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Abstract

Governments and businesses use data collected over time as indicators of the
social, economic and business conditions of the country. These may then be used
for policy and planning decisions, calculation of national accounts and monitoring
of economic activity. The production and publication of seasonally adjusted series,
in addition to unadjusted figures, is standard practice for government statistical
agencies. In general, there are two main approaches to seasonal adjustment, namely
a filter-based approach and a model-based approach. Filter-based methods estimate
time series components, such as the trend and seasonal factors, by application of a
set of filters to the original series. Model-based methods of seasonal adjustment are

more specific to each series, and are thereby more flexible.

Time series resulting from aggregation of several sub-series can be seasonally
adjusted directly or indirectly. With model-based seasonal adjustment, the sub-
series may also be considered as a multivariate system of series and hence the analysis
may be done jointly. This approach has considerable advantage over the indirect

method, as it utilises the covariance structure between the sub-series.

The focus of this thesis is on examining how the accuracy of seasonally adjusted
series can be improved by using the sub-series. A model-based approach to season-
ally adjusting an aggregated series is carried out with two different methods. The
first method utilises an univariate basic structural model (BSM) for the aggregated
series. The second method utilises a multivariate basic structural model for the sub-
series. In basic structural models, the series components are modelled individually,
and then put into state space form. The Kalman filter is applied to obtain esti-

mates of the aggregate series components and the prediction mean squared errors.



The variance of the seasonally adjusted series given by the two methods is studied
through their relative efficiency. A particular emphasis of the thesis is on how the
similarity of and differences between disaggregated series affect the efficiency of the
two approaches to seasonal adjustment.

Results indicate that gains are attainable under specified conditions which rely
on the values of the parameters of not only the seasonal component, but also the
non-seasonal components. These results demonstrate the impact on relative effi-
ciency of relationships among sub-series parameters, both between series (i.e. within
components) and within series (i.e. between components).

The impact of the length of the time series on the accuracy of seasonally ad-
justed series is of particular interest. A simulation study investigates the parameter
estimates obtained given varying series lengths and the subsequent effects on the
accuracy of the time series components given by the Kalman filter. These effects are
measured by the naive bias in the prediction mean squared error and by the revision
error. A bootstrap correction is applied to the estimated prediction mean squared
error for both the univariate and multivariate approaches.

A single indicator measure is developed for predicting whether the properties
of the disaggregated series (or sub-series) will lead to gains in the accuracy of the
seasonally adjusted aggregated series. The quasi-likelihood method is applied to
obtain the indicator measure of relative efficiency. It is shown to be directly related
to the relative efficiency measure obtained with the Kalman filter.

Another application of the quasi-likelihood indicator is in identifying an appro-
priate grouping of the K sub-series into r < K series. The grouping can considerably
reduce the number of estimated parameters, while the accuracy of the seasonally
adjusted series is maintained.

The integrated approach of this thesis to the seasonal adjustment of aggregated
series thus provides a pathway to improved efficiency and an understanding of the

conditions under which improvements may be achieved.
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Chapter 1

Introduction

Governments and businesses use data collected over time as indicators of the so-
cial, economic and business conditions of the country, which may then be used for
policy and planning decisions, calculation of national accounts and monitoring of
economic activity. These time series are collected world-wide by government statis-
tical agencies, including the Australian Bureau of Statistics (ABS). Some of the key
time series include those of retail expenditure, employment and earnings, business
turnover, and unemployment. Since analyses of these series are fundamental to the
expenditure of billions of dollars that ultimately shape the direction of the national
economy, it is vital to accurately estimate the underlying movement of the time
series.

The production and publication of seasonally adjusted series, in addition to
unadjusted figures, is standard practice for government statistical agencies. Three

main objectives of seasonal adjustment are suggested by Bell and Hillmer (1984):
e to aid in short-term forecasting;
e to aid in relating time series to other series or extreme events;
e to allow comparability in the series from month to month.

Seasonally adjusted series are often quoted in the media, and are used by analysts in
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business and governments in the development and monitoring of plans and policies.
The first step in obtaining the seasonally adjusted series is to estimate the seasonal
effects, which are the effects that regularly occur in the same month or quarter of
each year. Secondly, the seasonal effects are removed from the original series so
that the effects of other influences are more visible. A seasonally adjusted series
contains a trend and an irregular component. For example, retail trade figures are
higher in December than in other months of the year, largely due to the purchases
associated with Christmas. This implies that there is a seasonal effect for December.
Estimation and then removal of the seasonal factors for each month of the year result
in the seasonally adjusted series.

It is important that seasonal factors be estimated accurately. Suppose, for exam-
ple, that there is no underlying growth in the retail trade series to be analysed and
that the true seasonal factor for in December is actually 30% higher than that for
November. However, the estimated value is only 29%. If, for a particular December,
the increase in the original series is 31%, then the estimated increase in the sea-
sonally adjusted series is 2%, whereas the actual increase is only 1%. The increase
is therefore estimated to be twice what it should be. This could be interpreted by
analysts as showing stronger growth in the economy than expected, and could lead
to incorrect decisions regarding economic direction and policy, such as the setting
of interest rates.

The precision of seasonally adjusted series is also important. Recognition of
the importance of the standard errors of seasonally adjusted series dates back to
the early 1960’s. Hausman and Watson (1985) report that in 1962, the (U.S.A)
President’s Committee to Appraise Employment and Unemployment Statistics (the

Gordon Commission) recommended

“that estimates of the standard error of seasonally adjusted data be

prepared and published as soon as the technical problems have been solved”.

The comment referred to the seasonally adjusted data which had been calculated
by the filter-based X-11 procedure but is equally applicable to other methods of

seasonal adjustment.
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In general, there are two main approaches to seasonal adjustment, namely a
filter-based approach and a model-based approach. Filter-based methods estimate
time series components, such as the trend and seasonal factors, by application of a
set of filters to the original series. This iterative technique is applied by the widely
used X-11 package (Shiskin et al., 1967). With filter-based methods, basically the
same overall procedure is applied to all time series, although the specific filters used
may vary according to the properties of the series. In this sense, it can be regarded
as inflexible (Harvey, 1989), but convenient to apply to many series.

Model-based methods fit a particular statistical model to the series. The models
employed could be ARIMA (Autoregressive Integrated Moving Average) models or
structural time series models. The ARIMA-model-based (AMB) approach to sea-
sonal adjustment (Hillmer and Tiao, 1982) is also widely used in statistical offices
and institutions throughout the world. It is implemented with the TRAMO-SEATS
(Time series Regression with ARIMA noise, Missing values, and Outliers - Signal Ex-
traction in ARIMA Time Series) software (Gomez and Maravall, 1996). Structural
time series models are models where each component of the series are modelled
separately. They are appropriate for modelling time series from many disciplines
such as economics, sociology, engineering and geography (Harvey, 1989, p xi). The
Kalman filter (Kalman, 1960), first developed in the field of engineering, is the al-
gorithm used to estimate the structural components of the model. Programs such
as STAMP (Structural Time series Analyser, Modeller and Predictor) and others
such as the set of functions collectively called the SsfPack (Koopman et al., 1999)
in the module S+FinMetrics may be used for the analysis. The AMB approach is
generally not suitable for multivariate analysis, whereas in the structural time se-
ries model known as the basic structural model (BSM) (Harvey, 1989), multivariate
analysis is a natural extension to the univariate model.

Model-based methods of seasonal adjustment are more specific to each series,

and are thereby more flexible.

“The theoretical argument in favour of model-based seasonal adjust-

ment is very strong.” (Harvey, 1989, p306)
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The basic structural model may be used for seasonal adjustment. As the structural
components such as the level, slope and seasonal factors are modelled individually,

the specification of the model may be different for different series.

“The use of modelling in connection with seasonal adjustment raises
the basic question of whether seasonal adjustment should be done at all.”

(Bell and Hillmer, 1984, p100)

Harvey (1989) echoes this comment with reference to extrapolation as a reason

for carrying out seasonal adjustment:

“However, if a series has been seasonally adjusted by fitting a model
to it, this becomes pointless since optimal predictions can be made directly

from the model.” (Harvey, 1989, p308)

Harvey goes on to suggest that in some circumstances it is interesting to look at
a series to understand its history and hence that seasonal adjustment is helpful.
He also suggests that working with the seasonally adjusted series may assist in the
detection of breaks and structural changes and this may be beneficial at the model
formulation stage.

Seasonal adjustment of an aggregate series is usually of particular interest to
statistical agencies. It may be carried out directly, with the analysis performed on
the aggregate series itself. Alternatively, indirect seasonal adjustment is performed
on each of the cross-sectional series (or sub-series) that make up the aggregate se-
ries. The seasonally adjusted sub-series are then summed to obtain the seasonally
adjusted aggregate series. With filter-based methods, the results of these two ap-
proaches rarely agree. With model-based seasonal adjustment, the sub-series may
be considered as a multivariate system of series and hence the analysis may be done
jointly. This approach has considerable advantage over the indirect method as it
utilises the covariance structure between the series. When the sub-series are as-
sumed to be independent, the multivariate approach is equivalent to the indirect

approach. Thus, the indirect approach can be regarded as a special case of a multi-
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variate model-based approach. The aggregate series may also be analysed with an

univariate model which corresponds to the direct method of seasonal adjustment.

Given the importance to statistical agencies and users of the data, the focus of
this thesis is on examining the accuracy of seasonally adjusted series. The emphasis
is on a model-based approach to seasonally adjusting an aggregate series via two
different methods. Firstly, an univariate basic structural model (BSM) is applied to
the aggregate series to obtain estimates of the series components. Secondly, the sub-
series are modelled jointly with a multivariate basic structural model to obtain the
aggregate series components that utilises the information drawn from these series.
The research will seek to elucidate conditions under which application of a multi-
variate model will improve the quality of estimated seasonal factors, and hence the
seasonally adjusted series. A particular emphasis is on how the similarity of and the
differences between disaggregated series affect the efficiency of seasonal adjustment
approaches. The impact of the length of the time series on the accuracy of season-
ally adjusted series will also be investigated for both univariate and multivariate

approaches.

A review of the literature in Chapter 2 reveals many applications of model-based
seasonal adjustment and its comparison to the more widely used filter-based method
X-11 and associated variants. A bivariate basic structural model has been applied to
improve estimates of the components of a target series by jointly modelling a related
series. These and other relevant topics are reviewed and discussed in Chapter 2.
This discussion leads to the multivariate model which is proposed in Chapter 3. By
writing both the univariate and multivariate models in state space form, the Kalman
filter (Anderson and Moore, 1979) can be applied, yielding estimates of the series

components. The procedure is detailed in Chapter 3.

The estimation of a seasonally adjusted series is evaluated by several well known
criteria. The accuracy of the seasonally adjusted series is measured by determining
its variance. For a basic structural model, this is a by-product of the application
of the Kalman filter. The variance of the seasonally adjusted series given by the

univariate and multivariate models will be compared using their relative efficiency.
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In Chapter 4, an empirical study will thoroughly investigate the conditions which
affect relative efficiency. This will be carried out by fixing the known parameters of
an aggregated series, but varying the parameters of the sub-series.

