models and
statistical-based models. The first group uses economic theory to explain the mechanism of fluc-
tuations while the second group uses purely statistical assumptions to identify the components.
A brief survey of the literature indicates as references for a discussion of economic-based models
Singleton (1988), King et al. (1988, 1991), Blanchard and Quah (1989) and Cochrane (1994).
Alternatively, statistical-based models include deterministic detrending, first differences, Bev-
eridge and Nelson’s (1981) decomposition, unobserved components models, filtering techniques,
Stock and Watson’s (1998) index models or Altissimo et al.’s (2008) projection problem.

In this study the main objective will be to construct a real time indicator for two specific
macroeconomic signals: business cycle fluctuations of aggregate output and smooth component
of output growth (henceforth smooth growth). We will use a filtering approach to directly obtain
such signals, which amounts to apply to the series of interest a filter specifically designed to isolate
only the fluctuations within a pre-specified range of periodicities. Unlike most methods, filtering
techniques clearly permit to achieve an explicit separation between components and additionally
provide a simple way to accomplish such task. The downside follows from the statistical nature of
this approach that compromises the interpretation of the extracted components from an economic
point of view.

The first step is to specify the threshold values of the cyclical periods that distinguish the
different components of a time series. We overcome this problem adopting the definition of
business cycle fluctuations as those fluctuations with period between [6, 32] quarters in the
pseudo-spectrum of Gross Domestic Product (GDP) series, as advocated by Baxter and King
(1999), and smooth growth as output growth excluding the fluctuations with cyclical period

lower than 4 quarters, exactly as in Altissimo et al. (2008). These signals undoubtedly contain



important information to assess the direction of the economy. Moreover, we view forecasts of
the smooth growth indicator as being useful to forecast GDP growth itself because the possibly
unpredictable short-run oscillations, approximated by conventional models, have been eliminated.
Our empirical application provides important insights regarding this matter.

Both signals can be obtained by applying an infinite order moving average filter to the series of
interest. However, this procedure implies infinite data and thus an approximate filter is required
for empirical purposes. According to an optimization criterion, good approximations to the ideal
infinite sample filter are proposed by Hodrick and Prescott (1997), Baxter and King (1999) and
Christiano and Fitzgerald (2003) in an univariate context and by Valle e Azevedo (2007) in a
multivariate context. In the first part of this study we analyze in detail the properties of each
of these approximations and discuss which ones are suitable for real time analysis. We conclude,
given our objective, that Hodrick and Prescott’s filter as well as Baxter and King’s filter detain
undesirable features. Therefore, only the two remaining approximations from those mentioned
earlier can be used to construct a real-time indicator.

The second part of this work provides an empirical application of the optimal filter suggested
by Christiano and Fitzgerald and of the optimal filter suggested by Valle e Azevedo to U.S.
quarterly GDP or GDP growth rate, depending on the signal. The univariate filter is used as a
benchmark filter for comparisons and the multivariate approximation is adopted as our proposed
indicator. The multivariate optimal filter does not only exploit the information in a single time
series but also that in a large panel of monthly economic variables. To compress this additional
information, the panel is assumed to be described by a dynamic factor model, as originally
developed by Geweke (1977) and Sargent and Sims (1977). To be specific, each variable of the
panel is assumed to be described by a few number of common factors plus an idiosyncratic
error. These factors are unobservable variables and therefore estimated using either principal
components as in Stock and Watson (2002a, 2002b) or generalized principal components as in
Forni et al. (2005). Accordingly, we compare the two methods of approximating the factor space.
The extracted factors are then incorporated as covariates in the multivariate approximation of
the signals of interest.

In view of the above, our main contribution to the current literature is the integration of
recent developments in the analysis of dynamic factor models in the approximation of band-pass

filters. Specifically, we implement an approximation to the signal of interest using a multivariate



approach that combines information derived from a large panel of time series (reduced by estima-
tion of common factors). Moreover, our multivariate approach can be used in any similar signal
extraction problem since it can easily be adapted to optimally approximate any other signal of
interest or equivalently to extract any other range of periodicities.

To simulate a true real time exercise both signals are defined on the GDP of the current
quarter and the release delays of all the variables involved is taken into account. This implies
that our real activity indicators will be timely and that our method is flexible enough to easily
produce real time estimates. Furthermore, the elimination of fluctuations with low periodicities
implies that the indicators will display little short-run oscillations, thereby giving a clear picture
of current cyclical and growth prospects. Finally, due to the monthly frequency of the variables
of the panel we are able to obtain an update of the multivariate indicator each month and not
just at a quarterly frequency as for the univariate filter. All these features stress the advantages
inherent to our method.

Our findings reveal that the multivariate indicator outperforms the competing univariate
indicator across all settings considered in all months of the year. These settings include variations
in the estimation procedure of factors and second order moments. In detail, the best performing
indicator for both signals is the multivariate filter using two monthly factors and moments derived
from a parametric estimator. We conclude that exploiting information in other variables other
than real GDP is helpful in mitigating the approximations errors arising from missing data.

In addition, as a by-product we use the best performing multivariate filter for forecasting
quarterly and yearly output growth rates. This exercise gives important insights on whether it
is more relevant, for forecasting purposes, to target a smooth version of a time series or instead
the original time series containing the irregular oscillations. We found that multivariate methods
that target smooth growth are useful for short-term forecast of quarterly growth rates and that
at long horizons all methods seem useless for forecasting purposes. These results support the
findings of Runstler et al. (2008) and Reichlin et al. (2008). In terms of forecasting the yearly
growth rate we report a surprising accuracy in the multivariate forecasts that are derived from
approximations to smooth growth, even at the end of the first quarter of the year, where the
task is rather demanding.

This work is organized into 5 sections. In section 2 we define precisely the characteristics of

the signals that we aim at approximating and make clear how this task can be accomplished.



After this we discuss individually each approximate filter and exam their properties in order
to rule out those unfeasible for real-time analysis. Section 3 discusses topics related with the
practical implementation of the approximations. In detail, we survey methods to estimate second
order moments and introduce factor models, focusing on factor space approximation and on how
to determine the number of factors. Section 4 presents the sample to which we apply the
approximate filters and evaluates the performance of various real-time indicators. Moreover,
some forecasting results are also discussed. Finally, section 5 concludes with a summary of our

findings and further research topics.



2 Setting the problem

In this section we define precisely the signals (or components) that we aim to isolate from a time
series and review some of the methods available to optimally approximate them.

Our objective is to obtain two distinct macroeconomic signals: business cycle fluctuations and
the medium to long run component of the output growth rate. To this effect, we will center
our attention on real Gross Domestic Product (GDP) since it is the best available proxy of the
aggregate economic activity. The business cycle fluctuations will be extracted from the logarithm
of GDP, denoted by y;, while the medium to long run component will be extracted from the GDP
growth rate, denoted by Ay, = (1 — L)y, where L is the lag operator.

In a frequency domain perspective!, business cycle fluctuations can be identified as those
fluctuations with a specified range of periodicities (see Baxter and King, 1999) in the (pseudo-)
spectrum of y;2. Following Burns and Mitchell (1946), the range limits should be set to 6 and 32
quarters, meaning that the cyclical component of GDP is composed of all cycles with period no
less than 6 quarters and no more than 32 quarters. This definition of business cycle fluctuations
is completely arbitrary in the sense that it is always possible to extract fluctuations in any other
range of periodicities that one might understand as cyclical movements. Furthermore, we argue
that the definition of the different components of a time series, in particular that of business
cycle fluctuations, is model-dependent. For now we adopt this widely used definition but we
will contrast it with others, in particular with the Hodrick and Prescott filter (see below). The
medium to long run component of GDP growth rate (henceforth smooth growth) is defined as the
output growth cleaned of fluctuations with period less than one year (4 quarters), as in Altissimo
et al. (2008)3. Note that this signal can be seen as the trend-cycle component of the GDP growth
rate, which excludes variability of short duration. Accordingly, it will vary smoothly over time
and it is precisely this characteristic that makes this signal an interesting predictor of GDP
growth. This last idea will be explored in section 4. Moreover, both signals exclude irregular
and seasonal variation by eliminating all fluctuations with period less than 6 quarters in the case

of business cycle fluctuations and 4 quarters in the case of smooth growth. This reduces the

1For more details on the frequency domain approach see Appendix A.

2The spectrum is only well defined if y; is a stationary process. Given that GDP may contain a unit root we
define instead the pseudo-spectrum, which is not well defined at frequency zero.

3Altissimo et al. (2008) define this signal to construct the new EuroCoin indicator, which is a coincident
indicator for euro area growth.



need to account for GDP data revisions if these have most of its power concentrated in the high
frequencies. Nevertheless, we still have to account for other types of revisions.

We now turn to the particular question of how to obtain these signals. It is well-known that
any arbitrary signal can be extracted by applying a two-sided infinite order moving average to
the series of interest (z;). As presented in more detail in Appendix B the application of such a

linear filter to a covariance stationary time series z; results in

Ty = Z Bth_j = B(L)Zt

j=—o00

where x; denotes the component to be extracted from z;, B(L) = Z;’ifoo B; L7 where L is the

oo
j=—o0

lag operator and {B;:j = 01,72, .. .} are weights verifying Y |B;j| < oo (absolutely
summable).

In order to isolate only specific movements, we will have to chose a particular design for the
weight sequence, which is better handled via frequency domain analysis. In this perspective,
the focus is on the spectral density function (or spectrum) which decomposes the time series
fluctuations into orthogonal frequencies. Each component of a time series can be distinguished
from others by the different amount of time it requires to complete a whole cycle, or equivalently,
we may say that each component is connected with specific periodicities. In turn, these latter
periodicities (p) relate to frequencies (w) through p = %’T, suggesting that each component can
be indistinctly identified either by their range of periodicities or range of frequencies. Under the

assumption that z; is a covariance stationary process with absolutely summable autocovariance

function 7, (k),k = 0,7 1,7 2, ..., the spectrum of the filtered series, S, (w), is given by
Sy(w) = |B (efi“’)|2 Si(w), —rm<w<m (1)

where B (e7) = Y272 Bje™ "/ is the frequency response function (or the Fourier transform)

of the linear filter B(L) and S.(w) = 5= 37" 7. (h)e~*" is the spectrum of z,. The function
|B (e‘i‘”) ‘2 in equation (1) is known as transfer function (or square gain function) and works as
a weighting sequence of the spectrum of the series to be filtered. Given a particular frequency @,
if }B (e*"@) |2 > 1 (or < 1) then the fluctuations of z; with periodicity 2% will pass to z; with

their properties emphasized (attenuated) while if | B (e~%) |2 =0 (or = 1) then the fluctuations



of z; with periodicity %’r will be completely removed (exactly preserved) from x;. Given the role
of the gain function in the spectrum of the filtered series and the correspondence of frequencies
to periodicities it is straightforward to construct a linear filter that exactly preserves fluctuations
within specific periodicities and that completely eliminates all the other undesirable fluctuations.
This type of linear filters are referred to as ideal filters and a discussion of their characteristics is
provided in Appendix B. Figure 1 shows the ideal behavior of the infinite moving average weights
(in the time domain) when the goal is to extract a component related to low frequencies (panel

A), high frequencies (panel B) or intermediate frequencies (panel C).

Figure 1: Time domain representation of the weights of an ideal low pass filter (panel A), an ideal high
pass filter (panel B) and an ideal band-pass filter (panel C).
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Reviewing, to extract a particular signal we have to first specify its characteristics in terms
of frequencies or periodicities and then apply the infinite order moving average filter with the
proper weights to the series of interest. Obviously, in empirical studies some finite version of
those filters is used instead, but this will be subject for discussion in the next subsection. For
now we focus on translating the previous ideas to the specified signals.

Define the following decomposition of y; and Ay;:

ye = BC(L)y: + (1 — BC(L))y: (2)

Ay, = SG(L)Ay; + (1 — SG(L))Ay; (3)

where the logarithm of GDP and the GDP growth rate are regarded as a sum of two components;
one with power only at the frequencies of interest, namely BC(L)y; and SG(L)Agy;, and a second
with power outside those frequencies. Business cycle fluctuations and smooth growth rates are

obtained by applying to y; and Ay, respectively, a infinite, symmetric and two-sided filter as

follows
BC(Lyy, = Y BC;Ly
Jj=—00
SGL)Ay = Y SG,LiAy

j=—0o0

with
BC, = wu;wL7 BC; = sin(wu,j)Tr;sin(wzj), lj| > 1 with w; = % and w, = %r (4)
sin(wy,j) 27

SGo =2 8G, = L[> 1 with wy = 28
s 4

)
where w is the lowest frequency and w,, is the highest frequency of the frequency band of interest.

Accordingly the spectra of the desired components are given by
Spe(w) = |BC (e‘”)‘QSy(w), —r<w<T Ww#0 (5)

Ssa(w) = [SG (e7™)[* Say(w), —m<w<m

oo

where w is a frequency defined in radians, BC (e*i“’) => =00

BCje~™J is the frequency



response function of the linear filter BC(L), SG (e7™) = Z;‘;ioo SGe™I is the frequency
response function of the linear filter SG(L), Sy(w) is the pseudo-spectrum of real GDP and
Say(w) the spectrum of GDP growth rate. Remembering the equivalence between periodicities
and frequencies as well as the signals’ exact definitions it is evident what will be the designs of the
squared gain functions. Extracting business cycle fluctuations amounts to isolate the interval of
frequencies [27/32;27/6] from the pseudo-spectrum of y; whereas extracting the smooth growth
amounts to isolate all frequencies lower than 27/4 from the spectrum of Ay;. Thus, in the first
case the filter must retain without distortion fluctuations in a time series between a lower and
upper bound frequency and remove completely all variations outside this range of frequencies. In
the case of the smooth growth component the filter must eliminate the high frequency movements

and preserve the frequencies connected to long and medium term fluctuations.

As a result, the filter BC(L) will be an ideal band-pass filter and so its gain function is

. 2 ]-7 wi § |w| S Wy
BO () = ©)
0, elsewhere

with w; = i—g and w, = %’T denoting the lower and upper frequencies. The linear filter BC(L)
removes unit roots because BC(1) = 0. So, the signal z; = BC(L)y; is stationary, even when y;
is integrated of order 1, and contains only fluctuations with frequencies in the specified range.
In the presence of a unit root process, like real GDP usually is, one must define the spectrum of
an integrated series in order to interpret the relation in (5) as usual. The pseudo-spectrum of an
integrated series is routinely defined as the limit of the spectrum of a stationary process when

the smallest autoregressive roots converge to 1 (see Harvey, 1993, Den Haan and Sumner, 2004,

Young et al., 1999). Accordingly, if y; follows and ARIMA(p,1,q) process its pseudo-spectrum is

o2 (e )u(e)

21 (1 — e )(1 — ev)

Sy(w) =
where vy, satisfies (1 — L)y; = ¢(L)e; and ¢, is a white noise sequence with variance o2. This
function is well defined for all frequencies except at w = 0. In any case, we conclude that equation
(5) holds by definition if S, (w) is defined as the pseudo-spectrum. When w € [wj;wp] C€]0; 7] the
pseudo-spectrum is well defined and BC(e™™) =1 so Sy (w) = Sy(w). If w €]0;7]/[wi; wp] then



BC(e=™) = 0 by definition and S,(w) = 0. Finally, if the pseudo-spectrum is not well defined
(or w = 0) we conclude that S, (0) = 0. This follows from two observations: first BC(L) can
be factored as BC(L) = (1 — L)?BC..(L) = (1 — L)BC.(L) because the ideal band-pass filter
removes unit roots and this implies that BC,(1) = 0 and second z; = BC(L)y: = BC.(L)(1 —
L)y, = BC.(L)z; but z is stationary and its spectrum is well defined for all frequencies. Some
researchers however argue that (5) does not hold because unit root processes theoretically do
not have a spectral density function. Follows that it is a meaningless discussion if the focus
is on the signal because, regardless of the interpretation given to Sy(w), the ideal band-pass
filter will still isolate a component with fluctuations within the specified range of periodicities.
However, the spectrum of z; often will exhibit a sharp peak at the lowest frequency of the band
of interest and some researchers wrongly associate that pattern with the presence of spurious
cycles. Clearly that is not a consequence of filtering a unit root process as argued by Cogley and
Nason (1995) and others because a similar behavior arises when filtering highly persistent but
stationary processes (see Pedersen 2001).

For the smooth growth case we set up an ideal low pass filter and so the gain function of
SG(L) follows

L |w <w,y

[5G (e)[" =
0, elsewhere
with w, = %T’T denoting the threshold frequency.
At this point it is clear that the extraction of the signals entails a infinite number of weights.
In such case an approximation is required. The usual approach is to obtain an optimal approxi-
mation, in other words, the minimum mean square error (MSE) estimate of the signal. In detail,

this involves specifying the mean square error as loss function
L = E[(z; — &)

where 2y = B(L)y; is an arbitrary signal of interest with B(L) = Z?’;_Oo B;L7 and #; = B(L)y;

is an approximation to the signal z; with B(L) in general given by B(L) = P B; L7 where

p and f denote the number of past and future observations, respectively, considered in the

10



approximation. In frequency domain representation we have*

~ 2

L(w) = /7T B(e ™) — B (e_i“’)‘ Sy(w)dw

—T

where B (z) denotes the frequency response function of the ideal filter, B (z) denotes the fre-
quency response function of the approximate filter and S, (w) the spectrum (or pseudo-spectrum)
of y;. To obtain an approximate filter with optimal weights the following optimization problem
is solved

~ ™ . N . 2

Min L(w) = Min / B(e ™) -B (e‘“")‘ Sy(w)dw. (7)
{Bf}jz—f {8 g=—5 77

The objective function equals the square modulus of the difference between the frequency domain
representation of the ideal filter and the frequency domain representation of the approximate
filter, weighted at each frequency by the spectrum of the time series to be filtered. The optimal
weights will depend on the ideal weights and on the properties of the series to be filtered due to
the presence of the spectrum in the loss function. However, as the true times series representation
is unknown the spectrum is in practice replaced by its empirical counterpart (see below for a

discussion of this point).

2.1 Optimal approximations

This section analyzes in some detail four suggested approximations to business cycle fluctuations,
i.e., solutions to the minimization problem in equation (7) with B (e~*) given in equation (6).
An approximation to smooth growth is obtained by adapting the following approximate filters

to a different frequency band and to the case of filtering a stationary time series.

4To obtain the frequency domain representation of the loss function define ¢ = I'(L)y: with T'(L) = B(L) —
é(L) In Appendix A we show that the spectrum of z; is

Sa(w) = ‘F(e_i‘“)}st(w), —m<w<w.

Through the Fourier transform of Sz (w) we get
™ . .
v (k) = / IT(e™™)|? Sy (w)eFdw, k=07T1%2,..
-7
but given that the loss function is the variance of z¢ it follows that

L =~,(0) = /j |F(e—m)‘2 Sy (@)dw

11



To abbreviate notation throughout this section B(L) denotes the time domain representation

of the ideal filter that extracts a business cycle component.