In Chapter 5, a single indicator measure is developed for predicting whether
the properties of the sub-series will lead to gains in the accuracy of the seasonally
adjusted aggregate series. A quasi-likelihood method is applied to the sub-series to
obtain the indicator of relative efficiency, given the series parameters.

The length of a time series is crucial to the accuracy of model parameter esti-
mates. For the univariate and multivariate approaches, a simulation study investi-
gates the parameter estimates obtained given varying series length. Estimation of
model parameters, and the subsequent effects on the estimates of the components
and their mean squared errors, is the focus of Chapter 6.

Revision error is an important measure which attracts a lot of attention in gov-
ernment statistical agencies. It is the error associated with the degree of revision
an adjusted series undergoes when new observations become available. The revision
error for the two methods will also be compared in Chapter 6.

Lastly, if there are several sub-series, the question arises as to whether grouping
them can maintain or improve the accuracy of the seasonally adjusted series. By
grouping sub-series to form new series, the number of parameters to be estimated
is reduced. The method of grouping the series is demonstrated by an example in
Chapter 7.

If the joint modelling of the disaggregated series increases the reliability of the
seasonally adjusted aggregate series, and the degree of revision is also reduced, then
users will have more confidence in the published seasonally adjusted series. Analysts
will be able to detect more accurately important changes in a series and hence to
make more informed decisions regarding the direction of the economy. In particular,
this research has application in the seasonal adjustment of short to moderate length
time series where the component estimates are often considered experimental (ABS,
2007a). On a wider scale, it has implications for the area of linking two time series

to improve the estimation of one of them by using a bivariate modelling approach.



Chapter 2

Issues in Seasonal Adjustment

The questions considered by this thesis relate various topics discussed in the statisti-
cal literature. Seasonal adjustment may be performed by several different methods,
such as filter-based or model-based methods, using a single aggregate series, or by
considering disaggregated series. Filter-based approaches such as X-11 have been
compared to model-based approaches in terms of their capacity to estimate the se-
ries components such as the trend component, comprised of the level and slope of
the series, and also the seasonal component. Component estimation in a multi-
variate model-based context will be reviewed with reference to not only the use of
sub-series but also the use of a related series for the improvement of the component
estimates of a target series. Another important factor in estimating series compo-
nents is the length of the time series. A review of the literature will include the

topic of estimating components of series with different lengths.

7
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2.1 Current Methods

2.1.1 Filter-based Seasonal Adjustment: X-11

Many government statistical agencies use a filter-based or empirical approach to de-
compose an observed series into several unobserved components. The most widely
used of these empirical methods is the X-11 method developed in 1965 by Shiskin
(Shiskin et al., 1967). X-11 evolved to include the use of ARIMA models to fore-
cast the series in order to improve the estimation of components at the end of the
series, thereby reducing revisions. Developments include X-11-ARIMA and X-11-
ARIMA-88 developed by Dagum (Dagum, 1988) and X-12-ARIMA (U.S. Bureau of
Census). For an historical review of seasonal adjustment see Bell and Hillmer (1984)
or Ladiray and Quenneville (2001).

The X-11 method treats the observed value at a particular time, Y;, as a func-
tion of three components; the trend (7'C}) which incorporates the overall cycle, the
seasonal factor (S;), and lastly, the irregular component (I;). Assuming the effects

are additive, the observed value is written as:
}/t:TCt—f—St—’—It for t:]_,,T (21)

Smoothing techniques such as moving averages are applied iteratively to obtain
estimates of the trend and seasonal components. The moving average of coefficients

is defined in Ladiray and Quenneville (2001, Section 3.1.1) as

+f
M(X;) = 0k Xpih (2.2)

k=—p

The quantity p + f + 1 is called the moving average order and {6} is the set of
coefficients.

A P x () moving average is obtained by applying in succession a simple moving
average of order P (with coefficients all equal to 1/P) and a simple moving average
of order @) (with coefficients all equal to 1/@Q). Thus, a 2 x 12 moving average
for a monthly series has coefficients {1,2,2,2,2,2,2,2,2,2,2,2 1}/24 and therefore
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requires 13 data points. A 3 x 3 moving average for a monthly series has coefficients

{1,2,3,2,1}/9 and therefore requires 5 data points (Ladiray and Quenneville, 2001,
Section 3.2).

The eight basic iterative steps in X-11 for monthly series are detailed in Ladiray

and Quenneville (2001, Section 2.4) and summarised here as follows:

1.

. Re-estimate the trend using a 13-term Henderson moving average on Y sa,

Estimate the trend using a 2 X 12 moving average (or 13 point) on the original

series, which yields T’ Ct(l).

. Remove the estimated trend to leave a series comprising a seasonal component

and an irregular component, (S; + ;).

. Estimate the seasonal component using a 3 x 3 moving average (5-point) ap-

plied to (S; + ;) and normalise the coefficients so that their sum is zero.

Remove the normalised seasonal component from the original series to obtain

the estimated seasonally adjusted series, Ysa%l).

(1)

to give TC’t(Q). (For information on Henderson moving averages used in X-11,

refer to Ladiray and Quenneville, 2001, Section 3.2.2).

. Remove the newly estimated trend from the original series to again leave sea-

sonal and irregular components, (S; + I;)?.

Estimate the seasonal component using a 3 x 5 moving average (7-point) ap-

plied to (S, + I,)® to give 5’,5(2). Normalise the coefficients to give Snormgz).

2)

. Remove seasonal component (Snormg ) from the original series to obtain the

estimated seasonally adjusted series, Ysa?).

Details of the X-11 method with a complete example can be found in Ladiray and

Quenneville (2001). Other adjustments may also be included for outlier detection

and removal, moving holidays (such as Easter) and trading day effects.

For many economic time series, a multiplicative model say, Y; = T'C; x S; x I, for

t=1,...,T, is more appropriate than an additive model as given by (2.1), but the
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same iterative approach may be applied. This thesis will concentrate on additive
models.

The methods described above rely on the strength of the historical data. Data
for at least five years are usually required to estimate seasonal factors. For example,
if the series consisted of monthly data, then to calculate a 3 x 5 (or 7-point) moving
average for December, seven data points for December (i.e. 7 years) are required. If
instead a 3 x 3 (or 5-point) moving average was applied, only five data points (i.e.
5 years) would be required. Although data for at least five years are being utilised,
the seasonal effects for a particular month are estimated by only five data points.
Seasonally adjusted and trend series are likely to be considered experimental if fewer

than five years of data are available for estimation of seasonal factors (ABS, 2007a).

2.1.2 Model-based Seasonal Adjustment

Model-based seasonal adjustment requires modelling the observed time series and the
unobserved components such as the trend, seasonal and irregular components. There
are two main approaches to modelling time series: the ARIMA model-based (AMB)
approach (see Burman, 1980; Hillmer and Tiao, 1982 ) and the structural time series
(STS) approach (see Engle, 1978; Harvey and Todd, 1983; and Harvey, 1989). The
ARIMA model-based approach to seasonal adjustment involves fitting a seasonal
ARIMA model to the overall series and then decomposing it into appropriate models
for each of the components (Maravall, 1995). This approach is often called ‘signal
extraction” (Whittle, 1963 and Burman, 1980). The structural time series approach
directly specifies models for each of the unobserved components which have a direct
interpretation.

In the AMB approach, the estimation process requires two steps: estimating the
ARIMA model and decomposing it into the additive unobserved components (signal
extraction). In the development of ARIMA models, there was difficulty in dealing
with series which had non-stationary trends and changing seasonality. Box and

Jenkins (1970) use differencing to eliminate the trend and seasonal effects instead
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of modelling the components separately. Differencing a series involves the lag or
backward shift operator, B, which is defined as B*y, = y,_,. The first-difference
operator, A, is defined as A = 1— B, and hence a first differenced series is determined
by Ay, = (1 — B)y; = y: — yi—1- The seasonal difference operator, Ay, is defined as
Ag = (1 — B?®), where s is the number of seasons in the data (Harvey, 1989, Section
2.1.2). Applying the seasonal difference operator yields Azy; = (1—B*)y; = yi—Yr—s-
A series may need more than one application of differencing to attain stationarity.

For a general review see Pena et al. (2001, Chapter 8).

Estimation of the unobserved components may be carried out with the Wiener-
Kolmogorov filter (Burman, 1980 and for an illustration with economic time series
refer to Maravall, 1995). Let y, = m;+n,; where y; is an observable time series and m;
and n; are the unobservable signal and noise time series respectively. When m; and
n; are independent and stationary, signal extraction may be carried out by applying
the Wiener-Kolmogorov filter. Burman (1980) uses a partial fraction decomposition
of the filter to obtain the estimate of the seasonal component. When either m; or
n; or both are non-stationary, signal extraction may be performed by the method
discussed in Bell (1984) which makes assumptions about the generation of the series
my, Ny, Yi, and their starting values. Gomez (1999) also discusses the estimation
of unobserved components in non-stationary time series. He shows that the same
result is obtained with three different methods of filtering non-stationary time series
under certain assumptions. The three methods applied are Kalman filtering plus
smoothing, Wiener-Kolmogorov filtering plus Tunnicliffe Wilson algorithm (as given
in Burman, 1980), and penalised least squares smoothing. He suggests that if the
standard errors of the estimator are required, then the Kalman filter approach is
the only approach which supplies this information under very general conditions

(Gomez, 1999, p109).

In practice, estimation of the ARIMA model may be carried out using the
TRAMO (Time series Regression with ARIMA noise, Missing values, and Outliers)
program and the decomposition is carried out with the SEATS (Signal Extraction

in ARIMA Time Series) program. The programs are often referred to jointly as
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TRAMO-SEATS (developed by Gomez and Maravall, 1996), and is widely used in
many statistical agencies and banks, particulary in Europe. The SEATS program
implements the method proposed by Burman (1980). A helpful summary can be
found in Pollock (2002). With TRAMO-SEATS, one has the advantage of an auto-
matic model selection procedure (see Maravall, 2006 for a summary and example)

which does not require prior knowledge about the structure of the series.

In general, STS models use an additive structural decomposition of the series:
yy = TCy + Sy + I;. In the case of multiplicative series (y, = TC; x Sy x I;), this
is handled by taking the logarithm of the series. The unobserved components are
the linear trend cycle component T'CY, the seasonal component S;, and an irregular
or noise component [;. These components may be modelled in various ways. In
the Basic Structural Model (BSM), the unobserved components may be modelled
by Markov processes (Harvey and Todd, 1983). The BSM is described in detail in
Harvey (1989). The main feature of the BSM is that the trend is modelled as a local
approximation to a linear trend defined by a level and slope component. Both the
level and slope may change over time according to a random walk process. Two of
the more commonly used models for the seasonal component are the dummy vari-
able seasonal model and the trigonometric seasonal model. Both models allow for
changing seasonality over time while ensuring that the sum of the seasonal compo-
nents over any s time periods has an expected value of zero. The univariate BSM
with a dummy seasonal component is described in Chapter 3, Section 3.2 and the
trigonometric seasonal component is described in Appendix B. The BSM is written
in state space form and application of the Kalman filter (Section 3.5.1) yields the
optimal estimates of the individual components. Thus, by subtracting the estimated

seasonal component, the seasonally adjusted series is readily obtained.

Riani (1998) compares the weights applied to observations in the two model-
based approaches: AMB and STS. Theoretically, he shows that unless the vari-
ability in the seasonal component is very large with respect to the non-seasonal
components, the two approaches produce very similar seasonally adjusted series.

The main differences were found to refer to the trend.
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There are many advantages in applying a structural model over an ARIMA
model. The BSM and its state space form (Durbin and Koopman, 2001) are based
upon the structural analysis of the series. Each component such as the trend and the
seasonal factor is modelled explicitly, before being included in the state space model.
This gives the state space approach great flexibility and transparency. Consequently,
known changes in the structure over time can be allowed for with relative ease. Even
though the estimates of the trend and seasonal components may be recovered from
the differenced series in the AMB approach, it is more convenient to model them
directly, as can be achieved using the structural model (Durbin and Koopman, 2001,

Section 3.5). Seasonal adjustment in the STS approach is more straightforward.

The main advantage of applying a BSM, for the purposes of this thesis, is that
multivariate series may be modelled as an extension to the univariate model. Other
advantages are that the structural components are a direct result of the estimation
via the Kalman filter and the mean squared errors of the estimators are also readily

available.

2.1.3 Parameter Estimation and Bias

If the level, slope and seasonal components in a BSM are allowed to change over
time, then the variances of their disturbance terms as well as the variance of the
measurement error or irregular term, comprise the set of parameters for the model
(see Section 3.2 for a description of the univariate BSM). In the literature, these
parameters are sometimes referred to as the hyper-parameters of the model. When
these parameters are unknown, maximum likelihood estimates can be obtained us-
ing the Kalman filter. These parameter estimates are then substituted into the
state space model and application of the Kalman filter yields estimates of the series
components and their associated mean squared errors (MSE). However, the result-
ing MSE is an underestimate of the true MSE (Ansley and Kohn, 1986). This has
been termed the ‘naive’ bias or the bias associated with naive approximation. Naive

approximation allows for filter uncertainty but not for parameter uncertainty. The
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underestimation is a result of not accounting for the variability resulting from the
estimation of the model parameters (Ansley and Kohn, 1986; Durbin and Koopman,
2001; Quenneville and Singh, 2005; Pfeffermann and Tiller, 2005). This is discussed

in more detail in Chapter 6.

Methods of calculating the naive bias and procedures which reduce the bias are
given in Quenneville and Singh (2005) and Pfeffermann and Tiller (2005). Both
papers include a summary and a comparison of bias corrections proposed by other
authors, including Hamilton (1986), and Ansley and Kohn (1986). An alternative

bias correction technique is also proposed in each paper.

Quenneville and Singh (2005) performed a Monte Carlo study with series of
lengths T" = 40 and T" = 100 for a model which comprised of a random walk plus
noise. The average relative bias was calculated for six bias correction procedures
and compared with the naive bias. One of the main conclusions is related to the
series length. The naive bias was greater in absolute terms for the moderate length
(T'" = 40), than for the longer series (7" = 100). For the moderate length, there
was a serious underestimation, with a relative bias of -21.2%, whereas for the series
with 7' = 100, the relative bias was -9.0%. Using the corrected Ansley and Kohn
approximation, the bias was reduced to -13.0% for T' = 40, and -4.1% for T' = 100.
Another bias correction reduced these to -6.7% and -2.5% for moderate and long
length respectively. Quenneville and Singh (2005) concluded that the corrected
Ansley and Kohn approximation was the best compromise between bias, precision,

theoretical exactness and computational requirements.

Pfeffermann and Tiller (2005) proposed a parametric and a non-parametric boot-
strap method as bias corrections to the naive bias. The bootstrap methods are com-
pared to other bias correction methods discussed in Quenneville and Singh (2005).
The robustness of the bootstrap method is examined with respect to non-normality
of the model error terms. The distribution of the maximum likelihood parameter es-
timates can be skewed, especially for short series or when the parameters are close to
the boundary value of zero. The results of an extensive simulation study show that

the bootstrap methods are ‘much superior to’ the other methods in terms of bias,
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and this is especially so for shorter series. In a study similar to that of Quenneville
and Singh (2005), the naive bias of -18.5% for a series with 7" = 40 was reduced to
0.6% with the parametric bootstrap method. Similarly, the naive bias of -7.6% for
a series with 7' = 100, was reduced to 1.6% (Pfeffermann and Tiller, 2005, p903).
These results have definite implications to the method proposed in this thesis.
As shorter series are considered, and if parameters are estimated, then the bias in
the mean squared error of the seasonal factor will need to be measured for both the

univariate and multivariate approaches. This is discussed in Chapter 6.

2.2 Comparison of X-11 with Model-Based
Estimates

The BSM can be fitted to series for which X-11 has been found to perform well
(Maravall, 1985). This is further discussed in Harvey (1989, Section 6.2.3), where
the autocorrelation function of a particular series obtained with X-11 is shown to be
almost identical to that obtained by applying the BSM. However, for most series,
X-11 tends to yield a smoother trend component than the BSM.

To obtain estimates of structural components analogous to those produced with
the X-11 procedure, the smoothed estimates obtained from the Kalman filter are
appropriate. Dagum and Quenneville (1993) as well as Pfeffermann et al. (1998)
obtained model-based estimates using the Kalman smoother and compared them
with the corresponding X-11 estimates for univariate time series.

Dagum and Quenneville (1993) compared a seasonally adjusted series estimated
by a model-based procedure with that obtained by an X-11-ARIMA method. The
two procedures were applied to the Total Sales for Department Stores in Canada
from January 1975 to December 1985. The unobserved components model in-
cluded second differences for the trend, a stochastic seasonal component comprised
of dummy variables, and a deterministic or fixed trading day component, as well
as an irregular component. It did not model survey errors. Initial estimates for
the Kalman filter were supplied by estimates from the X-11-ARIMA decomposition.

The results obtained with the unobserved components model were found to be very
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close to those obtained with the standard options of X-11-ARIMA.

Pfeffermann et al. (1998) compared trend estimates from a state space model with
corresponding estimates produced by X-11-ARIMA. They found that the model-
based trends were much smoother than the X-11 trends. The series being investi-
gated was the result of a survey and therefore included survey errors. By modelling
the survey errors and hence subtracting them from the original data values, however,

the trends produced by X-11 were very similar to the trends produced by the model.

“Thus, the use of X-11 fails to separate the genuine trend of the
population values from the spurious trends induced by the correlation

pattern of the survey errors.” (Pfeffermann et al., 1998, p346)

A similar result was obtained for the comparison of the seasonal effects. The
seasonal effects estimated with X-11 for the survey error adjusted series were almost
identical to the seasonal effects obtained under the state space model. (Pfeffermann
et al., 1998, p347).

Moosa and Lenten (2000) compared seasonal factors obtained by X-11 with those
obtained by a basic structural model (BSM) on several Australian time series. The
BSM parameter estimates for each series were obtained by maximum likelihood
using the Kalman filter. The results varied with each series, where for some series,
seasonal factors differed significantly between methods. The paper by Moosa and
Lenten does not specify if any of the series results from a survey and does not specify
if a survey error was built into the model as applied by Pfeffermann et al. (1998).
If any of the series resulted from a survey, the differences found may well be due to
the model misspecification given the survey error built into the data.

The model that has been shown to be appropriate for modelling economic time
series and for which estimates of components such as seasonal factors are comparable
to those using X-11, is the basic structural model (BSM) sometimes simply referred
to as a structural time series model. By putting this model into state space form and
using the Kalman filter, the time series components can be estimated. Discussion
in Section 6.2.3 of Harvey (1989), mentions that the BSM is applicable to series

for which X-11 is appropriate. From the research conducted by Pfeffermann et al.
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(1998), to achieve comparability of estimates of components, it will be necessary to
include the survey error in the model for those series which originate from a sample
survey.

The differences between seasonally adjusting series using the X-12-ARIMA (Find-
ley et al., 1998) and TRAMO-SEATS (Gomez and Maravall, 1996) programs are
discussed in Planas and Depoutot (2002). They compare the moving average filters
of X-11 to the Wiener-Kolmogorov filters used in the AMB approach and notice
that the X-11 filters have finite length whereas the Wiener-Kolmogorov filters are
infinite. With reference to the airline model (Box and Jenkins, 1970), they show

that the two programs can yield very similar adjustments.

2.3 Measuring Revision Error

As new observations become available in a series, the seasonally adjusted values at
the end of the series need to be revised. This is most obvious for seasonal adjustment
procedures which employ moving averages, as data points previous to, and after,
the observation are required. These changes are called revisions, and are a major
cause of concern, especially when the decomposition of the series is to be published.
The revision error is commonly defined as the difference between the concurrent or
real-time seasonally adjusted series (given by Yt“lt =Y, — Sy;) and the seasonally

adjusted series calculated h periods ahead (given by Y},

tlt+h = Yt - St|t+h)7 where

the ‘a’ superscript denotes ‘adjusted’. Pierce (1980) developed a characterisation
of seasonal revisions in terms of stationary and non-stationary linear time series
models. He showed that a preliminary seasonal estimate and its successive revisions
are mutually independent. This is primarily due to the mutual independence of the
innovations (or disturbance terms) of the observable series (Pierce, 1980). He also
examined revisions calculated with the X-11 procedure and compared them with
those obtained with X-11-ARIMA.

Revisions are not usually applied to seasonally adjusted data which are more

than three years old. When the variance of the final adjusted figure of an observa-
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tion at time ¢, using h subsequent observations (Y,{. ), is reduced to almost half

tlt+h

the variance of the current adjusted figure (Y)%,), the period is referred to as the

tlt
half-length. For X-11, the filters have a half-length of approximately seven years.
However, due to the latter weights being very small, three years is usually adequate
for revision purposes (Burridge and Wallis, 1984), after which the reductions are
negligible.

A standard error may be applied to preliminary adjusted values as an indication
of their reliability. For a basic structural model, the variance of the seasonally
adjusted series is available and is the focus of the paper by Burridge and Wallis
(1984). This is discussed in more detail in Section 3.6.1 of this thesis. Revision
error, for both the univariate approach and multivariate approach, is detailed in
Chapter 6.

Planas and Rossi (2004) investigate the reliability of real-time output gap mea-
sures and whether using inflation data improves the revision errors. They note that
the standard error of the revisions rely on the model parameters, which in turn
depend upon the length of the series. An empirical approach to the calculation of
the revision error variance is therefore proposed. Their method is based on recur-
sively estimating the model parameters as new observations become available. They
conclude that for three out of the four cases tried, in comparison to univariate mod-
elling, the bivariate approach of Phillips curve modelling substantially improved the
reliability of the estimate of real-time output gap measures (Planas and Rossi, 2004,

p128).

2.4 Seasonal Adjustment of an Aggregate Series

If an aggregate series is broken down into a several sub-series, then seasonal adjust-
ment may be performed on the aggregate series alone, or using each of the sub-series.