2.1.1 The Baxter and King approximation

Baxter and King (1999) propose an approximate filter to extract business cycle fluctuations from

a time series based on six criteria that restrain the filter design; see table 1.

Table 1: Baxter and King’s (1999) objectives to be met by their optimal approximation.

Baxter and King’s objectives

1. | “.. the filter should extract a specified range of periodicities and otherwise leave the
properties of this extracted component unaffected”

2. | “.. the ideal band-pass filter should not introduce phase shifts, i. e., that it not alter
the timing relationships between the time series at any frequency;”

3. | “.. method be an optimal approximation to the ideal band-pass filter; we specify a
particular quadratic loss function for discrepancies between the exact and approximate
filter”

4. | “.. the application of an approximate band-pass must result in a stationary time

series even when applied to trending data.”

5. | “.. the method yield business-cycle components that are unrelated to the length of the
sample period.”

6. | “.. method be operational”

The first entry in table 1 means that the ideal filter is a band-pass filter with a gain function
of one over the [—wy; —w;] U [w;;w,] frequency range and zero at all other frequencies, exactly as
in equation (6).

To avoid phase shifts (second objective in table 1) it is necessary to set the phase of the filter
equal to zero. The complex nature of the frequency response function, B (e*i‘“), implies a polar

representation as follows

B (e—iw) _ ’B (e—iw)| e—iG(w)

where |B (e’“") | denotes the gain and 6(w) the phase of the filter. Therefore, the second objective

corresponds to setting 6(w) = 0 in the previous equation, which implies:

B(e™) =[B(e7)].

12



The fourth objective is attained under two restrictions: first the optimal weights must be

symmetric and second must sum to zero. Mathematically,

K
bk; =bk_; Vj = BK(L) = bk, + Z bk; (L7 + L) (8)
j=1
K K
BE(1)= Y bkj=0bk,+2) bkj =0 (9)
j=—K J=1

where BK(L) = ZfZ_K bk;L7 is the time domain representation of Baxter and King’s ap-
proximate filter (BK filter) and K the maximum lag length®. In the frequency domain we are
constraining the response of the filter to be zero at the zero frequency, which is intuitive since low
frequencies are related to the trend component. Nevertheless, these assumptions do not restrict
the trend to be stochastic. In fact, Baxter and King (1999) prove that these two assumptions
remove either stochastic trends up to second order or up to quadratic deterministic trends.

The last two objectives in table 1 state that the weights should not be time-dependent and
that the method should be of easy implementation. Finally, the third objective describes how
the weights of the approximate filter are obtained in order to have an optimal approximation to
the ideal symmetric band-pass filter.

Adding the constraint in equation (9), to ensure a trend elimination property in the approx-

imate filter, the weights of the BK filter solve the following optimization problem:

2

o K
Min E Z bjyi—j — Z bkjye—;
{bkj}j=—K ..... K j—

j=—o0 j=—K

K K
st. BK(1)= Y bkj =bk,+2) bk; =0
j=1

j=—K

where {bj 1j=0,"11,.. } denotes the weights of the ideal band-pass filter and {bk:j cj=0"1,..F

5In the approximate filter of Baxter and King p = f = K.
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the weights of the optimal filter. In the frequency domain we have

. " —iw) _ —iw\ |2
{bk,.}?fiii K/ [B (™) = BK ()] do

K K
st. BK(1)= Y bkj=Dbk,+2) bk =0
j=—K j=1

where B(z) = Y50

oo bjzd and BK(z) = ZK:_K bkjz? with z taken to be a complex scalar.

J
The objective function written in frequency domain reveals that Baxter and King implicitly
assume an independent and identically distributed (i.i.d.) process for the time series y; since no
spectrum appears in the objective function. As a result, the square error terms are all equally
weighted and the optimal weights will not directly depend on the true data generating process
(DGP).

The 2K + 1 weights of the approximate filter are obtained from the first order conditions

(FOCQ) derived from the implied Lagrange function:

T K
S(bk,K,...,bk:KJ\):/ |B (e7) = BK (e)[* dw — A > bk;

- j=—K
EEgedl = [T (e 4 o) [B(e) - BE (e7)] du - A =0, j=-K...,
w =-BK(1)=0

After some algebraic manipulations® we obtain

bo+2 Zszl bj
1+2K ’

. K
A = _21%-;1 (bo + Qijl bj)

where {bj :j=0"1, } represent the weights of the ideal band-pass filter. The BK optimal
weights have a few interesting features. First, they only depend on the weights of the ideal band-
pass filter and on the nonnegative integer K that truncates the moving average. This indicates
that the BK approximate filter also satisfies the sixth criterion, i.e., easy implementation. Second,
the BK weights just differ from the ideal weights by a standardization factor ﬁ that corrects

the latter weights to ensure trend removal from the original series.

6For details see for example Everts (2006).
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2.1.2 The Christiano and Fitzgerald approximation

Baxter and King’s approximation to the filter that ideally isolates business cycle fluctuations
has two important flaws; first it is unsuitable for real-time analysis and second does not take
into account the true DGP. The approximate filter proposed by Christiano and Fitzgerald (2003)
surmounts both limitations by defining the solution as a function of all available data points and
using the spectrum of the series to be filtered as a weighting function of the approximation errors.
However, their approach is not a complete novelty in the literature. Geweke (1978) and Pierce
(1980) have presented the time domain solution to the same problem analyzed in Christiano
and Fitzgerald (2003) but in the context of seasonal adjustment. It is shown that the best
approximation to the filter is equivalent to apply the ideal filter to the series of interest, but with
the particularity that this series is extended with optimal backcasts and forecast when data points
are not available. The solution proposed by Geweke (1978) allows for the inclusion of multivariate
information but does not deal with unit root processes whereas Pierce (1980) deals with unit
roots but only in a univariate context. So, Christiano and Fiztgerald’s (2003) contribution is the
derivation of the solution to the problem of extracting business cycle fluctuations in real-time in
a frequency domain perspective.

They start by assuming a time series decomposition as in equation (2) and set their approx-

imate filter as the solution to T' (sample length) projection problems defined as follows
it:P(xt/gT), t=1,2,...,T

where 31 denotes the available information set. The solution is a linear combination of the

available data
p

Bo= Y cfyyj =CFR(L)y, t=1,2,..,T
P

where f =T —t, p=1t—1, {cfy;:j=—f,...,p} are the p+ f + 1 weights of Christiano and
Fitzgerald’s optimal filter (CF filter) and CF,(L) = Zé):ff cfi;L7. Note that at time ¢t = T,
f=0and zp = Z?:o cfjyr—;, which means that we have a one-sided filter at the end of the
sample and thus feasible to be used in real time analysis. Moreover, since the researchers omit
the symmetry assumption of the weights, the CF optimal filter will not have trend elimination

properties and so before its application all trends must be removed from the series to be filtered.
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For a given ¢ the optimal weights solve the following optimization problem written in the fre-
quency domain:

Min / !B (e7™) —CF (e_i‘")|2 Sy (w)dw
{ij}j=7f ..... pJ—m

where B (z) = 377 b;jz is the frequency response function of the ideal filter, CF (2) =

];:_ ic f]p 427 is the frequency response function of the optimal filter and Sy (w) is the spectrum

of ;. In contrast with the BK objective function, the errors between the ideal filter and the
optimal filter are penalized by the spectrum of y; which implies that the loss function will
explicitly depend on the choice of the time series representation. Furthermore, because the
weights vary over time the optimization problem must be solved for each sample observation in
order to get the T sets of weights needed to extract the desired component.

Christiano and Fitzgerald’s MSE filter is derived and analyzed in detail in the working paper
version of Christiano and Fitzgerald (2003) for two types of processes. Following their notation

let

Y =yi—1 + 0(L)ey

where ¢, is a zero mean white noise process with E(e?) = 1 and 6(L) = 0o+6; L+02L*+...+6,L4,
a finite ¢ order lag polynomial. When 6(1) = 0, y; is a zero mean covariance stationary process

modeled as

L _
) et &y = 0(L)ey

Yy =y—1+0(L)er Sy = -1

with é(L) a (¢ — 1) lag polynomial. When (1) # 0, y; is a unit root process, i.e., difference
stationary. Finally, if (1) # 0 and (L) = 1, y; is a random walk process

Yt = Yg—1 + €.

In general the spectral density function is

“+o0
S() = 5 {vy 0)+23 4, <k>cos<wk>} =
k=1

1 fle7@)f(e ™)
= — . — —nm<w<T
21 (1 — e7w@) (1 — ew)

where g(w) = 0(e™™)0(e™) = co + c1 (67 + ™) + ... + ¢4 (7 + €™4). Thus c_, = ¢,
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V7 and ¢; = 0 for 7 > ¢, reflecting that [Co €1 ... c¢q| are constants that follow from the
covariance function of §(L)e;.
In the non-stationary case we have to ensure that the filtered series is covariance stationary

since no symmetry is forced upon the weights. Accordingly, the optimal filter weights must sum

to zero
CF(1) = i cfj =0
j=—f
following that”
CF*(L) = (CIVF_(?)

where CF*(L) = Zf;i ef L7 =cfy LP™" + ...+ cf* L7/ Through the method of indeter-

minate coefficients we obtain a relationship between the weights of both filters

P
C.f;:_ Z ka‘7 j:p_laa_f
k=j-+1
or in matrix form
cfp1 -1 0 --- 0 O cfp
cfrx_ -1 -1 -+ 0 O cfp-1
fr=Q-cf = ;?2 - 7
cfff -1 -1 -+ =1 0 cf—y
L J L J L i
(p+f)x1 (p+f)x(p+f+1) (p+f+1)x1

"If L = 1 is a root of the lag polynomial CF(L) then the latter can be factorize as

_ CF(1)

CF(L) = (1 — L)CF*(L) < CF*(L) ao1)

with CF*(L) = z;’;if cff L7 =cfs (LP7 4. tef* L7
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Adding the constraint and replacing S, (w) in the objective function follows®

T~ . . 2 .
Min / B (e—zw) _ CF*(e—zw)‘ g(e_w)dw
{ij}j:—f _____ pJ—T

P
st. CF(1)= Y cf;=0
j=—f
where E(z) = (113522)) with z taken to be a complex number. The FOC’s of this minimization

problem are

[ B (e7™) gle=)e™dw = [T CF*(e"“)g(e”™)e™dw, j=p—1,..,—f

CF(l)=cfp+..4+cfy=0

Christiano and Fitzgerald solve this problem by replacing the first p + f conditions by a

system of linear equations in cf;, j =p,...,—f such as
R(G)-R(G-1)=5()-5G—-1), j=p-1...,—f+1
R(=f) = 5(=F)

with R(j) = ffﬂé(eii“’”) gle™™)eidw and S(j) = [T CF*(e7™)g(e™™)eidw for j =

p—1,...,—f. The left side of equation (10) equals

RG)—R(j—1) = /” B (e gle=")eiidu =

—T

27b; 62 ifg=0

2w (bjCo + Z?:l [b|j|+i + b|j|—i] Ci) ,if g >0

8Note that,

Q = /j |B (e7™) — CF (e=™) ‘2 Sy(w)dw =
lfiw)

T —iw —iw\ |2 g((’ —
[ 1B —or () = A e =

_ /r B(e®) COF ()|’

(e (e
/_: ‘E (e”™) - CF* (eﬂ"”))2 g(e™ ™) dw

gle™*)dw =
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for j =p—1,...,—f + 1 and where {b;} are the ideal weights as in equation (4). While, the

right side of equation (10) equals

SG)-5G-1) = [ ORE gl ) =

27r~cfj~9(2) ,ifg=0

2 - Aj-cf Lifg>0

for j =p—1,...,—f +1 and where {cf;} are the optimal weights, cf is a (p + f + 1) column
/

vector cf = [cfp ceefy e cf_f} and A; is a (p+ f + 1) row vector that involves the

constants ¢,, 7 = 0,...,q, and that varies according to the values of j°. Finally, equation (11)

translates to

Wy e*iwf eiwf ) J A
, 4 e =2r-F-Q-cf=2n-A_;-
e e e TR R B R
where F is a (p + f) row vector F = {0 o+ 0 ¢4 cg1 -+ co| while @ and cf mantain
the same definitions as above.

At last, the (p+ f + 1) optimal weights for the non-stationary case are obtained by solving

the following linear system

T B(e7™) g(em)e™ P~ Ddw A,y cfp
d=27-A- Cf = fj’ﬂ- B (efiw) g(ef’iw)eiw(*fﬁ’l)dw =27 - A,f+1 . cf7f+2
w e*iwf eiuf —iw
I {1*6’“ * 1*6“’} g(e™™)dw Ay cf-p+1
0 L cf—y
L _ L _ L _
(p+f+1)x1 (p+f+1)x(p+f+1) (p+f+1)x1

For the stationary case we drop the constraint imposed over the zero frequency of the fre-
quency response function. So, only small adjustments are done to adapt the linear system to the
stationary case. In detail, the last two rows of A are replaced by A, and A_y, respectively, and

7T —i —iw) piwl _
the last two rows of d are replaced by f_ﬂ B (e W) gle™™)e* dw for [ = p and —f.

Finally, assuming that y; is a random walk process means solving the optimization problem

9For further details on this row vectors see the working paper version of Christiano and Fitzgerald (2003).
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for the non-stationary case setting ¢ = 0 and 6y = 1. These assumptions imply

Yt = Yr—1 + &+ With E(af) =1
1 1

W) = o AT A ey

—ra<w<T

and

B (e7™) —CF* (e*i“’)‘2 dw

{efitimp pd=n

p
st. CF(1) = Z cfi =0
i=—f
From this minimization problem we get a closed form expression for the optimal weights

which simplifies the filtering procedure:

1 )
%bo - ch:O bk y J =P

%bo - Zz:j-&-l be , j=-f

where p =t —1, f =T — 1 and {b;} stands for the weights of the ideal band-pass filter given
in equation (4). It is worth noting that most optimal weights are equal to the ideal weights and
that only the highest order terms are adjusted to ensure the stationarity of the filtered series.
This particular filter is known in the literature as the optimal random walk filter. The random
walk filter is a symmetric filter when p = f. First note that cf; =b; for j =p—1,...,1 — p and
that the ideal weights are symmetric. Secondly, it is easily proven that cf, = cf_, replacing j

by p and —p in the expressions above. For p = f and p fixed we have

1 P
y 2y N N . 0t +
cf;i" =10 T2 bo—|—2j§:1b] , j=0"1,..."p
which amounts to the Baxter and King optimal weights. Based on the filter weights of the random

walk case, solutions to time series representations close to random walk are easily handled. For

instance, in an i.i.d. case we have S,(w) = 1 which means that we are in the BK case without
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constraints (assuming p = f and p fix) and so the optimal weights are just a truncated version of
the ideal weights. A near i.i.d. case corresponds to the BK case when we impose the stationarity
condition of the filtered series. In this case the optimal weights are the ideal weights truncated
and adjusted by a constant in order to verify BK (1) = 0 and bk; = bk_; Vj.

Although the CF filter is made optimal according to the DGP, Christiano and Fitzgerald
concluded that the pure random walk filter is nearly optimal even if the random walk process
is not the true time series representation. A reason that can justified this result is the fact that
many of the U.S. time series exhibit what is called a typical Granger spectral shape, in other
words most series exhibit a low dominating spectrum. Nevertheless, gains are always achieved
by using the true time series model in the optimization problem but they can be rather small
when compared with the effort needed to run a model choice procedure or to implement the
optimal procedure with the true DGP. Finally, they also stress that important efficiency gains

are attained using all information available at each time t.

2.1.3 The Multivariate approximation

For the same frequency extraction problem of Christiano and Fitzgerald (2003), Valle e Azevedo
(2007) has developed a multivariate approximation. Basically, he expands the CF univariate so-
lution adding an arbitrary number of covariates to the solution. The idea is that those additional
covariates will help to improve the estimate of the desired frequency component, in particular at
the endpoints where the estimates are frequently poor.

Again, assume a decomposition for y; as in equation (2) and therefore the filter that perfectly
isolates the components of y; in the [27/w,, 27 /w;] interval of periodicities will be the, already
discussed, ideal band-pass filter. The problem amounts to obtaining an approximation to such
filter since it requires an infinite amount of data. Similarly to the solution of Christiano and
Fitzgerald, Valle e Azevedo defines an approximation as a weighted sum of past and future
values of the series of interest but adds a weighted sum of past and future values of n covariance
stationary variables, z1, ..., z,. This approach allows to exploit information from other variables

that may help to predict the signal of interest. In detail, the multivariate approximation is
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expressed as

P n P n
Ty = Z Bjyi—j + Z Z Ry jze1j = B(L)y: + ZRS(L)Zst (12)
i=—f s=1j=—f s=1

where p denotes the number of past observations, f the number of future observations used from
the available information set at each time t and
{Bj;f%w- cj=—f . .,p;s= 1,...,n} are the (n +1) x (p + f + 1) weights of the optimal
multivariate filter. Such weights are chosen in such a way that the minimum MSE estimate of

the ideally filtered series at time ¢ is obtained, i.e.,

The frequency domain formulation of the problem is now slightly different since it involves a

vector process10

R O B LR LSS
where () = (B(e®) = B(e™) —Ri(e™) - —Ra(e)],
B(z)=> . Bj#, B(z) = P B2, R, (2) = P Rjz/ for s=1,...,nand S, ., .. (w)
denotes the (n+ 1) x (n + 1) spectral matrix of the vector process [y 2 - Zn:| l.

The solution to this multivariate optimization problem is derived in Valle e Azevedo (2007)

assuming a M finite order moving average (MA(M)) representation for the vector process, as in

10Considering Wy a covariance stationary vector then its spectrum is
1 ;
Z I‘(lc)e_’“]"7 —rm<w<nw

k=—o00

Sw(w)

T on
where I'(k) denotes the covariance matrix, which can be recovered from the spectrum by
- '
T(k) = / Sw(w)e“Fdw, k=07T17T2 .
—T

Hence, the spectrum of the filtered series M; = > 2

Je—oo HiWy—j is
Sar(w) = He™™)Sw(w)H' (%), —r<w<
Note that it generalizes the univariate case. Suppose that W; is a univariate covariance stationary process then
Sy (w) = H(eii“’)SW (w)H’(ei“’) =
= H(e ™) H(")Sw(w) =

= }H(efi“’)|2 Sww), —m<w<m

22



Christiano and Fitzgerald (2003). Nonetheless, the case of non-stationarity of the series to be
filtered is also handled. If y; is a unit-root process then to ensure stationarity of the filtered

series the previous problem is constrained with

B(1)=0= B(z)=(1-2)b(z) ©b(z) = B(2) /(1 - 2)

where b(z) = Z?;if bjL? = b, 12P~ 4. .+by+b_;2~f and so the objective function is modified

to
oM [ a@)Sayn s @at-w)
{Bj;Rl’j;"';R"”j}j=—f,...,p -7
with a(w) = [B (e—m) _b(eﬂ‘w) —R1 (eﬂw) _Rn (efiw)},
B(z) = B(2)/(1 — 2) and Say.,.... (w) is the spectrum of the vector process
!
|:Ay 21 e Z’Vl:| .
/
Define W, as a (n + 1) column vector [bj Rl,j f{nj} ,j=p—1,..,—f, then the
FOC’s are
SAy(w) b (ew)
NP P () R . Ry (e
g —ve meo | ey g sy |
_SzmAy(W)_ _Rn (eiw)_
9 =0sB(1)=0
forj=p—1,...,—f.