The definitions of direct and indirect seasonal adjustment are reviewed:

1. In direct seasonal adjustment, the seasonal component is estimated from a

single (aggregated) series and then removed.
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2. In indirect seasonal adjustment, each of the sub-series is seasonally adjusted
separately and then they are summed to obtain the seasonally adjusted aggre-

gate series.

There is extensive debate on whether to use the indirect or the direct approach
to seasonal adjustment (see Ghysels, 1997; Hood and Findley, 2003; Ladiray and
Mazzi, 2003; and Otranto and Triacca, 2002). Most of the discussion focuses on
filter-based methods such as X-11, and its subsequent variants, due to the fact that
the seasonally adjusted series resulting from the two methods can, and usually do,
differ (Hood and Findley, 2003). Questions arise as to which method produces
the more accurate estimates, how to compare the methods, and, if one method is
not always better than the other, under what conditions each method should be
employed.

Both direct and indirect seasonal adjustment employ univariate analyses. Al-
though the indirect method utilises all the sub-series, it does not do so jointly.
By using a model-based approach, seasonal adjustment may be performed on the
aggregate series using all the information in the sub-series by borrowing strength
from the connections between the sub-series and their components. The indirect
approach is not considered in this thesis, apart from taking into account the results
from previous studies as a guide to designing the experimental study discussed in
later chapters. However, the discussion of direct versus indirect seasonal adjustment
provides insight into the possible situations which may benefit from a multivariate
approach.

A thorough discussion of the direct versus indirect methods is given in Hood and
Findley (2003) with reference to the X12-ARIMA and the SEATS (Signal Extraction
in ARIMA Time Series) programs. In general, they comment that when the sub-

series

“have quite distinct seasonal patterns and have adjustments of good
quality, indirect seasonal adjustment is usually of better quality than di-
rect adjustment. On the other hand, when the component series have

similar seasonal patterns, then summing the series may result in noise
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cancelation, and the direct seasonal adjustment is usually of better quality

than the indirect adjustment” (Hood and Findley, 2003, p10).

Diagnostics of the two methods which measure the adequacy and quality of
the adjustments can be calculated. The diagnostics include the spectral diagnostic
for residual seasonality, and stability diagnostics such as sliding spans and revision
history measures which test the stability of the estimates as new data are introduced.
These diagnostics are produced by the X12-ARIMA program and it is suggested that
they should be determined for the aggregate series as well as for the sub-series.

It is not an easy task to compare direct and indirect adjustment, due to the fact
that the methods can produce different estimates. When looking for smoothness,
and if the series are adjusted additively, Hood and Findley (2003) suggest looking at
the differences of the seasonally adjusted aggregate series obtained with the direct
and indirect methods. Alternatively, if the series are multiplicative, the ratio (rather
than the difference) is appropriate.

Ladiray and Mazzi (2003, p40) state that indirect adjustment should be preferred

to direct adjustment if the

“sub-components do not have similar characteristics or if the relative

importance of the sub-series (in terms of weight) is changing very fast.”

They clarify the idea of similarity of sub-series by saying that the direct approach
could be more suited to ‘horizontal” or geographical aggregation (e.g. by country)
and the indirect approach to ‘vertical’ or sectorial aggregation, such as by sector,
branch or product. In addition to the diagnostic measures described by Hood and
Findley (2003), Ladiray and Mazzi (2003, p40) computed two measures called the
mean and maximum of the Absolute Percentage Deviation; these both measure
the relative difference between the direct and indirect adjusted series. They also
considered the degree of consistency in growth rate as the growth rates should have
the same sign and thus basically convey the same message.

Several different criteria are used in assessing the quality and adequacy of direct

and indirect seasonal adjustment when using a filter-based method such as X12-
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ARIMA (see Hood and Findley, 2003; Ladiray and Mazzi, 2003; and Otranto and
Triacca, 2002). In essence, the indirect adjustment is favoured when the sub-series
have different characteristics and direct adjustment is favoured when the sub-series
are similar.

A comparison of three seasonal adjustment methods with respect to both tempo-
ral and sectoral aggregation is discussed in Geweke (1978). Using spectral densities,
Geweke calculated the mean squared error (MSE) using the multivariate, indirect
and direct methods of seasonal adjustment for stationary series. He then compared
the MSEs of the different methods for several time series. His example featuring
data on housing starts is particularly relevant. In this example, Geweke studied
housing starts for four regions of the United States. He noted that the variances
were largely different for the four series. He also noted that the correlation among
the seasonal factors was higher than the correlation among the non-seasonal factors.
The results of the comparison showed that the MSE achieved with the multivariate
method was approximately half that of the other two approaches.

For model-based seasonal adjustment, Geweke (1978) concluded that the covari-
ance structure between the series is crucial. He found that the joint ARIMA model

was advantageous, as summarised by Taylor, when the sub-series are

“very heterogeneous, or where the stochastic structure of the non-

seasonal and seasonal components are dissimilar”. (Taylor, 1978, p432)

The ‘optimal procedure’ referred to here is the joint or multivariate method. On
the other hand, if the individual series are homogeneous, the efficiency gains are
relatively small. The homogeneous model is is referred to in Section 3.3.1 and
discussed in more detail in Section 5.6.1.

Planas and Campolongo (2001) used ARIMA models to confirm and extend the
results in Geweke (1978). They studied the seasonal adjustment of contemporane-
ously aggregated series and compared the relative accuracy of the direct method with
the indirect and multivariate methods. They confirmed Geweke’s result that when
the stochastic properties of the two series are even slightly dissimilar, the indirect

adjustment is more precise than the direct adjustment. To compare the accuracy of
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the seasonally adjusted series, Planas and Campolongo (2001) calculated the final
estimation error of the non-seasonal component using the Wiener-Kolmogorov filter.
The variance of the final estimation error was calculated following the procedure by
Ghysels (1997) for the indirect case and by Geweke (1978) for the multivariate case.
The multivariate adjustment was found to be the most accurate estimation in terms
of the final estimation error.

Also using ARIMA model-based methodology, Maravall (2006), discusses the
direct and indirect seasonal adjustment of an aggregate series with reference to an
example: the exports, imports and balance of trade Japanese series. Using the
TRAMO-SEATS program, he obtains the seasonally adjusted series of the balance
of trade series with direct and indirect adjustment. No residual seasonality is found
in either of the seasonally adjusted series produced. In the case of the computed
revisions in the two seasonally adjusted series, the means are close to zero, but
the RMSE for the indirect adjustment is found to be higher than for the direct
adjustment. Maravall (2006) also shows that a smoother seasonally adjusted series
and trend-cycle series is obtained with the direct adjustment. With these results,
the conclusion points towards preference for direct seasonal adjustment at any level

of aggregation:

“because aggregation modifies the dynamic structure of the series, and
because seasonal adjustment is a non-linear transformation of the origi-
nal series, aggregation constraints between the series cannot be expected

to be preserved”. (Maravall, 2006, p2189)

Revision error is the error associated with the degree of revision a component
estimate undergoes when new observations become available. Total revision errors
of the three methods which had not been considered by Ghysels (1997) or Geweke
(1978) are reviewed by Planas and Campolongo (2001). The indirect and direct
methods performed better in many of the test cases than the multivariate method,
thus giving no optimality if revision errors were considered (Planas and Campolongo,
2001). The estimation with the multivariate ARIMA model was noted as difficult

to implement due to its complexity.
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Studies described above by both Geweke (1978) and Planas and Campolongo
(2001) cover the direct, indirect and multivariate seasonally adjusted series using
ARIMA models. The work presented in this thesis focuses on the univariate and
multivariate basic structural models and their comparison in relation to the variance

of the seasonally adjusted series.

2.5 Applications of the Multivariate Basic
Structural Model

Due to the flexibility of the basic structural model and its state space form, multiple
time series can be modelled jointly with little difficulty. Extending this idea, a target
series can be modelled jointly with one or more related series in order to obtain better
estimates of the time series components of the target series.

Harvey and Chung (2000) calculated the filtered estimates in a bivariate BSM
model and discussed the improvement in the root mean squared error (RMSE) of
the slope component over that obtained from just using the univariate model. He
found that the gains achieved in the estimation of the slope component using the
bivariate model came primarily from the high correlation between the slopes of the
two series.

The U.S. Bureau of Labor Statistics (BLS) applied state space models in estimat-
ing monthly employment and unemployment estimates for each of the 50 states and
the District of Columbia. The models were fitted to the direct sample estimates ob-
tained from the Current Population Survey (CPS) (Pfeffermann and Tiller, 2003). A
filtering algorithm is developed for state space models with correlated measurement
errors. The sampling errors are included as part of the observation (measurement)
equation instead of the current practice of including them in the state vector. The
states are grouped into a number of homogeneous groups (those States with similar
labour force behaviour) and then the model is fitted jointly with added constraints.
The empirical illustration fits the BLS model to the direct CPS unemployment esti-
mators in 9 census divisions of the USA with the constraint that the Census divisions

unemployment are benchmarked to the total national unemployment. Thus, use of
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a multivariate state space model with added constraints leads to estimates which
borrow strength from both past and disaggregated data (Pfeffermann and Tiller,
2003, p3).

Similarly, Marshall (1992) applies the multivariate BSM to a cross-section of time
series. He investigates the relative efficiency of the filtered estimates as a function
of both time and the number of units (or series). He concentrates on estimation of
the time-dependent means by using the Kalman filter applied to the multivariate
local level model, and reports that there are gains in using all the series to do so.

A specific focus of this thesis is in establishing whether there are gains in the
estimation of the seasonal component of the total series by jointly modelling the sub-
series. This topic extends the work carried out by Marshall through focussing on
the seasonal component and simultaneously using the ‘related series’ idea of Harvey.
In this case, the sub-series are treated as related series and the aggregate series is
considered the target series.

The component estimates included in the state vector which apply to the sub-
series are not of direct interest here but are calculated in order to obtain a better
estimate of the structural components of the total series. It will be shown that under
certain conditions, this procedure will enable the seasonal component estimates to
be calculated with greater accuracy than if the total series was modelled by an

univariate approach.

2.6 Short Time Series

A time series is referred to here as short if there are 5 or fewer years of data points
available. An example is a time series with five years of monthly data, that is,
60 data points. Under a filter based system, seasonal adjustment requires at least
three, but preferably five, years of data, due to constraints implied by the method
of calculation of the moving averages, as described in Section 2.1.1.

Mir and Rondonotti (2003) studied the performance of the X-12-ARIMA pro-

cedure in the seasonal adjustment of short time series. They applied Monte Carlo
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simulation techniques to compare the adjustment of a five year series (a short se-
ries) to one which has a fifteen year history (a long series). The first two years of
the adjusted short time series were found to be ‘seriously distorted’. This occurred
especially when the original series had a highly variable seasonal pattern. However,
when they compared the last two years of the adjusted short series to the adjusted

long series, the former was ‘only slightly inferior’ to the latter.