Following the strategy of Christiano and Fitzgerald the (n + 1) x (p + f) first equations of

the FOC’s are replaced by other equations. Define the left hand side as

S; = / e*i"’jSAy,zl_ﬂ”yzn (w)B (e*i“’) dw, j=p—1,...,—f

—T
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then
Bjiyay(0) + XM (Bjgi + Bj—i) vay (i)
Sj = Sj-1 = : =V;

M . )
Bj'an,Ay(O) + Zi:1 (Bj—i'an,Ay(Z) + Bj+i'an,Ay(l))

forj=p—1,..,—f+ 1. The S; are then obtained recursively by
Sj:Sj,1+‘/vJ‘, j=p—1,..,—f+1.
For — f we evaluate the following integral numerically

—wi eiwf _ Way eiwf _
57f=/ ﬁSAy,zl,.,.,zn(w)dw+/ T oo OBy ez (W) dw.

Wy € 1 €

The right hand side of the FOC’s is replaced by

b (eiw)
T i Rl (ezw) R .
j = / € JSAy,zl,..‘,zn(w) . dw = QjWa Jj=p—1,.., _f
R () ]
Qayj Qayzy - Qayz.g
N R li
with Q; = : : : Hand W = [B Ry - Rn} a column vector
Qzny; Qzpzg Qz,.j

with all weights stacked.

Finally, only n + 1 conditions that correspond to the case j = p are missing. The weights
{]A%Lp; e Rn,p} are obtained from S‘p = QPW, where Sp equals S, but with the first row deleted
and Qp equals ), with the first row deleted. The final equation is given by the restriction impose
at the beginning, B (1) = 0, which gives 3p.

So, the optimal weights T solve a linear system with (n+1) x (p 4 f + 1) equations

V=QWaW=Q 'V (13)

1 For further details on the definition of the Q; matrix see Valle e Azevedo (2007) Appendix A.
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with V= {S,f e S, S, 0]1
Q:[fo prl Qp

W:[B Ry

(n+1)x (p+f+1)]x1

} [(n+1) X (p+F+1)] X [(n+1) x (p+f+1)]

Rn} andU:[l .. 1.0 --- 0|
[(n+1)x (p+f+1)]x1

To accommodate the case in which all data points are used, one just setsp =t—1and f = T—t
and solves the linear system in equation (13) T times, like in Christiano and Fitzgerald. In the

stationary case no restriction is imposed and some adjustments are done to the V' and @) matrices
V=QWe&W=Q'V

with V = {S_f s Spy SP}/’ Q = [Q—f e Qpet Qp}l and the spectrum is from
Sy z1,....2, (W) because now it is implied that y, is a covariance stationary process. The optimal
weights, i.e., the solution of the optimization problem depends (a) on the second order moments
of [A% 21y, Zn:| or [y, 21, e Zn:| , due to the presence of the spectrum in the objective function
and (b) on the ideal weights as given in equation (4). Moreover, this filter does not remove
stochastic or deterministic trends due to the asymmetrical weights.

As pointed out in the context of Christiano and Fitzgerard’s filter, this type of solution cannot
be seen as completely new in the literature given the studies of Geweke (1978) and Pierce (1980).
But this particular approach has an important contribution since it gives the extension to the

multivariate case of the solution obtained when filtering a unit root process.

2.1.4 The Hodrick and Prescott filter

In order to analyze the cyclical component of some macroeconomic variables, Hodrick and
Prescott (1980, 1997) developed a detrending method based on the idea that a time series is

the sum of two unobservable and uncorrelated components:
Yt :gt—l—ct, t= 1,...,T (14)

where T is the sample size, g; denotes a growth component, related to the long run movements of
the series y;, and ¢; denotes a cyclical plus irregular component, defined as the deviations around
the former component. So, given an estimate of the trend the so called cyclical fluctuation is

simply the residual series. The estimate of the trend is obtained by minimizing the following
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cost function

T 71
Min Z (v — 90" + A Z [(ges1 = 90) = (9: — ge-1)] (15)
{gt}t:1 ,,,,, T 4—1 =2

Since the average of the deviations from the trend is expected to be near zero for long time
periods, the first term of the objective function sums the squares of those deviations. The second
term sums the variation in the second difference of the growth component, [(1 — L)2gt] where
L denotes the lag operator, which gives the variability of the growth component (trend growth
rate). Hodrick and Prescott state that this measures the smoothness of the long run component,
expected to evolve smoothly over time, and thus penalize this term by a positive number A,
known as the smoothness parameter. The larger A is the smoother is the growth component.
If A = 0 then the first term of the objective function in equation (15) has to be zero in order
to minimize the function. As a result, the growth component equals the original series and the
cyclical movements do not exist. In the limit, when A = oo, we have perfect smoothing, the
growth component is simply a linear trend, and we obtain the maximum cyclical fluctuations.
The smoothing parameter is not determined by optimization but derived in Hodrick and Prescott
(1980, 1997) from a probability model. They show that if the cycle component and the second
difference of the trend are zero mean i.i.d. normally distributed variables then the parameter
equals the variance of the business cycle component divided by the variance of the acceleration in
the trend component, A2 =0, /oazg. From this formula results the standard value A = 1600 for
quarterly data. For other data frequencies some correction has to be done due to alterations in
the variability of the series. Adjustment rules have been suggested by Backus and Kehoe (1992),
Correia et al. (1992), Cooley and Ohanian (1991) and Ravn and Uhlig (2001). Alternatively, in
the working paper version of Canova (1998) the smoothing parameter is understood as a signal
extraction coefficient and is estimated by maximum likelihood. Also, Harvey and Jaeger (1993)
attempt to estimate the parameter using maximum likelihood methods.

The FOC’s from equation (15) are

=2yt — 9¢) +2M[(9t — 9e—1) — (ge—1 — gt—2)] — AN [(ge1 — 9¢) — (9t — ge—1)]

+2A [(gt+2 - gt+1) - (gtJrl - gt)] =0, t=1,...,T (16)

Since, in equation (16) there are forward and backward differences, we can rewrite the FOC’s
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using the backshift and forwardshift operator, LY and L=/, respectively, i.e.,

wo= O-L21-L7) 4 1]g e
1

1+ AN1-L)2(1—L1)

s ¢g=G L)y, t=1,...,T

<~ gt=

Qyt¢>

Thus, the growth component is obtained from the original series by applying a linear filter to
the raw data. The filter G(L) is known as the HP growth filter and essentially consists in a low
pass filter since it aims to extract only the long run movements associated to low frequencies.

Straightforwardly, the HP cyclical filter is obtained as,
=y —g=[1-GL)]y=C(L)y:

where C(L) = [M1— L)*(1 = L7)2] / [1 4+ X(1 — L)?>(1 — L™1)?]. The C(L) filter is a high pass
filter that renders stationary any integrated process up to fourth order and that induces no phase
shift due to symmetry.

Unlike the discussed optimal filters, the growth or cyclical HP filter is not presented, in the
original framework, as an optimal solution to a frequency extraction problem. But, King and
Rebelo (1993), section 4, show that for an infinite sample and a particular class of models the
HP cyclical filter is the optimal approximation, in the MSE sense, to an ideal high pass filter.
Due to this interpretation and the broadly use of the HP method for detrending time series, it is
common practice to use this filtering technique as a benchmark when evaluating the performance
of alternative procedures (see Baxter and King, 1999, Christiano and Fitzgerald, 2003 or Valle e
Azevedo, 2007).

Assuming that the weights are square summable there is a valid Fourier transform of the

cyclical HP filter. King and Rebelo (1993) showed that the transfer function!? is given by

2
Clw) = 4N [1 — cos(w)]

= 5, —T<wS T
14+ 4A[1 — cos(w)]

Hence, the frequency domain approach stresses the trend elimination properties of the filter

because zero weight is placed on the zero frequency, C'(0) = 0, and the fact that it does not

12Since de cyclical HP filter is symmetric the transfer function equals the frequency response function.
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reweight the high frequencies since almost unit weight is placed on those frequencies.

This tool gained popularity given its use in the context of Real Business Cycle (RBC) models.
In this context, the HP filter is used in a preliminary step to eliminate the trend component of
several variables. The choice of the HP filter as a detrending method follows from its flexibility
to incorporate (through the smoothness parameter) the researchers’ preferences regarding the

path of the trend.

2.2 Comparison

In this subsection we examine the limitations of the discussed approximate filters and simultane-
ously document their differences and similarities. This exercise is important to establish which
filters may be used to construct a real time indicator (our main objective). We will focus our
analysis on the filters that aim to approximate business cycle fluctuations, simply because these
were the kind of filters that we discussed in more detail in the previous subsections. However,
most of the conclusions are also valid for smooth growth approximate filters.

The HP and BK approximations are optimal in MSE sense under a particular set of conditions,
hardly met in our particular application to GDP series. In the case of the HP filter such conditions
imply assuming that the trend of a time series is integrated of order two and that the cyclical
fluctuations follow a white noise process. In the case of the BK filter the implicit assumption
considers that the time series to be filtered follows an i.i.d. process.

Harvey and Jaeger (1993), Cogley and Nason (1995) and Guay and St-Amant (1997) state
that these filters, or to be rigorous the HP filter, will perform adequately when the spectrum
of the original series has a peak at business cycle frequencies and will perform poorly when the
spectrum is dominated by low frequencies (typical Granger shape). The idea follows from the
fact that when filtering integrated or highly persistent (but stationary) processes it is common
to detect a peak in the spectrum of the filtered series at the lowest frequency of the band of
interest. These researchers take this as evidence of spurious cycles and alert to the danger of
obtaining misleading conclusions when applying a band-pass filter to such processes. However,
that is not true as argued by Pedersen (2001) and Valle e Azevedo (2007). They show that we
can interpret the effects of filtering integrated time series in the same way as we do for stationary
processes. So, the peak arises just because we cut a (pseudo-) spectrum that has most of its

power around the zero frequency. The variance of the cycle component will consequently be
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concentrated around the lowest frequency and no spurious cycles are in fact induced by applying
these filters to integrated time series. Intuitively, if the spectrum of a time series is dominated
by low frequencies then it is hard to identify the business cycle fluctuations in the original series.
Automatically the peaks in the spectrum of the filtered series are interpreted as distorted cycles
when in fact they represent fluctuations that are definitely present in the time series.

Secondly, the HP filter is mainly a detrending method and less orientated to the measurement
of business cycle fluctuations given the adopted definition. The so-called cyclical component of
Hodrick and Prescott is obtained from the difference between the observed time series and the
estimated growth component. Thus, unlike all the other business cycle approximation filters,
discussed in the previous subsections, the noise component connected to very high frequencies is
not removed but absorbed by the cyclical component. This might explain why in figure 2 panel
A the HP approximation to business cycle fluctuations of real GDP is more ragged than the

alternative approximations.

Figure 2: Approximations to the business cycle fluctuations of U.S. real GDP using alternative filtering

techniques.
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In fact the extracted components are not directly comparable because we are extracting different
types of information from the data. This reveals that the definition of business cycle fluctuations
is arbitrary and can be model-dependent. Moreover, if the HP cyclical filter retains both medium
and high frequencies from a time series then it is expected to better approximate an ideal high
pass filter than an ideal band-pass filter. Figures 3 (panel B) and 4 show that it is in fact the
case. For the standard value of A = 1600 the HP cyclical filter contains minor problems of leakage
and compression and so is considered as a good approximation to the high pass filter with cutoff
2

frequency w = 7. Instead, the trend filter will retain only the long periodicities, suggesting a

good approximation to an ideal low pass filter as revealed by figure 3 panel A.

Figure 3: Panel A. Gain function of the ideal low pass filter that retains cycles of length lower than 32
quarters against the gain function of the Hodrick and Prescott growth filter with A = 1600; Panel B. Gain
function of the ideal high pass filter that retains cycles of length higher than 32 quarters against the gain
function of the Hodrick and Prescott cyclical filter with A = 1600.
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Figure 4: Gain function of the ideal band-pass filter passing frequencies in the range 2% < |w| < 2¢
against the gain function of the Hodrick and Prescott cyclical filter with A = 1600 and the Baxter and

King filter truncated at lag and lead 12.
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The band-pass approximation suggested by Baxter and King mainly depends on the value K
(the maximum lag length of the MA filter). Figures 5 and 6 illustrate the effect of changes in
the truncation of the infinite order MA filter on the gain function of the optimal filter and on
the filtered series, respectively. The panels of the first figure show that the problems of leakage,
outside the specified range of periodicities, and of both exacerbation and compression, within
the specified range, tend to become less severe as the maximum lag length gets larger. In fact,
the oscillations around the ideal value of the gain function, between the cutoff frequencies, seem
to shrink as K increases. So, the BK filter is a reasonable approximation to the band-pass filter
when the value of K is sufficiently large. The definition of sufficiently large depends on the
sampling frequency and on the data properties. Furthermore, figure 6 shows that the shape of
the approximations is not significantly affected by the different values of K while the size of the

deviations from the trend seems to increase, until a threshold, as K gets larger.
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Figure 5: Gain function of the ideal band-pass filter passing frequencies in the range 25 < |w| < 27 against

the gain function of the Baxter and King filter for K = 5,10, 15, 20.
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For a final comparison between the HP and BK filters’ gains we analyse figure 4 that displays
the gain function of the ideal band-pass filter with w; = %—’2’ and wy, = %’T as cutoff frequencies
against the gain functions of the HP cyclical filter with A\ = 1600 and of the BK filter with
K = 12. Given the previous discussion it is not surprising that the BK gain function resembles
more the ideal gain function than the HP gain function outside the specified frequency band. For
periodicities of more than 6 quarters the HP gain substantially deviates from the ideal gain, but
for periodicities lower than 32 quarters the problems of leakage are of the same size as those of
the BK filter. Nevertheless, any weightning of undesirable frequencies, even if minor as seems to
be the case, may lead to distortions of the true cycle. Within the specified range of periodicities,
the HP gain exhibits a small problem of compression near the inferior cutoff frequency while
the BK gain varies considerable, above and below the ideal value of 1. This investigation of

the HP and BK gain functions values to comprehend their sensibility to the values of A and K,

respectively.
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Figure 6: Approximation to the business cycle fluctuations of U.S. real GDP using the Baxter and King
approximate filter with lag lengths of 5, 10, 15 and 20 quarters.
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Thirdly, several studies document that the smoothing parameter present in the HP filter
should fit the data in terms of frequency and intrinsic properties, but theory provides little
guidance as to what this value should be. Thus, in applied work the degree of smoothness is
simply a matter of choice subject therefore to individual judgements. An inadequate choice
of A may lead to attribute variability to the cyclical component that in fact is part of the
trend component. A similar caveat arises in the context of the BK optimal filter given the
requirement of a prior choice of the K value (and also of the frequency band of interest). Evidently
that increasing K enhances the approximation to the ideal filter but also implies loosing more
observations at both endpoints of the sample. As before, there is no good rule for setting K but
the advice is obvious: weight the trade off from the opposing factors when setting the truncation
point of the infinite order MA filter. From simulation results, Baxter and King (1999) suggest,
as guideline, that researchers use moving averages based on three years of past data and three
years of future data, as well as the current observation, for quarterly and annual U.S. data.

Finally, the BK filtering procedure implies, as already mentioned, loosing a total of 2K
observations, where K is the maximum length of the finite MA filter. As a result, the BK

filter cannot be used for real time analysis. Even so, some ideas appear in the literature to
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overcome this particular limitation. Van Norden (2004) suggested without much success to use
BK filter for the full sample length replacing by zero the missing observations. While Stock and
Watson (1998) suggested to expand the sample with K forecasts and K backcasts generated from
a suitable time series model. Moreover, this feature of the BK approximations may suggest that
the HP approximations might be preferred over the first because the HP filter generates estimates
for both components at the beginning and end of the sample. The finite version of the HP filter
in time domain representation, derived in Hodrick and Prescott (1997), shows that the cyclical
component at each moment ¢ can be obtained through a linear filter with time-varying weights
involving all available data points. The problem, is that the first and last filtered observations
have very poor properties given the one-sided nature of the applied filter, as documented in
Baxter and King (1999) and others. But this difficulty is shared with all methods that aim
at obtaining estimates at the endpoints. In the analysis of HP filtered series typically some
observations are disregarded but in that case we stay in the same situation of Baxter and King,
no available real-time estimates.

Alternatives to the approaches discussed so far are the CF filter and the multivariate filter.
Unlike HP and BK filters, these filters are made optimal according to the DGP. This implies
different spectra in the objective function for each particular case. Nevertheless, the BK opti-
mization problem is a special case of the CF optimization problem, and in turn the last is a
special case of the multivariate filter. To obtain the CF filter from the multivariate problem the
second term in the right side of equation (12) is dropped. So, the main difference between the
two filters is that the multivariate method exploits additional information from a wide set of
variables in order to get a more accurate estimate of the desired component, in particular at the
endpoints. Theoretically, as Valle e Azevedo (2007) states better estimates will be obtained by
applying the multivariate filter if the true second order moments were known. Since they have
to be replaced by estimates it is not clear what happens.

Secondly, the CF and multivariate approximations are flexible enough to easily handle the
use of all available data points at each time ¢t by setting p =¢t—1 and f =T —¢. In that case the
optimal weights will vary over time allowing assessment of the characteristics of the estimated
signal in real time. But on the other hand, this introduces instability in the estimates of the
endpoints, which will vary every time new data becomes available just like the HP estimates.

Moreover, a different amount of output data results from the application of the BK method
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and the CF or multivariate filter. The first only computes approximations at the middle of the
sample while the latter computes approximations for all data points.

At last, the asymmetry of the CF and of the multivariate weights implies that both methods
do not have trend elimination properties and may induce phase shifts. The removal of the trend
from the original series before applying the filter might be seen as a another drawback if it is
unclear whether a stochastic or determinist trend is present in the time series. Nevertheless,
we argue that it is a minor problem when compared with the possible time displacement of the
components. Christiano and Fitzgerald (2003) argue however that “the degree of asymmetry and
non-stationarity in the optimally filtered data is quantitatively small”.