When a survey undergoes a major innovation, the new and old surveys are usually
both administered for an overlapping period of typically one to two years. Informa-
tion regarding the effects of the change are required, however the new survey does
not have the required number of time points to apply typical seasonal adjustment
procedures. Gatto (2006) proposes a method of using the estimates of the compo-
nents of the old survey to obtain estimates of the new series components. He allows
each component in the new series to be a function of the estimated component of the
old series. For the old survey, which has 12 years of quarterly data, he utilises the
TRAMO-SEATS program, which is based upon a model-based canonical decompo-
sition of the series to estimate the components. By minimising the sum of squared
estimates for the irregular component, he obtains estimates of the coefficients linking
the old and new survey components. By projecting the coefficients estimated in the
overlapping period onto the components of the old survey over the historical data,
a ‘new’ series is produced for the past data. This projected series is consistent with
the new survey results and is long enough for seasonal adjustment procedures to be

applied.

Mazzi and Savio (2003) compared the quality of the performance of two widely
used programs for seasonal adjustment: TRAMO-SEATS (model-based) and X-
12-ARIMA (filter-based) for different length time series. They apply the methods
to short series (5 years of data), medium series (10 years of data) and long length
series (20 years of data). The main finding is that the quality of seasonal adjustment
reduces as the length of the series shortens. A variety of measures are calculated
and compared given the output from the two programs. The measures of quality

assessment are adapted from Ladiray and Mazzi (2003). More specifically, ‘the
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deterioration is found to be proportionally greater passing from long to medium,
than from medium to short time series’. The results imply that greater instabilities
exist in the seasonal adjustment process at the start of the series, than at the end of
the series (Mazzi and Savio, 2003, p9). Further, such instabilities seem to be greater

for the model-based approach (TRAMO-SEATS).

2.6.1 Short Time Series and Longitudinal Analysis

Another area of statistics which sometimes includes short series is the analysis of
longitudinal data. In a study conducted by Feder et al. (2000), the data consist of
longitudinal observations which are repeated measurements on the same units over
a number of occasions with fixed or varying time periods between the occasions.
The observations have a hierarchical structure in which individuals (first level) are
within households (second level). Thus, each vector observation may be treated as
a time series, usually of short length.

In order to model both the hierarchical and longitudinal nature of the data they
propose ‘a time series multi-level model which combines separate cross-sectional
two-level models by modelling the evolution of the first and second level random
effects over time’ (Feder et al., 2000, p57). The multi-level model may be written
in state space form and the time series relationships can be proposed for the vector
of coefficients and the random effects. An AR(1) relationship is assumed for both
the first and second level random effects. Given the large number of parameters to

be estimated, they propose a two-stage estimation process:
1. multi-level modelling estimation for the cross-sectional parameters; and
2. state space model estimation for the time series parameters.

The first stage involves fitting a multi-level model to each series separately to
obtain iterative generalised least squares (IGLS) estimates of the time dependent
fixed effects and the variances of the random effects. The second stage involves
holding fixed the parameters estimated in first stage, and the remaining parameters

of the combined model (three AR coefficients and corresponding residual variances)
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are estimated by maximum likelihood estimation. The application of the Kalman
filter is carried out after setting the required initial values.

As noted by Feder et al. (2000, p60), ‘The Kalman filter is initialized by the
unconditional means and variances of the random effects under the model, but at
time t = 1 the moments holding for units in the sample can be different because of
the sampling effects. For long enough series and under some regularity conditions,
the estimates derived from the maximization of the likelihood are not sensitive to the
initialization of the procedure. However, with short series, improper initialization
under informative sampling could distort the estimation process’.

In a simulation study, Feder et al. (2000, p61) demonstrated that ‘under non-
informative sampling it is possible to successfully fit simple but non-trivial time series
models to very short longitudinal series, provided that the number of observed series
is sufficiently large’.

Thus, previous research shows that in appropriate circumstances, the Kalman
filter may be applied to short series. In Chapter 6 of this thesis, the accuracy of the

estimated time series components will be examined for different series lengths.

2.7 Modelling Survey Errors within a State Space
Model Context

When analysing time series that have been constructed from panel estimates, it
is important to account for the autocorrelations of the survey errors. Pfeffermann
et al. (1998) developed a method of estimating the survey error autocorrelations
(SEA) based on the raw panel estimates. These SEA estimates were then used ‘to
construct simple state space models that allow the separation of the trend of the
population values from the spurious trend induced by the movement of the survey
errors’ (Pfeffermann et al., 1998, p340). That is, by estimating the SEAs, researchers
were able to identify and estimate time series models for the survey errors. Illus-
trations include both Australian Labour Force Survey and U.S. Labor Force Series
(Pfeffermann et al., 1998). An AR(2) model provided a good approximation for the

survey errors in the Australian data. Fitting of the model to the observed series
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of the direct survey estimates was carried out in two stages. This was necessary to
deal with the identifiability problem caused by the stochastic structures within the
population trend and the long-term behaviour of the survey errors. The two stages

are:
1. Estimate the survey error model parameters by:

e using the variance and autocorrelations computed from the distinct panel

estimates;

e solving the Yule Walker equations to obtain the estimators of the AR(2)

coefficients and the residual variance.

2. Estimate the population model parameters by maximum likelihood with sur-
vey error model parameters held fixed at their estimated values. The Kalman
filter was used to calculate the innovations and their variances. The OPTMUM

routine in the GAUSS software was used.

Feder (2001) gives an example of using a multivariate BSM to estimate the
number of households in Canada. The survey errors were estimated by an AR(3)
process and the parameters were included in the state vector. The BSM includes
a bias to allow for benchmarking of the filtered estimates on the Census figures.
Using maximum-likelihood estimation, the autocorrelations of the survey errors were

estimated by including them as hyper-parameters.

2.8 Intervention Analysis

Intervention analysis models the effect of a dynamic change on a time series at
a known point in time (Pena et al., 2001). The cause of the change may be a
particular event or a result of a policy change on a time series (Harvey, 1989). It
can be modelled by a dummy explanatory variable.

When there is a break in the series, or a change in the methodology used to

produce a series, it may be viable to treat the series for the old and new surveys as
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one continuous series. If 7 is the time point at which the new survey begins, then
intervention analysis could be used to determine the effect, if any, on the trend and

seasonal factors after time 7. This analysis could be done within a basic structural

model (BSM) framework.

Harvey and Durbin (1986) modelled the effect of seat belt legislation introduced
in Britain on January 31, 1983 for front seat occupants of cars and light goods ve-
hicles. They used intervention analysis based on a structural time series model to
estimate the changes in casualty rates for different categories of road users following
the introduction of the legislation. Within the BSM they used the trigonometric
approach (described in Appendix B) to modelling seasonality and incorporated an
intervention variable to model the change in the level of the series after the intro-
duction of the law. They comment on the flexibility of the structural model, which
allows a considerable amount of complexity to be accommodated within the model,
such as explanatory and intervention variables. The model is written in state space
form and the Kalman filter is applied for estimation of the time series components,

the explanatory and intervention variables.

Durbin and Koopman (2001) also investigate the use of the structural model
with intervention variables. They extend the study to a bivariate model for the
front seat passengers and rear seat passengers killed and seriously injured. The rear
seat series is used as the related series but in these circumstances it is also used as
a control group. The bivariate model results in a more precise measure of the effect
of the seat belt law on front seat passengers. In fact, the results show that the root
mean squared error is almost halved for the estimated intervention coefficient for

the level component of the front seat series.

A multivariate structural time series model with intervention analysis is also con-
sidered, among more traditional methods, by Sridharan et al. (2003). They examine
the impact of new legislation regarding sentencing of felony offenders on reported
crime rates committed on or after January 1, 1995. The multivariate BSM allows
simultaneous consideration of a set of time series where some series are considered

as treatment series and others as control series. When correlations between the
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components are high, the components of the target series will be estimated with
the combined use of the other control series rather than just using the univariate
target series individually. Sridharan et al. (2003) found that this procedure leads to
a more effective intervention analysis than other more traditional methods such as
ARIMA models and regression models with correlated errors. It is also noteworthy
that the data only included four years of post-intervention observations and that
the intervention variable was modelled as a step variable to account for a level shift.

The work described above discusses intervention analysis which allows for level
shifts in one or more time series. When there is a change in the survey methodology,
(such as a change in the sample design or a change in the questionnaire design) or a
break in a series, it is not only the trend of the series that may be affected but also
the seasonal pattern. Penzer (2006) proposes a method of detecting seasonal shifts
within the structural time series approach. He formulates diagnostic statistics which
can be generated from the output of the smoothing algorithm associated with the
Kalman filter. The flexibility and transparency of the basic structural model allows
intervention variables to be added into the model. Within the ARIMA model-based
approach, Kaiser and Maravall (2003) discuss different specifications for a seasonal
outlier particulary with respect to the automatic procedures of outlier detection
(such as in the TRAMO program). They propose an extended procedure which
adds the seasonal level shift outlier to the standard method. The seasonal level
shift, which can affect both the trend and the seasonal component, is discussed in

detail through simulation and real data examples.

2.9 Conclusion

Seasonal adjustment may be performed by filter-based methods or model-based
methods as described in this chapter. For an aggregate series, the adjustment can
be made on the aggregate series directly, or it can be be done indirectly using
the sub-series. Although each of the sub-series is utilised in the indirect approach,

each series is seasonally adjusted individually rather than jointly. A multivariate
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approach to seasonal adjustment is an alternative to both the direct and indirect
methods. Limited research has been done in this area, and mostly with ARIMA
models.

Previous studies have shown that the multivariate basic structural model has
been effectively used to achieve gains in the estimation of series components of a
target series. There is scope for additional research in the area of joint modelling
of time series for the purpose of seasonal adjustment of an aggregated series. The
next chapter describes the univariate and multivariate basic structural models and
proposes a methodology for estimating time series components of an aggregated

series.



Chapter 3

Modelling Disaggregated Series

3.1 Introduction

A structural time series model allows time series characteristics such as trend, sea-
sonal and error components to be modelled specifically. The basic structural model
will therefore be the model of choice for this thesis.

The series of observations of the aggregated series, Y7, ..., Yy, will be modelled
by an univariate additive basic structural model (BSM). If the aggregated series is

a sum of K sub-series, for t = 1...7T, then,

K
Y= Yi (3.1)
k=1

and Yy, ..., Yk, may be modelled jointly with a multivariate BSM.

This chapter details the models to be applied to the univariate aggregated (or
total) series (Section 3.2) and the system of sub-series underlying the aggregated
series (Section 3.3). The univariate and multivariate models are then converted into
state space form (Section 3.4). Applying a transformation to the multivariate model
of the sub-series, the series components for the aggregate series may be determined
directly from the multivariate model (Section 3.4.3). The Kalman filter, which yields
the estimates of the series components and their mean squared errors, is then detailed
for each approach (Section 3.5). A measure of comparison of the mean squared errors

of the seasonal component given by the two approaches is then proposed (Section

32
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3.6).