The multivariate approach, in particular, has also a few more pitfalls. First, it requires
data other than the series of interest. Such task combined with the need to run a variable choice
procedure can be cumbersome in most applications, given the extra work. Secondly, the addition
of a new variable to the covariate set implies the estimation of more p+ f 4+ 1 parameters in each
iteration and more than doubles the number of necessary estimates of second order moments.

All methods have their limitations but whether they are relevant in a specific case is an
empirical question. Nevertheless, these filters have been applied to real data. The HP filter
is commonly used as detrending method in real business cycle models while the BK filter has
being applied mainly to confirm stylized facts. Important references include Baxter (1994), King,
Stock and Watson (1995) and Cecchetti and Kashyap (1995) which study the relation among
variables at different periodicities. Christiano and Fitzgerald (2003) provided an application of
their approximate band-pass filter to investigate the correlation between M2 money growth and
CPI inflation for U.S. data at different frequency bands. Finally, the multivariate filter is a very
recent method and therefore little as been done regarding real data applications. In fact this will
be one of the contributions of this work. Nevertheless, Valle e Azevedo (2007) illustrated the use
of this approach to extract the business cycle component of GDP time series based on a set of
other variables.

Regardless of the extensive application of the HP and BK filters in the measurement of trends
and cycles we will only analyze the performance of the CF optimal filter and of the multivariate
filter as real-time indicators. This choice is supported by three main conclusions; first the BK
filter is useless for real-time analysis, second the HP filter may not extract from the data exactly

the same kind of information that we desire and third empirical evidence shows that the CF filter
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and the multivariate filter perform better than the alternatives (see Christiano and Fitzgerald,

2003 and Valle e Azevedo, 2007).
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3 Estimation of moments and factor models

Before turning to the empirical application we discuss a few technical details related to the

implementation of the filters. Specifically, we discuss spectrum estimators and factor models.

3.1 Estimation of second order moments

The optimal solutions of Christiano and Fitzgerald and Valle e Azevedo exploit the second order
properties (or the spectrum) of Ay, in the first case and of the vector (Ay;, 214, ..., 2nt)" in the

13 In practice this and other population moments are unknown and need to be

second case
estimated. For this purpose, two different estimation methods'# are suggested.

The non-parametric spectrum estimator of a covariance stationary process is well-known and

given by:
1 M(T)
Say(w) = o 4(0) + 2 ; k(k, T)4(k) cos(wk)| (univariate)
) M(T)
a o i r iwk i 1 —iwk : ;
SAy,z1,zn (W) = o I'0) + ; k(k,T) (I‘(k)e +I'(k)e ) (multivariate)

where we choose k(k,T) to be the Bartlett lag window for which

1— A if |k| < M(T)
k(k,T) = MU with M(T) < T

0 if k| > M(T)

4(k) and T'(k) are the sample autocovariance function and the sample covariance matrix at lag

k, respectively:

T
~ 1
V) =7 > Aulyes k=0,1,..., M(T)
t=k+1
T

T(k) == > (A, 210 20) (DYr—is 210k - s Zntic) k=0,1,...,M(T)
t=k+1

assuming that the series are demeaned and M(T) is a truncation point that determines the

13We use Ay instead of y; to make clear that we define the spectrum of a covariance stationary process.
14 A brief overview on spectrum estimators and related topics is provided in Appendix A.
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point at which the sample covariance function is ignored. This function of the sample size
ensures the consistency of the estimator if M(T') tends to infinity slower than T does, so that
% — 0 as T' — o0. Details on the interpretation and how to choose this value are provided in
Appendix A. To obtain the optimal weights we just have to replace in the corresponding linear
system (univariate or multivariate) the parameter M by M (T) and the population moments by
the weighted sample covariance estimates.

The necessary moments can also be obtained parametrically. To this effect we follow Priestley
(1981) and, in particular, the work of Den Haan and Levin (1996, 2000), but with a different
objective. We use their method to obtain a parametric estimate of the true covariance function at
various lags while they aim to obtain a heterocedastic autocorrelation consistent estimate of the
variance-covariance matrix. In the case of the univariate filter we start by fitting an autoregressive
(AR) model to Ay, and in the case of the multivariate filter by fitting a seemingly unrelated
regression-vector autoregressive (SUR-VAR) model to (Ay;, 214, - - - , 2nt)’. Furthermore, we allow
each equation of the SUR-VAR model to have a different lag structure across groups of variables,
in detail, we set that the dependent variable of an equation will have hy; lags while the remaining
group of n variables will have hg lags with s =1,2,...,n+ 1. The procedure to choose hs; and
hso is as follows: for every combination of lag orders (hs1, hs2), with hg1,hse =1,2,..., H and H
the maximum lag length, we estimate each equation by ordinary least squares (OLS) using only
the observations from H + 1 to T of the sample to ensure the comparability of the results; next
for each pair of lags we compute the values of the AIC and BIC criterion and select the optimal
combination of lag orders (h%;, h%,) for each equation minimizing the information criteria. Given
the optimal lag structures, we then use a SUR method to gain efficiency in parameter estimates,
as suggested by Den Haan and Levin (2000). With the lag polynomial of the AR model (a(L))
or the lag polynomial of the SUR-VAR model (A(L)) estimated we compute the residuals (€)

and estimate their sample covariance function as follows:

T

1
ﬁé(k):f S @b fork=0,£1,... +T -1
t=k+1
. AT L Ee p fork=0,1,...,T—1
Fé(k): T t=k+1 “t
Te(—k) for k=-1,-2,...,—(T-1)
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Thereafter, we use this result to derive an estimate of the covariance function of the original
process by means of a finite approximation to the theoretical autocovariance generating function

expressed as

G(2) = a(2) " Ge(2)a(="1) 7

G(2) = A(2) ' Ge(x) A=)V
with 2 taken to be a complex scalar and G(2) = 2272 7e(j)27 or Ge(2) = 2272 Te(4)7’
the autocovariance generating function of the process e;. The consistency of the estimator is
guaranted if the sample covariance function implied by the chosen parametric model resembles
the true covariance function. As before, to solve the linear system and obtain the optimal weights
we replace the theoretical moments by the parametric estimates.

This kind of framework to obtain spectrum estimates is also regarded as a prewhitening
technique in the sense that the fitted parametric model acts as a filter whose output is expected
to be nearly white noise. It is widely documented that spectra with very sharp peaks, like those
from highly persistent processes, are not easy to estimate while flat spectra, as the ones from
the white noise processes, are easier to estimate. So, instead of directly estimate the spectrum,
Press and Tukey (1956) suggest to adjust an AR or VAR model to the data, with the objective
of flattening the spectrum, and use the estimated spectrum of the residuals model, which by
assumption are nearly white, to obtain an estimate for the spectrum of the original process.
This is exactly our approach which means we are prewhitening the process Ay, in the univariate
case and the vector process (Ayy, 2z1¢, - . ., 2ne) in the multivariate case.

Each estimation method has its advantages but it is relevant to notice that if we consider a
large number of covariates in the multivariate approximation it will be complicated to estimate
a VAR model due to the huge number of unknown parameters to be estimated with a finite

sample. Thus, the consideration of the kernel based estimator for comparison.
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3.2 Multivariate information
3.2.1 Factor model

Several recent studies give special attention to factor models and this sudden interest is connected
with the need to exploit information concentrated in large panels of data. These models describe
observable variables as a linear combination of unobservable variables, known as factors, plus an
idiosyncratic error. Their ability to combine the variables variation into a few number of factors
reduces the dimensionality problem. Exploiting this advantage we will use factor estimates as
covariates in the multivariate approximation.

Assume that X = [2it];_;  y, ;- denotes a matrix of 7" observations of N different
demeaned covariance stationary time series. In the classic or strict model each element of X can

be modeled as

Tig = AinFi 4+ AioFor + oo+ A Frg 4+ 0 (17)

= XNF¢+mi = Xt + 00t

or in vector notation as

Xt:AFt+T]t tzl,,T

where \; = [,\ﬂ Nig - )\ir} is a row vector of factor loadings with A;; the loading of
the jth factor for the ith variable, A is an (N x r) matrix of loadings with rows equal to

/
A, Fy = [Fu Fy - Frt} is a column vector of r serially uncorrelated factors and n, =

[771 ¢ Mop e UNt}/ a column vector of N unobservable variable-specific errors assumed to be
serially and cross-sectionally uncorrelated. Moreover, E [F;n;] = 0 which means that factors and
idiosyncratic errors are mutually orthogonal.

The model in equation (17) decomposes the variables variation into two components. The
first term is referred to as common component (x;:) and is driven by a small number, r, of
factors while the second term is referred to as idiosyncratic component (7;;). Furthermore, the
classic factor model is a static model because the association between factors and variables is
only contemporaneous.

In an economic context some of the assumptions made in the classic model are unrealistic,

namely those over the idiosyncratic errors. Hence, Chamberlain (1983) and Chamberlain and
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Rothschild (1983) introduced a static factor model which allows for some degree of serial corre-
lation of the idiosyncratic errors. Several years later, Stock and Watson (2002a, 2002b) specified
a factor model with serial and cross correlated idiosyncratic errors. Both models are known as

approximate factor models due to the assumptions over the idiosyncratic disturbances. Precisely,

xt:AFt—&—et tzl,T

)

with E [F,F}| = X a diagonal matrix, E [eje;_| = V.(k), E [eire;t] = 745+ and E [Fye}] = 0.
Sargent and Sims (1977) and Geweke (1977) reinvented the classic factor model in another
perspective (exact factor model). In their version of the model the factors are loaded using a lag

structure as follows

i = byt (L) fie 4+ biz (L) for + ... + big (L) for + vi

bi (L) ft —+ Uit

or in vector notation

Xt :B(L)ft+vt t:].,,T

where b; (L) = [bﬂ (L) bia(L) - by (L)} is a row vector of ¢ lag polynomials of the form
/
bij (L) = pe g bijult for j=1,...q, £ = {fu far -+ fge| 18 acolumn vector of ¢ common
/
shocks and v; = [Ult vop - UNJ is a vector of N idiosyncratic terms cross and serial

uncorrelated. Moreover, B(L) = [bj; (L)],_,  y.j—1. .15 (IV x g) matrix of factor loadings and
as before the common component is assumed to be orthogonal to the idiosyncratic component.

Finally, Forni and Lippi (2001) and Forni et al. (2000, 2004) suggested a model (approximate
dynamic factor model) that conveys all model versions discussed so far. Suggestively, they call

it generalized dynamic factor model which in vector notation is given by
Xt :B(L)ft +£t t= 1,...,T

li
where Xt = Tip Top - th:| is a column of N variables,

B(L) = [bij (L)];=1. n.j=1.. 4 18 @ (IV x ) matrix of one sided filters as b;; (L) = > e bijuL”

!
for j = 1,..., ¢ with square summable coefficients, f; = {flt far -+ fg| 1s a white noise vec-
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tor of ¢ common orthogonal shocks with E [f;] = 0 and E [f/f;] = 1and &, = |¢&;, &y -+ &ny
is a column vector of nonorthogonal idiosyncratic terms. Further, &; L fj;—, forany j =1,2,...,q
and u € Z meaning that the two components are mutually orthogonal at all leads and lags.
Following Stock and Watson (2002a, 2002b) and Forni et al. (2005) (restricted factor model),
if the lag polynomials b;; (L) for ¢ = 1,...,N and j =1, ..., ¢ have a finite s order we have what
is known in the literature as dynamic factor model. This model has the advantage of a static

representation. Define

Fyy £y
Fy fi 1
Ft = =
Frt ft—s
with f; = [flt for oo+ fge| and r=gq(s+1). Then,

Xt :B*(L)ft+0t :CFt+0t t= 1,...,T

where B*(L) = [b}; (L)]izl,...,N;j:I...,q is a (N x ¢q) matrix of factor loadings with b}; (L) =
Yo b;?‘j’,ka7 C = [cijlicia.. N PP (N x r) matrix of loadings and F; and f; are
column vectors of factors. Thus, we obtain a static representation by appending the lagged
factors as additional static factors. To distinguish the factors of the static representation from
the factors of the dynamic representation we call the factors F}j; static factors and the factors f;

dynamic factors.

3.2.2 Estimation of the factors

The static factors reflect unobservable variables and therefore have to be estimated from the
panel data set. In the factor model literature several estimation procedures have been proposed,
however we will only focus on two recent non-parametric approaches.

Stock and Watson (2002b) discuss factor estimation in an approximate static factor model
with serial and cross correlated idiosyncratic errors and prove that the estimation of the static
factors by principal components (PC) is a consistent estimation procedure if N and T both tend

to infinity. Moreover, Bai (2003) establishes the asymptotic normality of the Stock and Watson
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estimator adding some other technical assumptions to the static approximate model. A principal
component is a linear combination of the variables in the panel with coefficients given by the
eigenvector of the sample variance-covariance matrix. Denote ]?‘fW as the Stock and Watson

estimator of the static factors Fy, then

/
FtSW = [Flt th s Frti| = S/Xt = |:A§1xt S’QXt e STXt

or in matrix notation A
FSW — [ﬁlsvv/ FSWroL F;W/}/ _ XWS

where § is a (N x r) matrix, whose columns are the eigenvectors of the r largest eigenvalues

of the sample variance-covariance matrix, f‘x(O) = Ethl x:x;. The matrix S is referred to as

the PC estimator of the factor loadings and FSW as the PC estimator of the static common

factors. Notice that PC are organized by descending order of the eigenvalues meaning that the

first estimated factor corresponds to the eigenvector with the maximal eigenvalue.

In more detail, each principal component is the optimal solution of the following broad prob-
lem:
max a,;I[';(0)a
aj ERN J l( ) J
s.t. ajal =1

a;T,(0)a, =0 j<k j=12..,r

where f‘x(O) is the sample variance-covariance matrix and aj is an arbitrary vector of coeflicients
of a linear combination. Such linear combination will have maximum sample variance only if
each aj is set equal to an eigenvector of matrix IA‘:C(O) From the optimization problem we see
that PC are uncorrelated linear combinations with the largest sample variances.

Alternatively, Forni et al. (2005) discuss factor estimation in a approximate dynamic factor
model. Their approximation to the static factors, denoted by FFH#LE follows from a frequency
domain representation of the factor model and consists of the first r generalized principal compo-
nents (GPC) of matrix X. These GPC consist in linear combinations of variables, as the standard
PC, but the coeflicients equal the generalized eigenvectors of the pair of matrices (f‘X(O), f‘g (0))

These matrices represent the estimated contemporaneous covariance matrix of the common and
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idiosyncratic component of the factor model, respectively. The Forni et al. estimator of the

factors is given by

~ A A / o - 7 7 /
FfHLR:[Flt By - Frt:| ZZ’XtZ{th Zox; - ert}

where Z is a (N x r) matrix, whose columns are the generalized eigenvectors associated with the
r largest generalized eigenvalues of the pair (f‘X(O), f‘g (O))
In this case each vector of coefficients is defined recursively by solving a slightly different

problem

- /
b%alﬁkxN b, I‘X(O)bj

sit. b;Te(0)b} =1

b;Tc(0)b), =0 j<k; j=1,2,...,r

where b; is an arbitrary vector of coefficients of a possible linear combination of the variables and
', (0) and T'¢(0) have the same definitions as above. Forni et al. (2005) show that the optimal
solution to this constrained problem is to choose b; equal to the generalized eigenvectors of the

pair of matrices (f‘X(O), f‘g (0)) This implies that the vector of coefficients is obtained from

where 7; denotes a generalized eigenvalue. Similarly to PC, the GPC are uncorrelated linear
combinations which maximize the variance of the common component of the factor model.

A related estimation method is suggested in Altissimo et al. (2008). They argue that
smoother factors can be constructed choosing as weights, in the r independent linear combi-
nations, the generalized eigenvectors of a different pair of matrices. In this case they express
the factor model as the sum of two components but assume that the common component can
be further divided into a medium to long-run component and a short-run component. Since the
goal is to obtain factors cleaned of short run oscillations and idiosyncratic errors, the coefficients

are obtained by solving



where f¢(0) denotes the estimated variance-covariance matrix of the medium to long-run compo-
nent of the common component and &; a generalized eigenvalue. The remaining objects maintain
the definitions already given. The authors use these smooth factors to compute the new Euro-
Coin indicator, which is an indicator of the medium to long run component of GDP growth rate
for Euro Area aggregates.

Both estimators aim to approximate the same factor space but while the PC estimator only
exploits the contemporaneous relations among variables the GPC estimator exploits entirely the

dynamic covariance structure of the data when estimating I',(0) and T'¢(0)'.

Consequently,
from the GPC estimator results linear combinations that are more efficient than those resulting
from the PC estimator.

In the empirical application in section 4 we will compare both methods to approximate the
factor space, i.e., we will estimate the common factors using either PC as in Stock and Watson

(2002a, 2002b) or GPC as in Forni et al. (2005). However, we will not consider smooth factors

because its irrelevant for filtering purposes.

3.2.3 Estimation of the number of factors

The number of factors necessary to account for most of the variables variation is in practice
unknown and must be identified empirically. In this section we briefly give an overview of the
existing methods to estimate the number of factors in a static or dynamic framework.

The recurrent use of factor models in economic applications is undoubtedly recent but there is
already a large number of available criteria in the literature to deal with the estimation of these
parameters. Firstly, it is noteworthy that in the factor model followed by Stock and Watson
(2002a, 2002b) we must only identify the number r of static factors while in the factor model
introduced by Forni and Lippi (2001) we must determine the number of static and dynamic
factors, that is, 7 and g, respectively.

Regarding, the static factor model framework the first formal criterion for selecting the num-
ber of common factors was proposed by Bai and Ng (2002). They modified the classical infor-
mation criteria (IC) to fit the case when both time and cross section variation is present in the

data. As usual, the estimated number of factors, 7, is obtained from minimizing the IC in the

15This pair of matrices is obtained through an inverse Fourier transform of the estimated spectral density
functions 9f the common and idiosyncratic components that use information contained in the whole covariance
sequence I'x (k) for k = 0,7 1,% 2,....For more details on the estimation see Forni et al (2005).
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range [1, max), With rmax denoting a pre-specified upper bound for the true number of factors.
The three suggested IC differ only in the penalty functions that in contrast with standard IC
depend on both 7" and N. An alternative way suggested by Onatski (2005) for estimating r
is based on the empirical distribution of the eigenvalues. The method involves counting the
number of eigenvalues of the sample covariance matrix that are above a threshold. Moreover,
such threshold is set as a slowly increasing function of N and 7. Onatski (2005) proves the
consistency of his method in the presence of either cross-sectional or serial correlation but never
both and also provides a comparison of his method with the modified IC’s of Bai and Ng (2002).
Finally, Kapetanios (2004) proposed a sequential algorithm, named Mazimum Eigenvalue, based
on the widely accepted fact that when no factor structure exists the eigenvalues of the covariance
matrix tend asymptotically to a constant whereas otherwise they tend to infinity.