3.2 Univariate BSM

For a single additive time series, the observations at time ¢, denoted by Y;, may be
written as the sum of a local linear trend, L;, a seasonal component, S;, and an
irregular or disturbance term, €y, ;. This basic structural model may be written in

the notation adopted by Feder (2001), for t =1,...,T as
Y,=Li+ S +e¢uv1 ev, e ~ N(0,07. ), (3.2)

where the U subscript in the serially independent ey ; denotes the univariate model.

3.2.1 The Trend Component

The trend may be assumed to evolve stochastically over time, and may or may not
include a slope term. If a slope term is included then the local linear trend may be

written as

Liy1= L+ By +nu s nu,« ~ N(0, O.IQJ,n)? (3.3)

where L; is the level of the series at time t and R; is the local rate of change or slope

of the series. The slope may evolve stochastically over time as a random walk:
Ry = R+ Cu t, Cu,e ~ N(0,07, ¢) (3.4)

If a slope term is not included then the local level trend may be written as
Liyr = Li +nu, «, .t ~ N(0,07 ). (3.5)

The random errors in the univariate trend component, 1y ; and (y ¢, are mutually
and serially independent.

For a comprehensive review of stochastic linear trends, which compares some of
the trend models most often used in practice such as in the ARIMA model-based

approach, the STS approach and the X11 procedure, see Maravall (1993).



Chapter 3. Modelling Disaggregated Series 34

3.2.2 The Seasonal Component

There are several ways of modelling the seasonal component, S, in (3.2). Let the
number of seasons in the year be denoted by s. Thus, for quarterly data, s = 4, and
for monthly data, s = 12. If the seasonal pattern is constant over time, the seasonal
effects can be modelled by the constants S5, ..., S such that Zj‘:1 57 =0. So the
seasonal component for the jth season in year i is S; = S; where t = s(i — 1) + j
forv = 1,2,... and j = 1,...,s. The constraint to add to zero over s seasons
can be written as )7, S; = 0, or over any s time periods, Zj;(l) Sir1-; = 0 with
t=s—1,s,... (Durbin and Koopman, 2001, Section 3.2).

If the seasonal effects are allowed to change stochastically over time then a dis-

turbance may be introduced such that

s—1

s—1
Z Sip1-5 = wWu, ¢, or Sip1 = — Z Stt1-j +wu, ¢, (3.6)
3=0

j=1
where wy, ; are independent over time and have distribution wy, ; ~ N (0,07, ). Since
the disturbance term has an expectation of zero, (3.6) still allows the expected value
of the sum of the seasonal effects to be zero over any s time periods. The model for
the seasonal component described in (3.6), is called the dummy seasonal model.

Alternatively, the seasonal component may be modelled by a set of trigonometric
terms at the seasonal frequencies. This is described in detail in Appendix B. Other
ways of expressing the seasonal component have been suggested. One method ex-
tends the dummy seasonal model (3.6) by letting each season evolve as a random
walk, see Harrison and Stevens (1976).

Proietti (2000) looks at four different specifications of seasonal models, including
the dummy seasonal and trigonometric seasonal models. He concludes that their
performance depends particularly on the smoothness of the seasonal pattern. When
the time series has seasonality which changes slowly, the dummy seasonal model is
not preferred. The trigonometric specification allows for smoother changes in the
seasonal components (Harvey and Scott, 1994). However, in one example in Proietti
(2000), the dummy seasonal specification is found to be slightly superior in terms

of forecasting performance. None of the four models studied could be viewed as the
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optimal seasonal model. For a comprehensive review of modelling seasonal effects,

see Proietti (2000).

In this thesis, the dummy seasonal model will be the specification used in the
BSM due to its analytical simplicity. Part of the study in Chapter 4 is repeated
by replacing the dummy seasonal model with trigonometric seasonal model. The

results for the relative efficiency are almost indistinguishable (see Appendix B).

3.2.3 The Disturbance Terms

The disturbance terms ny, +, Cu, +, wy, + and ey, ¢, are assumed to be serially and mu-
tually independent. Their respective variances, {07, ,, 0% ¢, 0%, ,, 0p, .}, are the pa-
rameters of the univariate model, sometimes referred to in the literature as the
hyper-parameters.

A univariate BSM may be defined by combining a model for the trend and a
model for the seasonal component. A BSM with a level, slope, and dummy seasonal
model is defined by (3.2) - (3.4) and (3.6). It will be used to model the aggregated
series, Y}, given by (3.1).

3.3 Multivariate BSM

If an univariate time series is disaggregated such that the sum of the K sub-series
is the aggregated (or total) series (3.1), then a multivariate BSM can be applied to

the sub-series, Yy, ..., Yky.

The observation for series k at time ¢, denoted by Y}, is modelled by the level
component, L, the slope component, Ry, and the seasonal component, Si;, as

described by

Yir = Lt + Skt + €t (3.7)
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where

Li t+1 = Ly + Ryt + e

Ry, 141 = Ryt + Cre

s—1

Sk, t41 = — g Sk, t4+1—j + Wit

j=1
k=1,2,--- K and t=1,2,---,T.

The disturbance terms €4, Mxt, (e and wy; are assumed to be serially and mutu-

ally independent. The disturbance terms for the same component, but for different

series, may be correlated; for example, it may be that Cov(n¢, 179;) may not be zero.

The distributions of the disturbance terms are given by

€1t Tt
~ N(OJ 25)7 ~ N<07 En)a (38)
EKt MKt
Cit Wit
~ N(O, 2()7 and : ~ N((), Ew). (3.9)
Crt WKt

Each covariance matrix will have dimension K x K. If no restrictions are placed
on the structure of each covariance matrix, apart from being positive definite, then
for each matrix there are K (K + 1)/2 parameters corresponding to K parameters
for each of K sub-series and K (K — 1)/2 covariance terms. Hence, if there are four
components in the model (level, slope, seasonal, and error), then there will be, in
total, 2K (K + 1) parameters which may need to be estimated. Obviously, as K
becomes large, the estimation process could become difficult due to the number of
parameters to be estimated. It is possible to reduce the number of parameters by
placing some restrictions on the structure of each covariance matrix.

Model (3.7) is referred to by Harvey (1989) as a system of ‘seemingly unre-
lated time series equations’ or a SUTSE model. They consist of sub-series which

may be exposed to the same overall economic environment but not subject to any
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cause-and-effect relationships. These sub-series may be linked via correlations of the
disturbances driving the components of the series (level, slope, seasonal and error).

This is referred to as ‘contemporaneous correlation” (Harvey, 1989, p429).

3.3.1 Placing Restrictions on the Variance Structure

A multivariate BSM may be simplified by reducing the number of parameters to be
estimated. This can be achieved by restricting the structure of some or all of the
covariance matrices. Specific restrictions and their properties have been discussed
in the literature. One restriction leads to the homogeneous SUTSE model, in which
the covariance matrices are proportional to each other (see Harvey, 1989; Fernandez
and Harvey, 1990). However, for a homogeneous model, there is no gain in using
the sub-series to improve estimates of an aggregated series. In this case, ‘the sum of
the individually adjusted series is equal to the adjusted aggregate’ (Harvey, 1989,
Section p437). The properties of a homogeneous model are therefore not beneficial
to the aim of this project. Other ways of restricting the structure of the covariance
matrices will be examined.

Many areas of statistics employ the concept of random error terms which have
been broken into more specific random components such as common and unit-specific
components. These include longitudinal data analysis, multi-level data analysis,
mixed effects models, and variance components models. More specific to the problem
at hand, however, is the work carried out by Marshall (1992), who looks at cross-
sections of time series. Within the framework of a BSM, Marshall (1992) decomposes
the disturbance terms and relates these to the random error terms in a dynamic error
components model (see Marshall, 1992; Harvey and Shephard, 1993). Marshall uses

the example of a multivariate local level model:

Yit = Lgt + g (3.10)

Ly, 1 = Ly + My

In this model, there are K(K + 1)/2 parameters in the covariance matrix for

(€14, -.,€Ke) and the covariance matrix for (n,...,nx¢). This gives a total of
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K(K + 1) parameters.
Marshall (1992) then decomposes the disturbance terms into common effects (e,
and 7;), which are time specific, and time-unit specific effects (¢}, and 7r;,). Model

(3.10) is then rewritten as:

Yit = Lie + € + €5 (3.11)

Ly 141 = Lie +me + e

where &, €5, 1, and 7}, are assumed to be independent Normal random variables

2 2 2

with zero mean and variances o2, o2, 0, 0, respectively. Therefore, the resulting

two covariance matrices have a compound symmetry structure given by:
Y. =02 Jg + o2k and 3, = 0'727JK + O'Z*IK (3.12)

where Iy is the K x K identity matrix and Jg is the K x K matrix of all ones.
The number of parameters has therefore reduced from K (K + 1) as given in (3.10)

2 2 2

to just four parameters, namely o2, o2, Ty Oy

Alternatively, by allowing the time unit-specific effects, ¢}, and 7, to have unit-
specific variances, agg* and a,%n* respectively, the term including the identity matrix

is replaced by a diagonal matrix D:
Y. =02k +D  and X, =0.Jg+ Dy, (3.13)
where
D.. = diag[o.., ..., 0%.-] and D,- = diag[o},.,...,0%,-]. (3.14)

Thus, there are (K + 1) parameters in each covariance matrix, giving 2(K + 1)
parameters to be estimated in a local level model with this structure.

The above two alternative covariance structures for the multivariate local level
model may be easily extended to the multivariate BSM. The model for the observa-

tion, Y, at time ¢ and for series k, is given below with £ = 1,2,..., K representing
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the K sub-series with dummy seasonal components:

Yie = Lyt + Sk + €6 + €1y, (3.15)
Ly 141 = Ly + Ryt +m + 1y,

Ry 111 = R + G+ (G,
s—1

*
Sk, t41 = — E Sk, t+1-j T wr + wpy.
j=1

The disturbance terms, €, €5, N, My Gt Gy Wi, Wiy are assumed to be indepen-

dent Normal random variables. The resulting four covariance matrices may have

the following structure (Marshall, 1990):
Var(z g +x7) = 8, = 02J g + Dy, (3.16)
where

x stands for 7, (, w, ore,

x; stands for (07, ..., M)y (G e oy Ged)'s (Whps ooy wiey)
or (g5, &xt)
D, = o0.Ix or D, =diag[ol,.,... 0% (3.17)

1 is a K dimensional vector of one’s,
I is a K x K identity matrix,

Ji = 1x1%, (a K x K matrix of all ones).

The first structure for the covariance matrix D, proposed above in (3.17) will be

referred to as Model 1 and the second will be referred to as Model 2.

Model 1: Compound Symmetry

The first covariance structure, D, = 02.If, described above for the unit-specific
disturbances, is just a multiple of the identity matrix, and has only one unknown

parameter. Therefore, together with the common variance, o2, there are only two
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parameters for each component (level, slope, seasonal, irregular) included in the
model. The full BSM model would therefore have eight unknown parameters.

For example, if K = 2, the covariance matrix for the level component would be

2 2 2

o, + 05 1o
=" " ! : (3.18)

ol ol o;.