Turning to the same question in the context of dynamic factors, Forni et al. (2000) proposed
an informal method based on the relative size of the eigenvalues from the estimated spectral
density matrix of the data. Other contributions to estimate ¢ in a dynamic factor model with
s finite include a modified version of Bai and Ng’s IC by Amengual and Watson (2007) and
a method that exploits the rank of the residuals of a VAR(p) in the static factors by Bai and
Ng (2007). Recently, Hallin and Liska (2007) suggest a method for identifying the number of
common factors in a generalized dynamic factor model. The criterion settles on the idea that the
number of diverging eigenvalues of the spectral density matrix of the observations as N tends to
infinity is equal to the number of primitive factors.

In our empirical application we will use one of these methods to establish an upper bound
of the number of factors to be included in the multivariate approximations. Our goal is not
to estimate a common component but to incorporate a reasonable number of factors in the
multivariate filter that might produce an acceptable fit to the desired signal. Moreover, we justify
this approach with the idea that only a few shocks drive economic fluctuations, consequently a
large part of the data variation is explained by the first few factors (see Forni et al., 2005 or

Gionnone, Reichlin and Sala, 2005).
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4 Real Data Application

In this section we discuss the approximations of Christiano and Fitzgerald (2003) (henceforth
also referred to as univariate approximation) and Valle e Azevedo (2007) (henceforth also referred
to as multivariate approximation) to business cycle fluctuations and to smooth output growth
using real data. Our targets will be precisely BC(L)y; and SG(L)Ay; as defined in section
2. We analyze two bands of periodicities: the [6,32] period band connected to business cycle

fluctuations and the [4, +00[ period band connected to smooth growth.

4.1 Dataset

Our variable of interest will be the U.S. real GDP, either in logarithmic form or in growth
rate. For such a time series we have quarterly observations from the first quarter of 1959 to
the third quarter of 2003 (T = 175). Figure 7 displays the path followed by logarithm of real
GDP and its growth rate (since the level is on logarithmic form) in the sample period. As
expected, real quarterly GDP exhibits a clear upward trend in the logarithm, suggesting that
it may have either stochastic or deterministic trends. The remaining fluctuations (cyclical and
erratic) although present are not directly detectable. In contrast, the growth rate series has

a stationary behavior that is mainly made of medium and short term movements. Moreover,

Figure 7: Logarithm of real GDP from 1959(q4)-2003(q3) and of the first difference of the logarithm of real
GDP from 1960(q1)-2003(q4).
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figure 8 shows the sample autocorrelation functions for the logarithm of real GDP and its growth
rate, respectively. The autocorrelation in real GDP has a high level even for long lags, which
reveals the highly persistent nature of the process connected with non-stationarity. On the other
hand, the autocorrelation in the growth rate exhibits lower levels and a downward pattern as the

lags increase. To decide on the type of non-stationarity present in real GDP we ran augmented

Figure 8: Sample autocorrelation function of the logarithm of real GDP and of the first difference of the
logarithm of real GDP.
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Dickey-Fuller (ADF) unit-root tests. For this purpose we estimated the following equation:

d
Ay = ag + a1t + YY1 + Z BilAys—; + €

i=1
where y,; is the logarithm of real GDP, Ay, is the first difference in logarithm of real GDP, d is
the maximum lag length and ¢; a error term. In the ADF tests the null hypothesis is that the
time series contains an unit root and the alternative is that the time series was generated by a
stationary process. If v is not statistically different from zero this means that y; may contain a

unit root and if v is statistically different from zero (]| < 0) then y; is stationary.
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Table 2 presents the results of the ADF test on real GDP with d = 1 (determined by BIC
criterion). The null hypothesis is not rejected at 1, 5 and 10 percent level, indicating that real

GDP has a unit root. This also implies that the first difference of real GDP is a stationary series.

Table 2: Results of ADF test on logarithm of real GDP.

ADF test  Test statistic 1% level 5% level 10% level

with trend -2.479 0? o o

a

o: when the null hypothesis is not rejected and x: when the null
hypothesis is rejected.

Then the business cycle fluctuations are defined on a non-stationary series (log of real GDP)
while the smooth growth is defined on a stationary variable (growth rate of real GDP). As a result,
in the first case we must solve a constrained optimization problem to ensure the stationarity of
the filtered series while in the second case we can ignore the restriction imposed on the frequency
response function of the approximate filter.

For the multivariate indicator we need to have a group of covariates to estimate the factors,
as discussed in section 3. For that purpose, we consider the same vintage panel of N = 132 U.S.
monthly time series studied in Stock and Watson (2005). This large data set was downloaded
directly at http://www.princeton.edu/~ mwatson and includes several types of macroeconomic
variables. Following Stock and Watson (2005) there are 1/ categories: real output and income;
employment and hours; real retail, manufacturing and trade sales; consumption; housing starts
and sales; real inventories; orders; stock prices; exchange rates; interest rates and spreads; money
and credit quantity aggregates; price indexes; average hourly earnings; and miscellaneous. The
complete data set covers the period from January of 1959 to December of 2003. Due to missing
observations for some time series at the beginning of the sample and to the realignment of the
variables to account for release delays we only considered a time period from February of 1960
to December of 2003 (7™ = 527). We use T instead of T' to make clear that we have a monthly
panel of time series. In order to apply a factor model framework all the time series in the monthly
panel must be covariance stationary. So, all variables were transformed as suggested in Stock

and Watson (2005), appendix A.
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4.2 Covariates used in the multivariate approximation

The multivariate filter does not accommodate data with different frequencies!'®

, meaning that we
cannot incorporate the estimated factors without any transformation. To deal with this problem

we split each estimated monthly factor into three quarterly series as follows:

~ ~ ~ ~ ~ ~
Fl,t = F~, Fl7t—1 = -3, Fl,t—z = Fl—6, - (18)
o ~ o ~ o ~

Fo=F 1, Fy=Fleea, F, og=Frpr,... =1k

P DU s =
Fiy=F—o, F[y = Flp—5, Fy = Fli-—s, ...

Accordingly, the covariate set in month ¢* of quarter ¢ considering k estimated monthly factors
is

(1 2 13 ol ;2 13y
Zt*_(Fl,tvFl,tvFl,t"'ka,tka,ka,t) :

The stationarity and the finite moving average representation of the extracted monthly fac-
tors, required to apply the multivariate filter, follows from the factor model assumptions. Fur-
thermore, these properties are still valid regarding the vector of k split monthly factors. A
discussion on the consistency of the extracted signal using the estimated factors can be found in
Azevedo and Pereira (2008).

Both signals are define on a quarterly time series but in the case of the multivariate approx-
imation we are able to compute in each month an estimate of those signals by updating the
extracted factors with the new monthly information. Hopefully, this will improve considerable

the approximation from one month to the other and from the univariate framework as well.

4.3 Number and estimation of the factors

As discussed in section 3, the monthly static factors will be estimated either by standard PC or
by GPC. Both estimators set linear combinations of the variables in the panel but differ in the
matrices exploited to obtain the coefficients.

An estimate of the true number of factors embedded in this specific panel is far from being

consensual in the literature (see Stock and Watson, 2005, Bai and Ng, 2007 and Hallin and Liska,

16Real GDP or GDP growth rate both have quarterly frequency while the variables in the panel all have monthly
frequency and therefore also the estimated factors.



2007). In particular, the number 7 of static factors. This value is generally estimated according
to one of the methods discussed in section 3. As we argued, this is the appropriate path to follow
if our purpose is to estimate the factor space and thereafter the common component. But our
objective is the approximation of signals and in such a case it is wiser to check whether addi-
tional factors are helpful to improve the approximations. Otherwise we might obtain misleading
conclusions. This approach is followed by Stock and Watson (2002a, 2002b) to obtain k in their
factor augmented regression and by Altissimo et al. (2008) to determine the number of factors
to include in the new EuroCoin indicator. So, we estimate k as follows: first we established as
upper bound for the number of factors to be included kmax = 6 obtained by applying the CP1
criterion in Bai and Ng (2002) and then added split estimated factors up to the point where the
increase in the squared empirical correlation between final estimates and real time estimates!”
in the third month of each quarter became negligible. In the case of business cycle fluctuations
we found that the improvement in the fit became negligible with 5 static factors whereas in the
case of the smooth growth 4 static factors seemed sufficient to stabilize the fit. We note that the
values of k never reached the upper bond.

In another perspective several empirical applications, using U.S. data, point out that a small
number of factors seems enough to explain most of the total variation in those series'®. Therefore,
as an alternative to the previous choice of k we also report performance results when using exactly
the first 2 monthly static factors. It is only in this setting that we can follow a SUR-VAR approach
to obtain second order moment estimates due to the “small” dimension of the covariate set.

The use of GPC estimator to extract the factors implies setting an estimate for the number
of dynamic factors, ¢. In line with the findings of Hallin and Liska (2007) we assumed § = 4.

Below, we report the performance results for both choices of k and factor estimators.

4.4 Release delays

Since our main objective is to develop a real time indicator our targets must focus on GDP (or
on GDP growth rate) of the current quarter and we have also to take into account the release
delays of all the series involved in the filtering procedure.

The Bureau of Economic Analysis releases a final version of real GDP 6 months after the

17A clear definition of these objects is given below. For now it is only important to stress that both kinds of
estimates considered estimated factors and second order moments obtained from the whole sample.
18See Stock and Watson (1999, 2002a, 2005); Giannone, Reichlin and Sala (2005) and Hallin or Liska (2007).



beginning of the quarter to which it refers. Meanwhile the same institute releases two earlier
estimates that had potential to be used as covariates in the approximations. However, their
inclusion in the covariate set in specific months did not produce substantial improvements and
therefore we chosen not to consider such estimates. Nevertheless, table 3 reports the release

delays of these three estimates.

Table 3: Release delays of U.S. GDP estimates by month
of the quarter.

GDP estimate | 1%t month  2"% month  3"¢ month

Final 2 quarters 2 quarters 1 quarter
Preliminary 2 quarters 1 quarters 1 quarter
Advanced 1 quarters 1 quarters 1 quarter

It is clear that if time ¢ denotes the current quarter then the series of interest is not available.
This fact implies to set f (number of future observations) negative in the solution so that only the
information in fact available on GDP is taken into account. To be specific, in the first and second
month of a given quarter we set f = —2 and in the third month of a given quarter we set f = —1.
For the univariate filter, the estimates are not computed monthly but only in the third month of
a quarter and thus f = —1. Of course we can also set f = —2 to have a univariate estimate in the
first and second month of a quarter but no update occurred in quarterly information since the
third month of the prior quarter that could enhance the approximation like in the multivariate
case. In sum, if time ¢ is the current quarter and f = —1 this means that only information on
GDP up to period t — 1 is taken into account.

The variables included in the panel of predictors where also realigned to mimic a real-time
data set. This task implied screening the release dates of the different variables and shift the time
series when necessary'®. At the end, the monthly panel is organized in such a way that at each
filtering moment we use the data that would be in fact available at that month. For instance if
t* denotes the third month of quarter ¢t then we assume f = —1 and the set of variables includes

GDP series until period t — 1 and monthly predictors until period ¢*.

19For instance, financial variables in general do not have release delays so no realignment was perform to these
series.
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4.5 Different types of estimates

Three different types of estimates were computed to evaluate the performance of the indicators:
final estimates, real-time estimates and today onwards estimates. The final estimates are ob-
tained by approximating the signals using the full sample at each filtering time; accordingly we
set p=t—1and f =T —t in the solution. These estimates will be highly accurate, in particular
in the middle of the sample given the use of future data points. The real-time approximations
are computed using only the information available at each point in time. Specifically, in the mul-
tivariate case we gather the information until period t* of quarter ¢ and standardize it. Then,
we estimate the static factors which we split into quarterly series. After the estimation of the
necessary second order moments we obtain the filter weights by solving the linear system with
f = —1 (in the case of a third month) or f = —2 (in the case of a first or second month) and
p = P, where p denotes a fixed integer. Finally, we apply the filter to this subset of data and
obtain the real-time approximation of the signal for quarter ¢t. The today onwards approxima-
tions use the whole sample to estimate the factors (only in the multivariate case) and the second
order moments. These last estimates are subsequently used as inputs to solve the linear system
from which we get the optimal weights. Such weights are then applied to the real-time subset of
data and we obtain the today onwards approximation of the signal for quarter ¢t. Note that when
filtering we use only the available information in quarter ¢. Therefore we still set f = —1 (in the
case of a third month) or f = —2 (in the case of a first or second month) and p = p. With this
exercise we hope to understand the revisions stemming from second order moments and factor
space uncertainty.

To assess the performance of the indicators the real-time and today onwards estimates are
compared with the final estimates obtained from using the univariate filter with moments derived
from an AR model. Alternative multivariate filters and/or different methods to estimate second

order moments deliver final estimates that are indistinguishable from those used.

4.6 Performance of the indicators

One important topic in filtering literature regards the revisions to which the estimates are subject
to. These revisions arise from corrections of the past values of the time series and from the release

of new data which has implications mainly in the estimates near the end of the sample. The



effects of such revisions can be quite substantial, as documented in Orphanides and Van Norden
(2002). In this particular application the estimates are not affected by data revisions due to the
use of vintage data; but if not such revisions could not be a major problem because there is the
idea that data revisions are mainly connected with high frequencies and these are completely
eliminated with our filtering procedures. Nevertheless, we will try to mitigate as much as possible
the effects of revisions due to the release of new data by disregarding the last 12 observations in
the case of business cycle fluctuations (see Valle e Azevedo, 2007) and the last 4 observations in
the case of output smooth growth (see Altissimo et al., 2008) when comparing the estimates.

The truncation point is a function of the sample size that guarantees the consistency of
the spectrum estimator, as discussed in section 3, and consequently of the estimated signal.
One of the assumptions made by Christiano and Fiztgerald (2003) and Valle e Azevedo (2007)
to obtain the optimal solution referred to the finiteness of the MA representation of Ay; and
(Ayt, 214, - - -, 2nt)’, respectively. So, it seems adequate to set the truncation point higher than
the order of the MA representation. The problem is that the true order is in practice unknown.
Hence, instead we followed a window closing®® approach to set the truncation point. As a
result, the projection problem for the business cycle case was solved considering 30 leads and
30 lags of the estimated covariance function and for the smooth growth case it was solved
considering 40 leads and 40 lags of the estimated covariance function. But we note that in
the range 20 < M < 40 the results are very similar for both cases. M should be carefully chosen
because considering too few covariances can leave out important information and considering too
many covariances can introduce a very erratic behavior to the approximation as a result of the
poorly estimated high order covariances.

The evaluation of the real time performance of the indicators makes use of the following

criteria:

a) Corri[x, T;] , where T is the optimal approximation to the signal x;. It is easy to show
that if Z, minimizes E[(x; — 7;)?], then E[(z; — 7¢)?] = (1 — Corr[z, 74)*)Var|x;]). The
dependence on t is eliminated if we fix p and f in the real-time approximations, as we do.
Corr|xs, &y) is therefore a good measure of the variance of the approximation error. We
compute the sample counterpart of this statistic, using the estimated signal (say Z}) as Ty

and approximating z; by the final estimates, denoted by xf".

20For details on window closing see Appendix A.



b) Noise to Signal Ratio, computed as > (7} — xf)2/> (af — z7)2.
t ¢

c¢) The percentage of times 7 — Z7_!, (where 77!, is the approximation to the signals at ¢ — 1
using information up to time t) correctly signs the change 2/ — xf" , (see Pesaran and

Timmerman, 1992).

d) For the approximation to business cycle fluctuations, the percentage of times 7} and zf’
share the same sign (which gives an indication of whether Z} indicates correctly if GDP is

below or above the long-term trend).

Finally and before turning to the discussion of the results we clarify all the variations con-

sidered in the filters’ settings:

- estimation of second order moments done by means of a non-parametric method using the
Bartlett lag window as weight sequence or by means of estimating a SUR-VAR model for
pre-whitening. Each estimation method was discussed in section 3 and most importantly

the parametric framework implicitly limits the size of the covariate set;

- the factor space in the multivariate case is estimated by PC or by GPC. Both estimation

methods were discussed in section 3;

- in the multivariate case, we report the statistics for two sets of covariates: one that only
includes two monthly factors divided into six quarterly series and a second that includes
split factors up to the point where the increase in the R? of the approximation is negligible.

This topic was discussed early in this section;

- estimation of second order moments and factors (only in the multivariate case) takes into
account only information available at each point (real-time) or, alternatively, the full sample

(today onwards). These concepts were also introduced early in this section.

4.6.1 Business cycle fluctuations

To begin with we recall that we use the multivariate filter to construct a business cycle indicator
for the U.S. economy and apply it to the same large panel of macroeconomic variables studied

in Stock and Watson (2005). As a benchmark we considered naturally the univariate filter of



Christiano and Fitzgerald (2003) using either estimated moments derived from an AR model or
from a non-parametric estimator.

In table 4 we report the performance results based on approximations done in a third month
of the quarter. Each line corresponds to a different indicator whose description is given in the

legend of the table.

Table 4: Evaluation statistics for the approximations to business cycle fluctuations in the U.S in the
third month of the quarter. Evaluation period: 1978(q3) - 2000(q4).

Performance with respect to business cycle fluctuations (3rd month of the quarter)

Correlation Noise do Signal Sign Concord. % Correct A Sign
Real Today Real Today Real Today Real Today
Time  Onwards Time Onwards Time  Onwards  Time Onwards
Benchmark Filters®
BPF AR 0.74 0.75 0.61 0.60 0.71 0.73 0.70 0.70
BPF KERNEL 0.72 0.78 0.62 0.57 0.69 0.70 0.67 0.69
with factors, k =5 <7,q=4
MBPF PC KERNEL 0.75 0.96 0.59 0.26 0.69 0.92 0.76 0.87
MBPF GPC KERNEL 0.77 0.95 0.57 0.29 0.68 0.89 0.73 0.88
with factors, k =2 <7,g=4
MBPF PC KERNEL 0.78 0.91 0.57 0.39 0.72 0.77 0.70 0.82
MBPF GPC KERNEL 0.77 0.90 0.58 0.41 0.68 0.77 0.71 0.82
MBPF PC VAR 0.84 0.86 0.49 0.46 0.72 0.76 0.76 0.78
MBPF GPC VAR 0.83 0.87 0.50 0.46 0.77 0.71 0.77 0.79

% BPF - univariate band-pass filter; AR - estimation of second moments by an AR model (BIC criterion for lag
length); KERNEL - non-parametric estimation of second moments; MBPF - multivariate band-pass filter; PC -
factor space estimated by principal components; GPC - factor space estimated by generalized principal
components; VAR - estimation of second moments through pre-whitening with a SUR-VAR (BIC criterion for lag
length in the various equations).