If the correlation between the individual series for the level component is denoted

by py, then, for the compound symmetry model, it is the same for each pair of series:

2
_ 9

2 2 °
‘777+0n*

oy = (3.19)

Similarly for p¢ , p,, and p,.
Since the aggregated series is the sum of the K sub-series (3.1), the following
constraint can be applied to the variance of the level component for the aggregated

series

2 4!
Utot,n - ]'KE’?]'K

= K0} + Ko}.. (3.20)

Application of this constraint will be similar for the other components (slope, sea-

sonal and irregular) in Model 1, giving:

2 2 2 2
Ootc = K707 + Ko,
2 g2 2 2
T ot w =K, + Ko_.,

2 _ p2 2 2
Oiote = K70; + Kol

(3.21)

These constraints will be used when setting parameter values for the purpose of
simulating the total series and sub-series for Model 1 in Chapter 4.
Model 2: Series-specific Variances

For Model 2, the K unit-specific variances are the variances which are specific to

the K sub-series and will therefore be termed ‘series-specific’. These are allowed
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to differ as given by the definition for Model 2. The alternative structure for D},
has K different values on the diagonal, and hence would have (K + 1) unknown
parameters for each of the 4 component covariance matrices. Thus, in total there
would be 4(K + 1) unknown parameters for the model.

For example, if K = 2, then the covariance matrix for the level component would

be

2 2 2
O, + 01 o
=1 " ! : (3.22)
2 2 + 02
O’77 077 2+

b))

If the correlation between series k = 1 and series k = 2 for the level component
is denoted by p1, 2, , then

0.2

P1, 2,n — U . (323)
V(@ +0t )02 +03 )

Similarly for p; , p., and p..

The constraint for the level component for Model 2 would take the form

K
Opoty = K207 + Z T (3.24)
k=1

and similarly for o3, ., 07, ,, and o7, _. These constraints will be used when set-
ting parameter values for the purpose of simulating the total series and sub-series
for Model 2 in Chapter 4. When using the exact parameter values, the values of

the parameters obtained from the multivariate model for the total series, namely

2

Utot, n?

2 2 2 :
Tiot, ¢» Otot, w a0d 07, . Will be equal to the values of the parameters for the
At 2 2 2 2 :
univariate model o7, ., 07 ¢, 07, and oy . respectively. When the parameters are

estimated, this property will not necessarily hold.

Other Models

Other options for the variance structure include time-unit specific variances for one
or more components with the remaining components keeping a compound symmetry

structure. In another alternative structure, D, is a K x K diagonal matrix but it
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consists of fewer than K different variance components. This would correspond to
having various groupings of sub-series where the variances for the sub-series within
each group are equal. The number of unknown parameters would therefore be re-
duced, but would depend upon the number of groups. Examples of these alternative

structures are discussed in Chapter 7.

3.4 State Space Form

Any basic structural model, whether univariate or multivariate, may be written more
concisely in state space form (SSF). The Kalman filter and the Kalman smoother
(see Harvey, 1989; Durbin and Koopman, 2001) may then be applied to the model
to obtain estimates of the unobserved components, which may include the level,
the slope and the seasonal components. The state space form for each approach is

detailed in the following sections.

3.4.1 Univariate BSM in State Space Form

State space representation for the model described by (3.2) - (3.4) and (3.6), con-
sists of a measurement (or observation) equation (3.25), and a transition (or state)
equation (3.26). The measurement equation describes the observation at time ¢ as
a linear combination of the unobserved components included in the state vector, «;.
The transition equation describes the development of the state vector from one time
point to the next. The state space model may be written (Durbin and Koopman,

2001, Section 3.1) as:

Y, = Zow +<p v, (3.25)

Oyl = TOét -+ G")/t, (326)
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where, for quarterly data (s=4), and a dummy seasonal component,

oy = [Lt7 Rt7 St7 St—17 St—2:|,7 Qq ~ N(a17P1)7
Ve = [+, Cu,ts wo, t]l, 7 ~ N(0,Q),
€U,t ~ N(O,H),

110 0 0 100
01 0 0 0 010
T=100-1-1-1]{, G=1|o001],
00 1 0 0 000
00 0 1 0 000
ok, 0 0 00
0 o4, 0 00
Var(Gy)=1| 0 0 02,00 |, H=0} .. (3.27)
0 0 0 00
0 0 0 00

It is assumed that the initial state vector, «y, has a mean and variance given by
E(ay) = aj, and Var(ay) = Py.

In general, oy is a p x 1 vector, where p is the number of unobserved components
to be estimated. Thus, a BSM with level, slope and a dummy seasonal component
for quarterly data (s = 4), will have p = 2+s—1 = 5, as given above. With monthly
data (s = 12), the same model will have p = 2 + s — 1 = 13. The vector, v, has
dimension u x 1 and contains the disturbance terms which apply to the state vector.
Z is a 1 x p matrix, T is a p X p matrix and G is a p X v matrix. In the univariate

model, H is a scalar.
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3.4.2 Multivariate BSM in State Space Form

The multivariate BSM or SUTSE model (3.7) would usually be written in state space
form in a similar way to the univariate state space form (refer to (3.25) and (3.26)),
with the measurement errors separated from the state vector. This conventional
format requires uncorrelated measurement errors. That is, the covariance matrix,
3., is assumed to be diagonal. However, due to the common disturbance term,
¢, the multivariate BSM contains correlated measurement errors, which cannot
be handled by the standard Kalman filter or by standard software packages. To
overcome this problem, Durbin and Koopman (2001, Section 6.4) suggest including

the measurement errors in the state vector.

The state space form is amended to allow for these different dimensions for the
multivariate system of sub-series Yy, ..., Yk, as given below. The amended state
space form has the (m) subscript to denote the multivariate model. The state vector

is therefore denoted by /), ¢

Ym), t = (Zm) @ L )m), o (3.28)

am), t41 = (T @ Ix)am), ¢ + (Gan) @ Ik )vm), ¢ (3.29)

where ® is the Kronecker product (for more detail refer to Appendix A). For

quarterly data (s=4), and a dummy seasonal component for Model 2,

Yt = Yies -, Yiarl
(), t = (Ligy oy Lice, Ry Ricey Sity - -+, Sk,
51,1571, cey SK, t—1, 51, t—25 -+ -y SK, t—2,
(et 5 (etei) ]
Yomy, e = [ (e +170) -+ e+ M)y (G 4Gy ey (G + Cir)s
@+ W)y (Wi Wi)s (Bort + €5 in)s s (Bt € sn) ] -

(3.30)
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The system matrices are given by

Z(m)=<101001),

1000 11 0 0 00
0100 01 0 0 00
Gy — 0010 7 T — 00-1-1-10 | (3.31)
0000 00 1 0 00
0000 00 0 1 00
0001 00 0 0 00

and hence the covariance matrix of the multivariate system is

277 O O O O Of
Ox ¢ Og Ok Ok Ok
Ox O X, Ox Og Ok
Var (G @ Ix)Ym), 1) = , (3.32)
O Oxg O O Ox Of
Ox O Ox Ox Ox Ok

Ox O O Ox Og 3.

where Ox represents a K x K matrix of zeroes.

Similarly to the state space form of the univariate model (3.27), the seasonal
components contained in o) ; which have a subscript of ¢ —1 or ¢ — 2 do not have
disturbance terms associated with them, given the definition of the quarterly dummy
seasonal variable. This means that, similarly to (3.27), the matrix (3.32) contains
2K rows and 2K columns which are zeroes. If K = 2, the covariance matrix for the
level component, 3, is given by (3.22) for Model 2, and similarly for 3, and X..

By firstly writing the model in state space form, and letting x stand for n, ¢, w, ¢,
the variance parameters 02, 0 ., ...,0%,., may be estimated by maximum likeli-
hood estimation (Durbin and Koopman, 2001, Ch.7). These estimates would then
be substituted into the Kalman filter equations to provide estimates of the unob-

served components of the sub-series contained in the state vector «y,) ;. However,

the focus of this thesis is on the aggregated series and so it is desired to estimate
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the model components for the aggregated series using the sub-series. This can be

done more directly by applying a transformation to the above state space model.

3.4.3 Applying a Transformation

The aggregate (or total) series is the series of interest here rather than the individual
sub-series. Therefore, the output from the analysis of the total series using both the
univariate model and the multivariate model is required for comparison purposes.
In standard software packages (such as in the S-PLUS module S+FinMetrics), only
the diagonal elements of the mean squared error covariance matrix of the estimated
components are available. Thus, if the individual sub-series data are used in the
multivariate model, the required output for the total series using the multivariate
model would not be available. The covariances would be required to manipulate the
output into the desired form. A simple way of solving this problem, while continuing
to use standard software, is to make a transformation on the multivariate state space
model. This enables a direct estimation of the components of the total series, and
their mean squared errors, within the multivariate framework.

The proposed transformation allows the total series to be included as one of the
multivariate series. This means that the estimates of the components of the aggre-
gated series and their mean squared errors are directly available from the output
of the Kalman filter ( see Section 3.5) with standard software. Thus, transforming
the data before estimation, saves on manipulation of the results (all of which may
or may not be provided in standard software) after estimation. As will be men-
tioned in Section 6.2.2, this transformation is not necessary for the estimation of the
parameters.

Let A be a K x K transformation matrix:

111 ...11
11 .1
100 ...00
0
A=|o010... 0] = - (3.33)
Lk
0

000 ...10
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Applying A to obtain the transformed data, the total series becomes augmented
to the data set comprising of series 1 to series (K — 1). The data for series K is no
longer included in the data set. This data set will be referred to as the ‘transformed’

data,
A Yy, Yo, Yi) = Yior 62 Yies - Yie—11) - (3.34)

The transformation is applied to the state space model in (3.28) and (3.29) to
give the following result. (Refer to Appendix A for properties of the Kronecker

product).
Y( t — AY
- A(Z ® IK) A(m), t
= (Zim) @ Lie) (L, ® A)agmy, 4
= (Zm) @ Ix)ovn, ¢ (3.35)
amn, t+1 = (I, @ A)agny, 141

Tny) @ L) (I, ® A)agn, ¢ + (I, @ A)(Giny @ L )vom), ¢

)
)
Tom) ® IK)a(M (G(m> ® I ) (T, ® A)V( ).t

Tm) @ Ix)amn, t + (G @ Ix) v, - (3.36)

The matrices Zy), Ty and Gy from (3.31) remain unchanged. However
Q(m), t, and Y, ¢ are renamed with the (A/) subscript to allow for the transformed
elements. See (3.40) - (3.41) below.