The multivariate indicators compare favourably with both univariate indicators either in full real
time or in today onwards. This indicates that the variation of the variables in the panel provides
valuable information to obtain a more exact signal of business conditions. In real time the gains
are only modest when five monthly factors estimated by PC are used in the approximations.
This behavior may stem from the poor estimation of moments and factors in the beginning
of the evaluation period. Moreover, real-time approximations respond noticeably to the type of
method used to obtain moment estimates. In fact using VARs to estimate second order moments

leads to superior real time performance. When the full sample is used to estimate moments and

26



factors, the multivariate approximations to the target are highly accurate, specifically when using
moments estimated non-parametrically. This may indicate an over fitting behavior that only gets
slightly more severe as we increase the number of monthly factors from two to five. But in that
case the performance of the real time approximations deteriorates. Overall, the results show that
it is better to use only a few static factors and a pre-whitening method to compute the indicator.

Focusing on the different factor space approximations, we conclude that the fit of the in-
dicators with factors estimated by PC is quite similar to the fit of the indicators with factors
estimated by GPC across all settings.

In line with the reported findings we select as the best performing filters the multivariate
indicator using two monthly factors and parametric estimates of the moments and the multivari-
ate indicator using five monthly factors and non-parametric estimates of the moments for the
real-time and today onwards exercises, respectively.

Table 5 contains the evaluation results of the selected indicators sorted out by month of the
quarter. Three things are worth stressing. Firstly, the clear monotonicity in the accuracy of
the approximations across months; they tend to be more accurate in the third month, followed
by the second month and then the first. Secondly, approximations using few monthly factors
and a pre-whitening technique to derive the second order moments still seem to have a superior
performance in real-time at the first and second month of the quarter than the competing settings.
Recall that in the first two months of the quarter there are two quarters of information missing
which make the approximation to the target a quite demanding task. Finally, the differences
between the benchmark model and the multivariate frameworks in the first and second months

of the quarter are still remarkable in the today onwards exercise.



Table 5: Evaluation statistics for the approximation to business cycle fluctuations in the U.S.
in every month of the quarter. Evaluation period: 1978(q3) - 2000(q4).

Performance with respect to business cycle fluctuations

Correlation Noise do Signal Sign Concord. % Correct A Sign
Real Today Real Today Real Today Real Today
Time  Onwards Time Onwards Time  Onwards  Time Onwards
BPF AR“
1st/2nd month 0.72 0.73 0.62 0.62 0.71 0.73 0.57 0.59
3rd month 0.74 0.75 0.61 0.60 0.71 0.73 0.70 0.70
MBPF PC KERNEL
(k=5<7)
1st month 0.74 0.94 0.61 0.32 0.73 0.88 0.60 0.82
2nd month 0.75 0.95 0.60 0.29 0.74 0.90 0.59 0.89
3rd month 0.75 0.96 0.59 0.26 0.69 0.92 0.76 0.87
MBPF PC VAR
(k=2<T7)
1st month 0.79 0.82 0.55 0.52 0.73 0.72 0.70 0.74
2nd month 0.81 0.83 0.52 0.50 0.73 0.72 0.71 0.77
3rd month 0.84 0.86 0.49 0.46 0.72 0.76 0.76 0.78

% BPF - univariate band-pass filter; AR - estimation of second moments by an AR model (BIC criterion
for lag length); KERNEL - non-parametric estimation of second moments; MBPF - multivariate
band-pass filter; PC - factor space estimated by principal components; VAR - estimation of second
moments through pre-whitening with a SUR-VAR (BIC criterion for lag length in the various equations).

Figure 9 displays the best performing real-time and today onwards approximations in the
most favorable situation, i.e., in the third month of the quarter, as well as the final estimates
of business cycle fluctuations. Over most of the evaluation period there is an agreement in the
behavior of the two real time estimates, the main distinction occurs in the less volatile part of
the sample where the size of the approximations is different. Nonetheless, we visually confirm
the quality of the approximations and argue that this particular multivariate method is the first

to provide such accurate approximations to business cycle fluctuations in real-time.
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Figure 9: U.S. GDP business cycle fluctuations: final estimates, real-time (MBPF PC VAR) and today
onwards (MBPF PC KERNEL, k£ = 5 monthly factors) approximations. Evaluation period: 1978(q3)-
2000(q4).
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Moreover, we display in figure 10, the behavior of the best performing indicators in the third
month of a given quarter, once 1,2,...,5 additional quarters of information (GDP and variables
in the panel) are available as well as when 4,3,...,0 quarters of information are missing. In the
horizontal axis, —1 represents the real-time estimate, 1 represents the estimate obtained when
one future data point is available and so forth. All the measures improve as more data becomes
available and in all cases the multivariate filter has by far the best performance. Moreover, we
note that even when 3 or 4 quarters of information are missing that the approximations provide
some signal about the business conditions. The differences across methods tend to disappear
only after 5 additional quarters of data are considered. This confirms that it is extremely hard

to approximate business cycle fluctuations.
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Figure 10: Evaluation of U.S. approximations to business cycle fluctuations: correlation with final estimates,
noise to signal ratio and sign concordance when f future quarters of data are considered (MBPF PC VAR
and MBPF PC KERNEL with & = 5 monthly factors). Evaluation period: 1978(q3)-2000(q4).
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4.6.2 Smooth growth

We turn now to the real-time performance of smooth growth indicators. As before, we considered
as benchmark the univariate filter using either estimated moments derived from an AR model
or from a non-parametric estimator.

Table 6 reports the evaluation statistics for the approximations of smooth growth done in a

third month of the quarter for the various dimensions under analysis.

Table 6: Evaluation statistics for the approximations to smooth growth in the U.S.
in the third month of the quarter. Evaluation period: 1981(q3) - 2002(q4).

Performance with respect to smooth growth (3°9 month of the quarter)

Correlation Noise do Signal % Correct A Sign
Real Today Real Today Real Today
Time Onwards Time Onwards Time Onwards
Benchmark Filters®
BPF AR 0.72 0.76 0.59 0.55 0.72 0.74
BPF KERNEL 0.70 0.81 0.60 0.50 0.70 0.79
with factors, k =4 <7,q =14
MBPF PC KERNEL 0.80 0.98 0.57 0.16 0.74 0.94
MBPF GPC KERNEL 0.80 0.98 0.57 0.16 0.76 0.93
with factors, k =2 <7,q =4
MBPF PC KERNEL 0.83 0.96 0.52 0.22 0.77 0.86
MBPF GPC KERNEL 0.82 0.96 0.52 0.22 0.76 0.90
MBPF PC VAR 0.87 0.89 0.40 0.37 0.84 0.87
MBPF GPC VAR 0.85 0.89 0.42 0.38 0.81 0.83

% BPF - univariate band-pass filter; AR - estimation of second moments by an AR model (BIC
criterion for lag length); KERNEL - non-parametric estimation of second moments; MBPF -
multivariate band-pass filter; PC - factor space estimated by principal components; GPC -
factor space estimated by generalized principal components; VAR - estimation of second
moments through pre-whitening with a SUR-VAR (BIC criterion for lag length in the
various equations).

Our findings are to a great extent similar to those of business cycle approximations since the
filters’ rank remains unchanged. The results show once more that our multivariate filters outper-
form the two benchmark filters in the various settings. Secondly, a distinct performance between
the real-time and the today-onwards approximations, in particular for kernel based filters, is still
observable. The today onwards approximations exhibit a nearly perfect linear association with

the target, an extremely low noise to signal and a considerably high percentage of correctly de-
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tected sign changes. This high fit is most amplified if four monthly static factors are used, but on
the other hand the performance of the real-time approximation deteriorates substantially. This
does not occur if only two static factors are used and moments estimated parametrically. In fact
the latter indicators are the best performing in real-time. Finally, the results are quantitatively
the same for both factor space approximations. In general, we conclude that these findings alert
again to the fact that fewer factors seem to produce a better out-of-sample fit to the target and
justify why the approach followed by Altissimo et al. (2008)?! might be misleading. Perhaps a
larger time dimension would be needed to usefully incorporate a larger number of factors in the
approximations.

In table 7 we report the evaluation criteria for the best performing filters in real-time and
today onwards and for one benchmark filter by month of the quarter. The results show again
that multivariate approximations are more accurate in the third month of the quarter, followed
by the second month and then the first. Moreover, the results give the idea that with one less
observation of GDP growth rate, as occurs in the first and second month of the quarter, that
the performance of the univariate filter completely deteriorates while multivariate filters still
perform considerably well, especially if only two monthly factors are included in the covariate
set. Once more the findings suggest that few monthly factors are enough to compute remarkable

good approximations to the signal in all three months of the quarter.

21 Adding factors until the in-sample fit gains are negligible.
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Table 7: Evaluation statistics for the approximations to smooth growth in the
U.S. in every month of the quarter. Evaluation period: 1981(g3) - 2002(q4).

Performance with respect to smooth growth

Correlation Noise do Signal % Correct A Sign
Real Today Real Today Real Today
Time  Onwards  Time Onwards Time Onwards
BPF AR®
1st/2nd month 0.31 0.40 0.80 0.75 0.72 0.72
3rd month 0.72 0.76 0.59 0.55 0.72 0.74
MBPF PC KERNEL
(k=4<7)
1st month 0.37 0.97 0.77 0.22 0.71 0.91
2nd month 0.56 0.98 0.73 0.19 0.74 0.93
3rd month 0.80 0.98 0.57 0.15 0.74 0.94
MBPF PC VAR
(k=2<7)
1st month 0.74 0.77 0.56 0.52 0.71 0.73
2nd month 0.81 0.85 0.48 0.43 0.77 0.76
3rd month 0.87 0.89 0.40 0.37 0.84 0.87

% BPF - univariate band-pass filter; AR - estimation of second moments by an AR
model (BIC criterion for lag length); KERNEL - non-parametric estimation of
second moments; MBPF - multivariate band-pass filter; PC - factor space estimated
by principal components; VAR - estimation of second moments through
pre-whitening with a SUR-VAR (BIC criterion for lag length in the various
equations).

Figure 11 displays the final approximation against the best performing indicators for the
smooth growth signal in the third month of the quarter. The shaded areas represent recessions
as dated by the National Bureau of Economic Research. Although, real-time estimates are
slightly more ragged than today onwards estimates we may conclude that both approximations

are extremely accurate and timely track the upturns and downturns of output smooth growth.
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Figure 11: Smooth growth of U.S. GDP: final estimates, real-time (MBPF PC VAR) and today onwards
(MBPF PC KERNEL, k = 4 monthly factors) approximations. Evaluation period: 1981(q3)-2002(q4).
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Finally, we look at the behavior of the estimates in a third month once 1,2,...,5 new obser-
vations are available and when 4,3, ...,0 observations are missing either of GDP or of the panel

variables (see figure 12). Again, in the horizontal axis —1 represents the real-time approximation,
1 represents the estimate obtained when one future data point is available and so forth. In short,
both measures quickly converge to the expected target while the differences between frameworks
vanish after 1 additional quarter of information is available. When some quarters of data are
missing, the multivariate indicators still outperform the benchmark filter and more importantly
still have an informative signal. The univariate approximation has a poor performance when

more that one quarter of data is missing, confirming visually the results of table 7.
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Figure 12: Evaluation of U.S. approximations to smooth growth: correlation with final estimates and noise
to signal ratio when f future quarters of data are considered (MBPF PC VAR and MBPF PC KERNEL
with & = 4 monthly factors). Evaluation period: 1981(q3)-2002(q4).
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4.7 Forecast performance
4.7.1 Quarterly growth

As a by-product of the previous analysis we use the best multivariate indicator (MBPF PC VAR
with k£ = 2 monthly factors) to forecast the quarterly GDP growth. We believe that this exercise
can reveal important findings for two reasons. Firstly, the results in figure 12 indicate that the
multivariate approximations are still informative even when 3/4 quarters of data are missing.
Secondly, we rely on the unexplored idea that targeting a smooth version of a time series may
be more useful than targeting the original series if the noisy fluctuations of a time series are
indeed unpredictable. Most forecast models usually target the growth rate itself meaning that
the short-run fluctuations are also being approximated regardless of the assumed restriction.
To assess the forecast performance of the best multivariate approximation to smooth growth

signal we selected for comparison other six competing methods. Those methods are the following:

- the autoregressive model with lag length determined by the BIC criterion, denoted AR;

- the linear projection targeting GDP growth with second moments estimated by a pre-

whitening technique, denoted VAR;

- the diffusion index model which amounts to a regression of GDP growth rate on its past
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values, with lag length determined by the BIC criterion, and (a maximum of 2) split factors
estimated by principal components as in Stock and Watson (2002a, 2002b), denoted DI-AR
SW;

- the univariate approximation of the band-pass filter to smooth growth with non-parametric

estimation of second order moments, denoted BPF KERNEL;

- the univariate approximation of the band-pass filter to smooth growth with second order
moments derived from an AR model with lag length determined by the BIC criterion,

denoted BPF AR,;

- the multivariate approximation of the band-pass filter to smooth growth with second order
moments estimated non-parametrically and using & = 2 split monthly factors estimated by

principal components, denoted MBPF PC KERNEL.

For each method, we approximated the growth rate or instead the smooth growth rate at
various forecast horizons (maximum of 3) and compare those estimates with the already available
observations of quarterly GDP growth rate. All forecasts were made in real-time, meaning
that data standardization, estimation of factors and moments, optimization and filtering are
performed using only the data in fact available. The lag length selection and the number of
factors identification were also done in real-time.

As evaluation statistic we have chosen, as is common practice, the relative MSE; setting as
benchmark the AR model. In detail, we compute the ratio of the MSE of the forecast of each
method to the MSE of the univariate regression forecast with lag length determined by the BIC
criterion.

In table 8 we present the results for forecasts made in the third month of the quarter, from
1981(q3) to 2003(q4). At one-quarter horizon the DI AR - SW model outperforms all competing
forecast methods, but relatively to the multivariate band-pass filters the improvement is quite
small. Moreover, the parametric multivariate approximation to smooth growth improves over
the comparable VAR model at one, two and three steps ahead. The latter model uses exactly
the same estimated second order moments as MBPF PC VAR but instead targets the growth
rate itself. Hence, this signals that it can be relevant for forecasting purposes to target only the

predictable component of a series. In the case of 2 steps ahead forecasts, most methods perform
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as good as or slightly better than the autoregressive model, the exception being the DI AR -
SW and VAR models. But note that RMSE of the benchmark forecasts oddly declines. For the
highest horizon reported, we conclude that all methods perform poorly because the RMSE of
the AR model is basically the standard deviation of GDP growth, meaning that we are better off
with the mean growth rate as forecast. Although not reported, we computed forecasts at more
than 3-steps ahead but the results confirmed the usefulness of all methods to produce accurate

forecasts at long horizons.

Table 8: Ratio of the mean squared error of the forecasts of each method to
the mean squared error of an univariate regression forecast (BIC for lag length).
Evaluation period: 1981(q3) - 2003(q4).

Simulated out-of-sample forecasting results: U.S. GDP growth rate

Relative MSE

One step ahead 2 steps ahead 3 steps ahead
Method (current quarter) (1 quarter ahead) (3 quarters ahead)
VAR 0.84 1.10 1.30
BPF AR 1.00 1.00 0.98
BPF KERNEL 0.95 0.99 1.00
k=2<T7T
MBPF PC AR 0.76 0.95 0.98
MBPF PC KERNEL 0.74 0.99 1.14
DI AR - SW 0.69 1.19 1.49
RMSE, AR 0.00508 0.00496 0.00524

The main conclusions are that the multivariate approximations to smooth growth are clearly
useful for short-term forecasting of the quarterly growth rate of GDP and that it is extremely
difficult to forecast the growth rate at long horizons. In fact, there are some studies reporting
that AR models forecast sometimes better than more sophisticated models at several steps ahead

(see Runstler et al., 2008 and Angelini et al., 2008). Our findings suggest the same behavior.
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4.7.2 Yearly growth

The previous results show that approximations to smooth growth are of limited use in forecasting
quarterly growth but we argue that they can have a much more striking role in forecasting yearly
GDP growth. Again, we invoke the fact that the multivariate approximations to smooth growth
are still informative at longer horizons, as revealed in figure 12, while table 8 makes clear that
all methods are uselessness in forecasting at more than 2 quarters ahead. In addition, the yearly
growth implied by the quarterly smooth growth rates is indistinguishable from the yearly growth
rate implied by the quarter on quarter GDP growth rates (see figure 13). Thus, by approximating
accurately smooth growth at various horizons, we will approximate accurately yearly growth. If
we use instead useless quarterly growth forecasts to forecast annual GDP growth, the results are

unlikely to be promising.

Figure 13: U.S. yearly real GDP growth rate: actual and implicit in smooth growth of quarterly real
GDP.
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For the approximations that target the smooth growth, we forecast the yearly growth rate
using the forecasts of the missing quarterly GDP growth rates and the most up-to-date ap-
proximations to smooth growth for the relevant past quarters. Therefore, in the filter-based
approximations we do not use the already known quarterly growth rates, we use always the
latest vintage of approximations to quarterly smooth growth rates. For the remaining methods,
the yearly growth rate is derived from known quarterly growth rates as well as from the forecasts
for the missing quarters. Then we compute the MSE between the actual yearly rate and that
implied by the forecasts.

Given the results of table 8, when there are more than 2 quarters of data missing the 3 and 4-
quarters ahead forecasts are replaced by real-time estimates of the mean growth rate of quarterly
GDP. For example, at the end of the first quarter (March), no information on quarterly GDP
of the current year is available, so forecasts for the four quarters are necessary. As explained
earlier we assume the mean growth rate as the forecast for the third and fourth quarters and
in practice only forecast the growth rate of the first and second quarters. Once in December
we have information on GDP growth from the first three quarters and only need to forecast the
last quarter of the current year. Then, since the multivariate approximations outperform the
univariate methods in real-time we expect a superior forecast performance of the first methods
at this point of the year.

Table 9 displays the results for forecasts made at the end of each quarter, this means in March,
June, September and December. We report the MSE of each forecast approach to the MSE of
an AR model (BIC for lag length) and as forecast methods we considered BPF AR, MBPF PC
KERNEL, MBPF PC VAR and DI-AR SW, which denote the same methods introduced in the

previous subsection.
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Table 9: Ratio of the mean squared error of the forecasts of each method
to the mean squared error of an univariate regression forecast (BIC for lag
length). Evaluation period: 1985(ql) - 2003(q4).

Simulated out-of-sample forecasting results: U.S. GDP yearly growth rate

Relative MSE of forecasts made at the end of:

Methods 1st quarter 2nd quarter 3rd quarter 4th quarter
BPF AR 1.13 0.92 1.06 0.86
k=2<T7T

MBPF PC KERNEL 1.02 0.71 0.71 0.64
MBPF PC VAR 1.12 0.63 0.54 0.55

DI AR - SW 0.98 0.75 0.55 0.49
RMSE, AR 0.0076 0.0057 0.0035 0.0014

The relative MSE shows that in March all methods perform similarly to the benchmark
method, this is not surprising since there is no information on aggregate activity for the current
year. In subsequent quarters, we report significant gains in forecasts made by multivariate
approximations, in particular for our best performing real-time indicator of smooth growth and
for diffusion indexes method. The latter is an important competitor as expected due to the
results in table 8. The univariate method also improves as more data is becoming available but
at a slower rate than all the other methods. This reveals that monthly information might have a
role in forecasting yearly growth. As anticipated, in December (4th quarter) all methods perform

very well since there is only one quarter of information missing.
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In addition, the RMSE for forecasts of the yearly growth made in the 12 months of the
year using the multivariate approximation with moments derived from a SUR-VAR model and
2 monthly factors is reported in table 10. As we approach the end of the year the RMSE gets
smaller and the significant jumps at the end of each quarter reveal that the forecasts improve
mainly due to the release of GDP quarterly figures. Nevertheless, the new monthly information

available within each quarter generally improves the forecasts.

Table 10: Root mean squared error of the forecasts of yearly growth
made at the end of each month. Evaluation period: 1985(ql) -

2003(q4).
Simulated out-of-sample forecasting results:
GDP yearly growth rate
RMSE of forecasts
Forecast moment MBPF PC VAR
January 0.0090
February 0.0086
March 0.0081
April 0.0087
May 0.0085
June 0.0046
July 0.0044
August 0.0041
September 0.0026
October 0.0028
November 0.0027
December 0.0010
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Finally, figure 14 displays the actual yearly growth rate against the forecasts made in March,
June, September and December using the multivariate approximation. The forecasts correctly
predict the clear downturns in 1991 and 2001 already in March. This gives an idea of the accuracy

of the forecast performance of the multivariate approximation concerning the yearly growth rate.

Figure 14: Yearly GDP growth rate and real-time forecasts made at the end of March, June, September
and December.
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5 Conclusions

We have discussed the characteristics of four optimal approximations to the infinite order moving
average filter that exactly extracts from a time series fluctuations within a specific range of
periodicities. We argued that the Hodrick and Precostt and the Baxter and King filters are not
useful to be used given our objectives. The first one because it extracts business cycle fluctuations
that include short-term variability, which disagrees with our adopted definition. And the second
because it does not produce estimates at the endpoints of the sample. Therefore, we have
analyzed in detail approximations to business cycle fluctuations and to output smooth growth
provided only by two optimal filters: the univariate filter suggested by Christiano and Fitzgerald
(2003) and the multivariate filter suggested by Valle e Azevedo (2007). Both filters are designed
to extract exactly the same fluctuations from a time series but use different information sets.

Our empirical application aimed at evaluating the real-time performance of these two indi-
cators. So, the targets were defined on real GDP of the current quarter and the release delays
of all the variables involved were taken into account. The use of a multivariate approach al-
lowed to illustrate how common factors extracted from a panel of variables can be successfully
incorporated in such an analysis. Overall, the results revealed that the multivariate indicator
outperforms in various dimensions the univariate indicator. Furthermore, the approximations
are reliable and accurate, even in the first two months of a quarter. From these findings we con-
cluded that methods which explore various sources of information seem more suitable to track
economic activity in real-time.

Finally, we used our best performing filter in real-time to forecast either quarterly or yearly
GDP growth rate. What distinguishes our method from other forecasting methods is the fact that
we target only the medium to long run component of output growth rate instead of the observable
growth rate with the erratic fluctuations. We argued that if the short-run fluctuations are in
fact unpredictable, which is not commonly assumed by most models, then targeting a smooth
version of a time series may be more useful for forecasting purposes than targeting the original
time series. From the comparison with other methods we concluded that moderate gains were
obtained in short term forecasts of quarterly growth rate. But this approach has a more striking
role in forecasting yearly growth rate.

Future research encompasses the approximation of any other important signal, such as core
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inflation, and the assessment of the advantages in forecasting exercises of targeting a smooth

version of a time series.
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APPENDIX



Appendix A: Spectral Analysis

Univariate

Time series analysis can be performed in two different perspectives: in the time domain or in the
frequency domain. Typically it is carried out in a time domain perspective using, for example, the
autocovariance and autocorrelation functions. However, in some specific contexts the frequency
perspective has its advantages and so in the following paragraphs we present an overview of
concepts associated to frequency domain theory.

The analysis of time series in the frequency domain is called spectral analysis and, essentially,
it is based on the concepts of Fourier transform (henceforth FT) and inverse Fourier transform
(henceforth IFT). In the time domain it is common practice to divide a time series into three
components (trend, cycle and noise) according to their persistence in time. While from the
frequency domain perspective a time series is considered as the sum of components with different
frequencies of oscillation. As we will see, it is possible to establish a correspondence between the
two approaches, which proves that they are theoretically equivalent.

The definitions of FT and IFT are deduce from the Fourier representation of a finite sequence
of numbers that must be transformed to accommodate an infinite stochastic time series. To better
comprehend this idea, let {zt}thl be a time series of length T'. Consequently, the so called Fourier

series of this sequence of T numbers is defined as

|5
zr = lag cos(twy) + by sin(twy)], t=1,2,...,T
k=1
where a and by, are called Fourier coefficients and wy, = % fork=1,..., L%J , with | -] denoting

the largest integer smaller or equal than the operand, are known as the Fourier frequencies.
Through this expression {z;} is described as a linear combination of orthogonal and periodic??

functions. Note also that the summation entails [%J processes with different frequencies of

22 A periodic function is a function that repeats itself after some period and this property is called periodicity.
So, a function f is periodic with period p if f(z + p) = f(x). As an example, the cosine and sine functions are
periodic functions of period 2.



oscillation. Furthermore, using Euler’s formula?® the Fourier series of {z;} can be rewritten as

(r-1)

Ekj (1) CKEHE, T odd
=—5

Al

Zt =

2 iwkt
cre T even
— T
E=—ZT+41 )

Christiano and Fitzgerald (1998) show, in the appendix of their paper, that with this repre-
sentation, after the moment T, all data points are perfectly predicted. So, within the economic
context this representation seems inadequate since we regard a particular time series {y;} as one
of the many possible outcomes of an underlying stochastic process {y(w,t) t=0,11,12, },
which by definition is never predictable. Hence, we must adjust the Fourier series definition
to our needs by assuming that the number of periodic functions is infinitely large or, equiva-
lently, that the Fourier frequencies can be made as small as desired in the range [—m;7]. This
is the idea behind the Spectral Representation Theorem which states that any real-valued, non-
deterministic, absolutely summable?* and covariance stationary process can be expressed as the

weighted sum of orthogonal periodic components of different frequencies:

yr = /7r (a (w) cos(wt) + b(w) sin(wt)) dw

-7
s

= fw)e™tdw, t=0T11,%2,...

—T

This last result defines the IFT of f(w) which is also valid for sequences of finite duration and if
{y:} is squared summable?>.

Finally, the FT of {y;} will be a function of frequency w and is defined as
f(w):iiye*m —m<w<mT
o1 el t ) = =

with w measured in radians. The FT and the IFT functions form a Fourier transform pair

23¢9 = cos(h) + isin(h)

24{~.} is absolutely summable if
oo

Z k| < oo

k=—o0
25{v1} is square summable if

o0
Z Vi < oo

k=—o00



and can be applied to any time series that fulfill the requirements of the Spectral Representation
Theorem. For more general time series, for example time series that are not absolutely summable,
one must use the Fourier-Stieltjes integral in order to define a spectral representation®®.

In the time domain the joint distribution of a time series can be characterized by its autoco-
variance function while in the frequency domain the time series properties are exploited using the
spectral density function. The analysis of this function, also known as spectrum of {y;} is called
spectral analysis and the function itself corresponds to the FT of the absolutely summable auto-
covariance function of {y;}. Note, that this fact stresses that the two approaches are equivalent

because spectral analysis can be seen as the equivalent of the autocovariance function analysis

performed in the time domain. The spectrum of {y;} is

oo
S(w) = ;rkavke_iwk, —rm<w<m7
where v, =E[(y; — p)(ye—x — p)], k = 0,7 1,7 2,.. ., denotes the autocovariance function of the
stationary process {y;} with mean p for every t.
At each frequency w the spectrum is a complex number and thus can be rewritten in polar
form as

S(w) = cw) +igw) = [SW)| ), —m<w<

where ¢(w) and ¢g(w) correspond to the real and imaginary parts, respectively, of the complex
number, |S(w)| = v/c(w)? + g(w)? is typically referred to as the amplitude, magnitude or gain
and ¢(w) = arctan (%) the angle phase of the same complex number.

The spectrum can also be expressed in terms of the autocovariance generating function de-
noted by g(z) = > . ye2® for the sequence of autocovariances v, k = 0,5 1,72,.... The

coefficient of 2¥ is de variance of {y;} and the autocovariance of {y;} at lag k can be assess by

the coefficient of z¥ or z7*. Thus, it is straightforward to get

S(w) = 5-g(e™). (19)

Moreover, when y; is a real-valued process with absolutely summable autocovariance function

26For further reading on this subject see Priestley(1981).



the spectrum can be written as

1 = —tw
S(w) = P Z e "R

k=—o00

1] & . .
= — |+ Z,ykefzwk + W—kelwk‘|
k=1

1] > , ,
= — |+ Z% (e—zwk + ezwk)]
k=1

= — |7 +2 Z Vi cos(wk)}

k=1

1 1
= gfyo—kg;'ykcos(wk), —m<w<T

where in the second equality we use the symmetry property of the autocovariance function and
in the third the fact that e=% 4 ¥ = 2cos(f). For this case the spectrum has some particular

features:

e S(w) is a continuous, real-valued and nonnegative function;
e S(w) is a periodic function with period of 27, i.e., S(w) = S(w + 27);

e S(w) is a symmetric and even function, i.e., S(w) = S(—w) because the cosine function is

also even. The symmetry permits focusing only on frequency values in the [0, 7] interval.

e w represents the frequency of a cycle expressed in radians and is related to the time domain
by w = 2?”, where p is the periodicity, i.e., the amount of time required to complete a whole
cycle?”. Hence, high values of p are related to low frequencies whereas short periodicities

are related to high frequencies.

The IFT of S(w) is expressed as

Ve = / S(w)e“rdw, k=07 112,...

—T

27The function argument wk is the period of oscillation and to express it in units of time we must quantify the
amount by which wk must increase so that the function repeats itself. Since we know that the function period is
27 we can write

2 2
k2>k1:k2w7k1w227r<:>k‘27k1=1<:>p:i
w

Then the period of oscillation of cos(wk), in units of time, is 2?7'



which permits to recover the autocovariance function from the spectrum. Further, when k = 0

we obtain the variance of the series,

U

7o = var(gy) = / S(w)dw

—T

as the product of the different contributions of each frequency of the spectrum.

To give an idea of how the spectral density function may look we now present this function
for some well known processes. The first example is the building block of time series models,
i.e., the white noise process {e;}. It is a process with constant mean E(e;) = u. Vt, usually set
to zero, constant variance Var(e;) = o2 V¢ and uncorrelated at all leads and lags . (k) = 0 for

|k| > 1. Hence, the spectral density function has the following structure

which shows that all frequencies from —x to 7 are equally powered by the same constant.
The second example is the general autoregressive moving average (ARMA) model with au-

toregressive order p and moving average order q, i.e.,

Yo = O+ Q1Yp—1 + P2Yp—2 + ... + PpYr—p+

+et+ 0161 +0O0gp_o+ ...+ Gqst_q (20)

with {&;} a zero mean white process with constant variance, Var(e;) = o2 Vt. If the process
is stationary and invertible then we can rewrite it as a moving average process of infinite order

such that

yr = c+P(L)es

2
Where 'l/)(L) _ 1+6,L+6>L ++9qu

Sl vy sy ey 4 The autocovariance generating function of the former rep-
R

resentation is well known and given by

gy(2) = o2y (2)p (=71

with z taken to be a complex scalar. It follows from equation (19) that the spectral density



function of the ARMA(p,q) model is

Sy(w) = Z=u(e ™ pp(e™) =
27 (21)
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Figure 15 displays 500 values from a first order autoregressive model (henceforth AR(1))%®
process and the spectral density function for the same AR(1) process in the interval [—m, 7]. It
results from a simulation exercise setting yo = 2, ¢ = 0.9, « = 1 and {&;} equal to a Gaussian
white noise with zero mean and unit variance. Since |¢| < 1 it is guarantee that the process
is stationary. The horizontal axis of the right graph measures the frequency in radians and
the vertical axis the spectrum. The closer w is to zero the lower the frequency and the longer
the correspondent cyclical period (periodicity). In this specific case the frequencies near zero
are of greatest importance which means that long periodicities dominate this type of process.
High frequencies near 7 are of little importance and therefore short duration movements do not
influence much of the time series variation. Different values of ¢ will produce different spectrum
shapes but the main point is that an autoregressive process always has a high spectrum power

at the neighborhood of the zero frequency.

Figure 15: Left panel displays a simulated AR(1) model and right panel displays the population spectrum
for an AR(1) model.
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28 An autoregressive model of order 1 is written as y: = « + ¢yt—1 + &+ and its spectrum equals S(w) =
2
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A random walk process can be seen as being an AR(1) process, i.e., ¢ = 1. A parameter
value of one originates a strong persistence process and so the random walk is not a covariance
stationary process. As a consequence, its autocovariance function is not absolutely summable
and the spectral density function is not well defined at the zero frequency. Even so, making

¢ — 1 in the AR(1) spectrum we get

o? 1
LimS(w) = = ———
ity () 47 1 — cos(w)

This function is well behave except at the zero frequency where it becomes infinite.

Finally, the shape and pattern of the spectrum of a first order moving average process (hence-
forth MA(1))?° depend on the value of §. Panel A in figure 16 shows the spectrum in the interval
[-7, 7] when 6 > 0 and panel B exhibits the case # < 0. The first panel shows that the low
frequency components dominate the time series while the second shows the opposite. When 6

< 0 the time series contains mostly high frequency components.

Figure 16: Population spectrum for an MA(1) model. Panel A. § = 5; Panel B. § = —2.

panel (a) panel (b)

S(0)
S(w)

05

In sum, we may conclude that low frequency dominating spectrum indicates a relatively
smooth series, whereas a high frequency dominating spectrum implies a more ragged series. The
population characteristics permit to infer that a sample spectrum with a strong peak near the

zero frequency signals the possible presence of a trend (stochastic or deterministic) in the time

29The first order moving average model is given by y: = e + 0e;—1 and its spectrum equals S(w) =
(14 6% + 26 cos(w)).
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series and that we may have to consider the time series in first differences to obtain a covariance
stationary process. Moreover, from the sample spectrum behavior we get an idea of the kind of

cyclical movements that predominate in the time series.

Bivariate

In the previous section spectral analysis for the univariate case was presented but obviously
all this frequency theory can be extended to the multivariate case. As an illustration we now

t30. Let vy = [x¢ zt]/ be a zero

turn to the discussion of spectral analysis in a bivariate contex
mean bivariate stochastic process with covariance matrix I'(k) =E[yy;_,], for k=012, .
Following the fundamental idea of the univariate case, bivariate spectral analysis consists of
decomposing the covariance between two time series into orthogonal frequency components. In

order to define the spectral density function of {y;} we use the covariance matrix, instead of the

autocovariance function. Under the assumption that I'(k) is absolutely summable it follows that

Siw) = 5= D0 TGl =

B D DR AT B i o 7E)
2% Elnmgle™ N2 y(j)e
Spz(w)  Sgz(w)

= ) —nm<w<n7
See(w)  S..(w)

where S, (w) and S,.(w) are the spectral density functions of {z;} and {z:}, respectively, as
defined in the univariate case and S,.,(w) and S, (w) are known as cross spectral densities or cross
spectra. The two former functions split the covariance between {z;} and {z;} into uncorrelated
components with different frequencies.

Previously, we have stated that the symmetry property around the zero lag of the autocovari-
ance function implied that the univariate spectrum was a real and symmetric function. However,
the bivariate spectrum may be complex even if the processes {x;} and {z;} are real valued because

the symmetry property does not hold for the cross covariance function, i.e., E[x;z:— x| #E[z:2¢—]

30The extension to the more than two variables case is a straightforward adaptation of the bivariate case. For
further details see Priestley(1981) or Hamilton(1994).



Vt and k # 0. This means that the cross spectrum is a complex number at each frequency and

therefore has the following representation
SQCZ((“')) :sz(w)+iqgcz(w)a —T<w<sT

where the real part, ¢,,(w), is called the cospectrum and the imaginary part, ¢..(w), the quadra-
ture spectrum. Again, any complex number may also be expressed in polar form as
Syz(w) = ozxz(w)ew“(“’), —a<w<T

and the equivalence between representations is given by

agz(w) = [Sez(w)| = V() + i (@)

i - won(5)

The function «,,(w) is called the cross amplitude spectrum and measures the difference in

amplitudes between {z:} and {z:} at each w frequency (vertical difference). While the function
¢z»(w) is called the phase spectrum and gives the phase shift between frequency components of
{z:} and {z:} (horizontal difference), i.e., measures the extent to which each frequency component
of one time series leads/lags the other. So, if ¢,.(w) > 0, Vw then we say that {x:} leads {2;} at
all frequencies and when ¢,.,(w) < 0 Vw, we say that {x;} lags {z;} at all frequencies. The phase

shift expressed in time units equals %ZT(“)

and may be understood as the time delay between
components of the two processes. Figure 17 illustrates the hypothetic effects of the gain and
phase shift on the path of two time series. The horizontal difference between the lines reflects
the phase shift between the time series. So we may say that the time series represented by the
dashed line lags the other time series. The vertical difference measures the difference in the range

of the time series. Overall, we see in this example that the gain effect shrinks the range of the

periodic function while the phase shift delays the periodic function.

10



Figure 17: Gain and phase shift.

The covariance matrix of the bivariate process for all lags is recovered from the inverse process

T(k)= [ S,(w)e“*dw, k=0711"2,...

—T

with the off-diagonal giving the IFT of the cross spectrum

Exizk] = / Sz (w)e™Fdw, k=01 112 ...

—T
™

Elzixi—g] = Sm(w)ei“’kdw, E=07T17"2 ...

—T

and the diagonal the IFT of the univariate spectrum

™
v(k) = / S (w)eFduw, k=0%1172...
—T
v.(k) = / S..(w)e*dw, k=0"1"2...
—T
Setting k = 0 we get Elxsz] = ffﬂ Szz(w)dw, which shows that the cross-spectral density
decomposes the covariance of two series into the covariance of components at each w frequency.

To finish, we display some typical cross spectral quantities that are frequently used, besides

the phase spectrum, to judge the relationship between two time series, namely,

11



The Coherency Spectrum

sz(w) o |SIZ(W)‘ awZ(w)

— = , —1<W,.(w) <1
VBral@) T 52(@)  v/5n@) 1 52 (@) = Wasl) <

It is evident that the coherency spectrum measures the correlation between the components
of {z;} and the components of {z;} at frequency w. It is the correlation coefficient between

{z:} and {z:} in the frequency domain.

The Gain

This measures the extent to which the spectrum of {z;} has been modified to approximate
the corresponding component of {z;:}. In other words, it is the regression coefficient from

the least squares regression of {x;} on {2} at frequency w.

Estimation of the spectrum

All objects defined so far entail the knowledge of population moments or equivalently of infinite

information. Therefore, their application to real data implies the definition of estimators. This

section aims to present some of the most commonly used spectrum approximations.

Given a sample of T observations, the natural estimator of the population spectrum is the

sample counterpart:

T-1

q 1 2 —iw
Sw) =5 Y AlRe =
k=—(T—1)
1 T-1
= — |4 2 —rm<w<
5 4(0) + kzz:l cos(wk:)} T<w<mw

where 4(k) denotes the non-parametric estimator of the autocovariance function at lag k given

12



%ZtT:kH (yt—y) (yt—k—?g) for k=0,1,..., 7T -1

(k) = 4 4(—k) fork=—-1,-2...,—(T—1)

o

for |k| >T -1

where y is the sample mean3'.

Another spectrum estimator arises from the definition of finite Fourier transform and is

referred to as periodogram:

It is proven that both estimators produce the same estimates, which means that the peri-
odogram is indistinguishable from the FT of the sample autocovariance.

As shown in Priestley (1981), the sample spectrum is an asymptotically unbiased estimator of
S(w) but its variance does not tend to zero as the sample size grows. This means that I(w) is not
a consistent estimator for S(w). To construct an estimator of the spectrum with better properties
we should first understand the source of the undesirable behavior. To this effect, Priestley (1981)
points out that the periodogram involves T sample autocovariances, and although the variance
of each is O(1/T), the cumulative effect of the T terms produces a variance which is O(1), so
loosely speaking, it (the sample spectrum) contains “too many” sample autocovariances. While
Hamilton (1994) and Cochrane (2005) stress that we are using a sample of T observations to
estimate T parameters and do not take into account this fact in the estimator. Whichever
the point of view it seems that the problem draws from considering the poorly estimated high
order autocovariances. Then, focusing on this idea a better estimator seems to be the truncated

periodogram (or sample spectrum)

M(T)
N 1 .
So(w) = o k__ZM:(T)ﬁl(k)eMk —rm<w<T

where 4(k) is the sample autocovariance at lag k and M(T) < (T — 1) the truncation point.

31Despite of being a biased estimator it produces positive definite autocovariance sequences. As a result, it
guarantees that the spectrum estimates will be positive as required. This spectrum estimator is just the FT of
the sample autocovariance.
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By disregarding the sample autocovariances of order higher than M (T') we get two conflicting
effects; we reduce the variance of the estimates but on the other hand introduce some bias.
However, the theoretical autocovariance function y(k) tends to zero as |k| — oo and this ensures
that omitting only the terms on the tail of the sample autocovariance will not seriously affect
the estimator bias. As a result, the consistency of the above estimator depends on the properties

of the truncation point. The truncated periodogram is a consistent estimator of the spectrum if

M(T)

T —0as T — .

M(T) grows at a slower rate than the sample size grows so that
The above discussion around the truncated sample spectrum was intended to introduce the

broader class of spectrum estimators suggested by Grenander and Rosenblatt (1953)

M(T)
Sulw) = o > Ak T)(k)e ™k =
k=—M(T)
1 M(T)
= — |A v —rm<w<
o 4(0) + Z Ak, T)4(k) cos(wk) T<w<T

where M (T) and 4(k) are again the truncation point and the autocovariance estimates, respec-
tively, and A(k,T) is referred to as lag window or kernel. In terms of the periodogram the
estimator is

S, (w) :/Tr I(O)W (w — 0)do —r<w<nw

where W () = 5 ZQQT@(T) A(s)e™%* is the spectral window, in other words the FT of the
lag window. In the first expression the estimator is written as a weighted sum of the sample
autocovariances whereas in the second it is written as a weighted integral of the periodogram.
The lag window is a decreasing weight sequence that works to reduce the contribution of the high
order sample autocovariances that affect the variance of the estimator. In the weighted covariance
estimator the poorly estimated sample autocovariances are simultaneously eliminated through
the truncation point and reduction of the contribution of the high order sample autocovariance
considered by assuming a decreasing lag window. The spectral window works as a weight that
smooths the periodogram in the neighborhood of a fixed w frequency in order to attenuate
the erratic behavior of the periodogram estimates and attempt to control the estimates of the

variance. Ultimately, the weighted covariance (or smooth periodogram) estimator is consistent

for S(w) if we choose a suitable truncation point and an appropriate lag window (or spectral

14



window).

The truncation point determines the point at which the sample autocovariance function is
ignored. Such point also aims to balance the trade off between the bias, induced by disregarding
the tail estimates of the autocovariance function, and the variance, diverging if too many poorly
estimates are considered, to guarantee the consistency of the estimator. Hence, the important
issue is that any proposed method to obtain a value for M (T") must satisfy the convergence rate
discussed above. Accordingly, the functions M(T) = /T and M (T) = T with 0 < o < 1 are two
possible choices. The problem is that they completely ignore the properties of the true underlying
process and as Priestley (1981) pointed out is advisable to obtain the truncation point according
to the sample characteristics. Therefore, we call attention for two more sophisticated methods
surveyed in Priestley (1981). The first follows the well known property that the theoretical
autocovariance function decays towards zero to suggest using the sample counterpart to determine
the truncation point. The process is simple and consists of choosing M (T') so that §(k) ~ 0, |k| >
M (T). Naturally the sample autocovariance plot will not give us a unique value for the truncation
point but it gives us a set of values for M (T') which attempt to match the properties of the process.
At the end which value to choose from this set should be a matter of evaluating the different
estimates. In sum, this method only implies the computation of the sample autocovariance
function, however because the latter will decay more slowly to zero than the theoretical function
the selected M(T') will be in general higher than the true M (T). The second criterion is called
window closing. We start with a small value of M (T') and construct a set of possible truncation
points by increasing M (T). Then, for each value in the set we compute a spectrum estimate,
obtaining a sequence of estimates. The first estimate will be the smoother one because it employs
just a few sample estimates and as we increase the number of sample autocovariances used in the
estimator the estimates will become more erratic. Finally, we determine the truncation point by
detecting the point at which the smoothing has been relaxed too far. One of the criticisms made
to this technique is that it relies on the researcher’s judgement of too smooth.

The lag window weights the sample autocovariance function. The consistency of the estimator
is established if this weight sequence decays at a proper rate. There are several proposals in the
literature for the functional form of the lag window (or spectral window) and most of them are of
the scale parameter form. This means that the lag window has a parameter that simply has the

role of stretching or contracting the weights. Curiously, that parameter is the truncation point.
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Table 11 presents in detail some of the most commonly used kernels in applied work. For the
truncated periodogram there is no down weighting scheme because the weight sequence weights
equally all the sample autocovariances up to lag M (T"). The problem with this lag window choice
is that the spectrum estimates can be negative for some frequencies which is undesirable given
the non-negative nature of the population spectrum. In contrast, all the other lag windows are
decreasing weight functions and produce non-negative spectrum estimates for all frequencies.
The General Tukey window is the general form of the original lag window suggested by Tukey

(1949) where a was set to 0.23. In the general case a only has to satisfy 0 < a < 7 so that

1
1
A(u) > 0 for all u. Regarding the spectral windows, note that the Bartlett’s window is the
Dirichlet kernel of order M(T) and the General Tukey’s window is just a linear combination of

the former kernel. Parzen’s spectral window has a difficult form and thus in applied work the

approximation given in table 11 is typically used.

Table 11: Lag windows and corresponding spectral windows.

Lag Window Spectral Window
" ey T
Truncated Periodogram A(u):{l If Jul < M(T) WTP(Q):ﬁ{ [(1»1(77"3)4-2)9}}
0 if [u|>M(T) se’n(j)
Bartlett ey i T i G )
artle A(u)= 0 ) WO = o mr(Ty gm(g)
if u|>M(T) sen(§
20424 cos( UL if |u| <M WS (0)=aWB (0— 7o)+ (1-2a)WB (0)+
General Tukey NI R <M(T)> f <A +(LWB<9A1(T7)T )
0 if Ju|>M(T) M(T)
w2 d \3 . M(T
1—6<M<T)> +6<M|‘(‘T>> if ms—; ) in w) 4
Parzen Au)= o ul B i M) wGCT (g)y~ 3
21wty £ g Slul<M(D) M ()3 | 1an(9)
0 if |u|>M(T)

Overall, the main idea to retain is that with an appropriate choice of the truncation point
and the lag window we obtain a consistent spectrum estimator valid for all types of stationary
processes.

As an alternative to the non-parametric approach we can construct a spectrum estimator
assuming a specific parametric model for the observed series. As suggested by Parzen (1974) and
Akaike (1974c, 1976) first decide on the ARMA (p,q) specification (see equation 20) that best fits
the data determining the orders p and q of the AR and MA polynomials, respectively, by the

AIC or BIC criterion®?. Then estimate the unknown model parameters (¢1, . .., ¢p, 01, ..., 0,,02)

32The acronyms AIC and BIC denote Akaike’s (1973) information criterion and Schwarz’(1978) bayesian infor-
mation criterion, respectively.
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using some proper method, like maximum likelihood. And, finally, replace such estimates in the
theoretical spectral density function of an ARMA(p,q) model given in equation (21).

The sampling properties for this class of estimators are discussed in Hannah (1970), Parzen
(1974) and Berk (1974) for the AR model and in An, Cgen and Hannah (1982), Hannan and
Kavalieris (1983) and Den Haan and Levin (1998) for the ARMA model. Nonetheless, the idea
is that if the model is correctly specified then the parametric spectrum estimator is consistent.
Or in other words, it is sufficient that the autocovariance function of the estimated ARMA (p,q)
process resembles to a great extent the autocovariance function of the true process to guarantee
the consistency of the estimator.

Both types of estimators are widely used in applied work and there is no empirical evidence
leading researchers to prefer one method over the other. Ultimately, the performance of each
estimator depends on the true data generating process (unknown in practice) as shown in the

simulation results provided by Beasmish (1977) or Beasmish and Priestley (1981).
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Appendix B: Linear Filters

A linear filter in the time domain representation is defined as

Tt = Z bjy—j = Z bijZ/t = B(L)y

j=—00 Jj=—00

where Liy; = y;—; is the backshift operator, {bj,j =0,"1,12,.. } are the weights of the two-

oo

sided filter satisfying > |bj| < oo and {x;} is the filtered series. If b; = 0 for j < 0 then

j=—00
the filter is said to be one-sided and if b; = b_;, Vj the filter is said to be symmetric.
To obtain the spectrum of the filtered series we first have to derive the autocovariance func-

tion. Assuming that {z;} is a zero mean process we have

%L(k') = E(-Ttxt—k):
= B Z bjyt—j <Z blyt—k-—l) =
j=—00 l=—00
= Z Z bibiE [yi—jyi—k—1] =
j=—o0l=—00
= > D bibyk+1-)), k=07F1%2 ...
j=—o0l=—0c0
Then the spectrum of {x;} is
Sp(w) = 1 i ~ (k:)e_i“’k:
* 2m *
k=—o0
1 o0 o0 oo ‘ i
= 9 Z Z Z bibiyy (k41— j)e ™* =
k=—o00 j=—0 l=—
1 oo o0 oo ) .
= i —tw(h—I4+j) _
- or Z Z Z bjbivy(h)e I =
h=—o00 j=—00l=—00
= =N R ‘
= Z bje Z blezwl% Z ’yy(h)eiw}l:
Jj=—o0 l=—00 h=—o00
= B(e7™)B(e)S,(w) =
= |B(eiiw)|2Sy(w)» a<w<T

where B(e™) = 77 | bje™"/ is called the frequency response function that can be under-
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B(e™™) ’2 is named transfer function or squared gain and

measures the relative importance of each frequency in the total variance since |B (e=™) ’2 = g;gg;

stood as the FT of the filter weights,

and Sy (w) denotes the spectral density function of the original time series. Finally, |B(6*i‘*’)| is
known as gain of the filter because if B(e~*) can be a complex number then it has a polar form

representation

B(efiw) _ |B(67iw)| efi(b(w)

where ’B (e‘i‘”)‘ is the gain and measures the difference in amplitude between the filtered series
{z:} and the original series {y:} and ¢(w) is the phase and measures the time displacement
between the two time series.

In the spectrum of {z;} the transfer function works as a weighting function of the spectrum of
{y:}. Hence, it is easily seen that the filtered series will mainly include the frequency components
of {y;} that are most weighted by the transfer function. If |B(e=*)| = 1 for a particular
frequency w then the component of {y;} at the w frequency is preserved without any distortion,
whereas ‘B (e‘i“)| = 0 for a particular frequency w implies that the w frequency component of
{y:} is completely eliminated. Further, if ‘B(e‘i“’)| < 1 (or > 1) for a particular frequency w
then the w frequency component of {y;} is retained but with some distortion.

The linear filters are classified as low pass, high pass or band-pass filters according to the type
of frequencies that they preserve. For instance the difference operation is a linear filter frequently
used to render a time series stationary. This means that the transfer function will assume higher
values at medium and high frequencies than at low frequencies. So, that {z;} encompasses only
the medium and short term components of {y;}. For this reason the first difference filter is

classified as a high pass filter. Explicitly, taking first differences of a time series consists in
=yt —yYr—1 = (1 — L)yr = F(L)y
Since fo =1, f1 = =1 and f; = 0 for |j| > 2 the frequency response function is simply

Fle™)y=1—e™ g<w<n7
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and the squared gain

|F(e™™)|* = F(e™)F(e™) =

Figure 18 shows the squared gain of the first difference filter in the interval [—m,x]. At
zero frequency the squared gain is zero and in its neighborhood is very low, which means that
the low frequency components of {y:} will be eliminated or at least attenuated. Whereas the
high and intermediate frequency components are preserve, although with distortion because

|B(e_iw)’2 > 1 for some frequencies.

Figure 18: Squared gain of the first difference filter.
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A moving average filter is expressed as

m—1 m—1
1 1 .
w= o > EL]yt =G(L)y:, m=>2
=0 =0

where m stands for the moving average order. This filter is a very simple filter because its weights
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are constant for every j. The frequency response function of the filter is just

—

m—

. 1 ..
Gle ™) = T iwyg _
(e") Z me , T<w<T
Jj=0
and so the squared gain is
—iwy |2 —iw w
[Ge™™)]" = GleT™)G(e™) =

11— cos(mw)
m? 1—cos(w)

Figure 19 illustrates the path of the squared absolute value of the frequency response function
from -7 to m of a moving average filter of order 3. Clearly this filter passes low frequency
components with a gain near one and attenuates high frequencies. So, {z;} will mainly contain
the low frequency components of the original series and therefore this filter works as an example
of a low pass filter. In a time domain perspective we say that {x;} will essentially contain the

trend component because low frequencies are related with long periodicities.

Figure 19: Squared gain of the moving average filter of order 3.
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Both examples exhibit an important feature of linear filters when used in practice, which is
the fact that they usually do not leave the properties of the extracted components intact. In most

cases the frequency components are preserved with some alteration but the researchers believe
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that those distortions are minor. Moreover, filtering techniques are several times employed with

the objective to extract a particular component such as growth or cyclical fluctuations but as one

can see there is always some weight given to frequencies that are not of interest. This phenomena

is call leakage. The filters that exactly extract some desired range of frequencies are called ideal

filters. Here we will survey three of the ideal linear filters since they will be mention in the main

text.

(a) Ideal low pass filter

In this case we are looking for a filter that exactly retains the low frequency components
of the {y;} series and that completely blocks the high and intermediate frequencies. For

that purpose we must establish the following transfer function

’BLP(efiw)|2 L el <w
0, |wl>uw

where w; sets the upper bound to what we consider low frequencies. The name ideal low
pass filter obviously follows from the fact that it isolates exactly a range of low frequencies.

The time domain representation of the ideal filter weights is obtained by working the IFT

of BEF (e=™). For j # 0

LP
bj

1 4 . L
/ BLP(e—zw)ezwj dw =

2r J_»
1 [
21 )y,

1 [eiwi]*
%[ij]_ a

wi

e“dw =

sen(wj)

; il =1
mj
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and for j =0

1 g )
bOLP = %/_ﬂ BLP(e_W)dw =

1 [«

= — ldw =
2 J_,
1 wy

- % [ ]—wl

oo

From figure 20 we observe that this filter exactly preserves frequency components within

[—wi,w;]| and that it completely eliminates the frequencies outside this interval.

Figure 20: Squared gain of the ideal low pass filter.
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(b) Ideal high pass filter
In this case we want a filter that simultaneously preserves the high frequencies while elim-

inaties the low frequencies. Hence, we define the following

I, >
|BHP(e—iw)’2 — |w| “h

0 ; |UJ| < Wp
The ideal weights, in time domain representation, for the high pass filter are easily obtain
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given that this filter can be constructed from a low pass filter considering w;, = w; and
BHP(Ly=1- BMP(L)

where BHP (L) denotes the ideal high pass filter and BYT(L) the ideal low pass filter in
time domain. Then,
LP -
yP 1—b; ,J3=0
J

LP .

Ideal band-pass filter
This last case is in the middle of the two previous filters. The objective is to eliminate all
frequencies outside the interval [—wp,, —w;| U [wy, wp] and leave intact all frequencies within

the interval. Hence, we have

] 1, |w| € [wi,ws]
’BBP(e—zw)’2

0 |wl & [wr,wnl

Figure ?? reveals that we definitely remove components at higher frequencies than |wy|

and at lower than |wy].

Figure 21: Squared gain of the ideal band-pass filter.

0.8-

squared guain
o
(=)
T

o
>
T

0.2-
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The filter weights in the time domain are given by

1 g o
bjBP — g[ﬂ BBP(e—zw)ezw]dw —
1 —wp o Wh, L
= — e dw +/ e"dw =
21 J wy
1 [eiwi]™« eiwi 1wh
- T LT
2w | iJ o ij 1y,
— QLL (efiwlj o efiwhj +eiwhj o eiwlj) _
1)
sen(wpj)  sen(wij) .
= 7 - 7 ) |.]| >1
and for j =0
1 g )
Wor = %/ BBP (e dw =
1 —w Wh,
= — ldw +/ ldw =
21 J wi
_ Wh—w
— —

Alternatively, the band-pass filter can be constructed from the subtraction of two ideal low

pass filters, and the ideal weights are obtained as,
BP _ ;LP(wp) 3 LP(w)
by =0 —b;

LP(w)

where bfp(wh) denotes the ideal weights of a low pass filter with cutoff at wy, and b;

the ideal weights of a low pass filter with cutoff at wj.

Finally, the IFT of the spectrum of {x;} allows recovering the autocovariance function of the

filtered series

vz (k) = Sy (w)e™“*duw, k=0t172...

—T
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