The transformed model has the state space form:

Yoy, = Zonyon, o, (3.37)

), t+1 = Tanamn, ¢ + Ganvo, ¢ (3.38)
where

Zony = Ly @1k, T =Tony @Ik, Gan =G @1,  (3.39)
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a(M),t = [Ltot, ty L1t7 v 7LK71,t7 Rtot, ty R1t7 cevy RK*l,h
Stot, ty Slt? EIR) SK*l,h Stot, t—1, ‘gl7 t—1y- - - 7SK71, t—1,

‘S’tot7 t—2) 5'17 t—25 - - - 7‘5’1(—17 t—2,

/

6tot, ty (€t + 53)7 ey (gt + é\4](('—1, t) :| ) (340)

VM), t = [ntot,ta(nt+77>1kt)7"-’(77t+77}<{—1,t)7 Grot, t5 (Gt +C1)s - - -

(G + C}k(—l, 1)y Whot, ty (W + wiy)s - (W + W}ﬂ(q, 0

Etot, 141, (€41 + 53{, t+1)7 N 5*1(—1, t+1) } . (3.41)

The distribution of ys),; is given by vy, + ~ N(0, Qar)), and this implies

Var (Ganvon.t) = GanQunGn

Sang Ok Ox Og Ox Og
0k Sunc Ox OxOx Og

_ Ok Ok  Xm),wOrx Ok O ' (3.42)

(% Ox Ox Ox Ox Og

O0x Ox Ox Ox Ox O

Ox O O  Ox Ogx X,

The disturbance terms of the total series are calculated by the following equations

relating them to the disturbance terms of the sub-series:

K K
Thot, t = K77t+z771§t7 Grot, ¢ :KCt‘i‘ZC;:ta
k=1 k=1
K K
wtot,t = Kwt + szt, gtot,t = KSt + Z 57;15. (343)
k=1 k=1

If K = 2, the covariance matrix for the level component is given by

o? 202 + 0?2 .
Sy, g = AZ,A = ot A (3.44)

2 2 2 2
20, + 01 0, F 01

with o7, , = 407 +01,. 403, from (3.24). Similarly for X, ¢, Bar),w and Xy, -
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3.5 Application of the Kalman Filter

A linear Gaussian state space model may be analysed by applying the Kalman filter
and Kalman smoother to the observations. The Kalman filter provides the optimal
estimator of the state vector, a;,1, taking into account observations up to time ¢,
via a forward recursion. Denote the information provided by Yi,Ys,...,Y;, as Y;
when t < T. The Kalman smoother further improves the component estimates and
provides the optimal estimator of the state vector, ay 1 at time t < T', taking into
account all the observations in the sample, Y7, Y5, ..., Yy, denoted by Y.

Let the vector, a;;;;, denote the conditional mean of the state vector, a1,
based on information available up to time ¢. Also, let the matrix, Py, denote the
conditional variance for the estimation error of oy, based on information available
up to time ¢. Py can also be referred to as the mean squared error (MSE) of
the estimator a; ;1 (Harvey, 1989). Therefore, the notation is given as (Durbin and

Koopman, 2001):

A1)t = E(ay1]Yy),

Pt+1|t = Var(at—l—l‘yt)

=E [(at+1 — ) (Quyr — at+1|t)l’Yt] : (3.45)

Note that when the assumption of normality of the disturbances and initial state
vector (3.27) is dropped, the value of a;; ¢ provided by the Kalman filter minimises
the mean square error within the class of all linear estimators (see Harvey, 1989,

Section 3.2 and Durbin and Koopman, 2001, Section 4.2.1).

3.5.1 Kalman Filter for the Univariate Model

The standard set of filtering equations may be found in Chapter 4 of Durbin and
Koopman (2001). For the univariate BSM in state space form, as described in (3.25)
and (3.26), with corresponding system matrices (3.27), these are given by

a e = Tay—1 + Ky,

P.y1: = TPy L, + GQG/, (3.46)
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where

v =Y, —Zday_ = Loy + ey, — Lay—q,
F, = Var(y) = ZPy, 1 Z' +H, H = Var(ey ),
Kt = TPt‘t_lz/E_l,

Note that in the univariate model, H, F' and v are scalars. For example, if the state
vector has dimension 5 X 1, as given by a; in (3.27), then Z is a 1 x 5 matrix. K;
is a b x 1 vector and L; is a 5 X 5 matrix.

The state vector estimator, a,;, and its corresponding error variance matrix, Py,

are defined by:

ay = E(ay|Yy) = a1 + M. F, v,

Pt\t == Var(ozt|Yt) == Pt|t—1 - Mtﬂ_lM;, (348)

where M, = Pt‘t_IZ/ and has dimension 5 x 1. The updating equations in (3.46)
may also be written in terms of the contemporaneous equations in (3.48) and are

given by:

A1t = Tat\t

P, = TP, T + GQG'. (3.49)

The variance matrix, Py, of the initial state vector «, is assumed to have the

form:
P, =kPs1 +P., (3.50)

where  is a large scalar value, P, ; is the covariance matrix of the stationary com-
ponents in «; and P ; is the covariance matrix of the non-stationary components
in oy, (Zivot and Wang, 2006).

Non-stationary components in the state vector require diffuse initialisation. A
state is called diffuse if its covariance matrix is arbitrarily large. The problem of

dealing with diffuse initial states in the Kalman filter was first solved by de Jong
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(1991). An alternative approach of dealing with diffuse initial conditions is to apply
the exact initial Kalman filter as described in detail in Koopman and Durbin (2000).
The filter equations are derived as Kk — o0, and the result is based on the expansion
for F, ! as a power series in k™', It is distinguished from the approximate filter ob-
tained by choosing an arbitrary large value for x and applying the standard Kalman
filter (3.47). The exact approach is computationally more efficient in the process of
parameter estimation when compared to other initialisation strategies such as that
of de Jong (1991) (Koopman and Durbin, 2000, p293).

In particular, for the univariate BSM with a dummy seasonal component model,
a; = F(a;) is a 5 x 1 zero vector, P ; is a 5 x 5 identity matrix and P, ; isa b5 x5
zero matrix. The term ‘zero vector’ is used in this thesis to describe a vector in which
each element is zero. Similarly, the term ‘zero matrix’ is used to describe a matrix
in which each element is zero. The exact initial Kalman filter can be applied using
the S+FinMetrics software, in particular the set of functions collectively called the

SsfPack, (Koopman et al., 1999).

3.5.2 Kalman Filter for the Transformed Multivariate Model

The Kalman filter equations (3.46) to (3.49) need to be amended for the state space
form given by (3.37) and (3.38), where the measurement error has been placed
within the state vector. The corresponding system matrices Zy, T (ar), Gary, and
Q) are included in (3.40) - (3.42). Only one equation listed in (3.47) requires
modification, (apart from subscripts); F} is now a matrix, which will be denoted by

F (), +, and its defining equation becomes
Fon,e = ZoanPon, de-1Zn) (3.51)

with H now a zero matrix, denoted by H. The Q) = Var(y(M),t) matrix now
includes the variance matrix for the measurement error terms, 3, ., as shown in
(3.42).

To compensate for this restructuring of the state vector, the set up of the exact

initial conditions matrices described in Durbin and Koopman (2001, Section 5.2) is
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amended. The P, ; matrix, which holds the variance of the stationary part of oy, is
no longer a zero matrix, but now includes the 3,) . covariance matrix in the lower
right K x K block diagonal. All other elements of the (6 KX x 6K) matrix are zero.
The P ; matrix (also of dimension 6K x 6/K) is no longer an identity matrix. The
lower right K x K block diagonal is replaced by a K x K zero matrix. All other
elements remain the same. For further details of the exact initialisation of the filter
see Koopman and Durbin (2000).

A simplification of the exact initial Kalman filtering process (Koopman, 1997) for
the multivariate model is described in detail in Koopman and Durbin (2000), where
the elements of the observational vectors are brought into the analysis individually.
This method basically converts the multivariate series into an univariate series and
allows computational savings and simplifies the diffuse initialisation process. This

method is applied in the SsfPack of functions in the S-PLUS module S+FinMetrics.

3.5.3 Kalman Smoother

The Kalman smoother takes into account all of the available observations in the
series, not just the observations up to time ¢. The smoothed estimate of the state
vector, oy, is conditional on all observations, (Yr), and is denoted by ayz. It is the
mean of the distribution of «; given Y7 and is defined as (Harvey, 1989, Section

3.6):
at|T =k (Oét|YT> . (352)
The estimator, ayr, is referred to as a smoother and is given by:

ayr = ayp—1 + Py, t=7T,...,1,

ri =ZF 'y +Lr,  with rp =0. (3.53)
The covariance matrix of a4, conditional on all observations (Yr), is defined as

Vyr = Var (oy|Yr)

= Br |(an — ayr) (a0 — ayr) | (3.54)
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The matrix V7 is the MSE matrix of the estimator, a7, and is calculated by the

recursion:

Vt|T = Pt|t—1 - Pt|t—1Nt71Pt|t—1

N,y = ZF'Z +L,N,L,. (3.55)

Jointly, these smoothing equations (3.53) - (3.54) are referred to as the ‘fixed interval
smoother’, (Durbin and Koopman, 2001, Section 4.3), and can be applied to the
univariate state space model.

For the multivariate model, each vector and matrix is amended to have the (M)
subscript. Let Y, 7 denote the information provided by all observations in the
transformed set of sub-series, that is, {Yior1, Yiet2, -, Yotrs Y11, Yi2, .., Yir,. .o,

Yi-11,Yk-12,...,Yx—17}. Then, the filter equations may be written as

aon, e = E (a@n, || Yo, 1)

= aon, ft-1 + Py, -1 Ty, t-1, t="1T,..., 1

r(M),t—l = ZI(M) F(A}[),t V(M),t —+ LI(M)’t I‘(M)J, With I‘(M)7 T = 0. (356)

The covariance matrix of the state vector a,r), ¢ conditional on all 7" observations

is given by:

Vo, 4r = Var (e, | Yo, 7)

= by |:(04(M),t —a), t\T) (Oé(M),t — (), t|T)/:| ) (3.57)

and is calculated by the recursion:

Vo, 4 = P, -1 — P, ti-1 N, -1P o), i1,

/ —1 /
Ny, -1 = Zary Fapy, ¢ Zoay + Liary, o Ny, ¢ Loy, +-

The smoother is based on at least as much information as the filtered estimator,
and so the MSE of the smoother will be smaller than the MSE of the filtered esti-
mator (Harvey, 1989, Section 3.6). The estimates of the model components given
by the Kalman filter may be viewed as preliminary estimates, and the smoothed

estimates may be viewed as the final estimates. Dagum and Quenneville (1993)
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used the Kalman smoother estimates obtained from a BSM applied to the series of

Total Department Stores in Canada and found that they were very close to estimates

obtained with X-11-ARIMA.

3.6 Comparison of Univariate and Multivariate
Methods

The main focus of this thesis is to determine whether the use of the underlying
sub-series improves the estimates of the unobserved components of the aggregated
series and hence the seasonally adjusted aggregated series. This chapter has con-
sidered two approaches, an univariate approach applied to the aggregated series,
and a transformed multivariate approach which directly enables the components of
the aggregated series to be estimated, taking into account all the sub-series. This
section focuses on an appropriate measure that can be used to compare these two
approaches. It involves the variance of the seasonally adjusted series. Also of inter-
est to any seasonal adjustment procedure is the revision error. Revision error will

be considered in Section 6.6.

3.6.1 Variance of the Seasonally Adjusted Series

The question arises as to how to calculate the accuracy of the seasonally adjusted
series when a state space model is applied. Burridge and Wallis (1985) answer this
question in more detail for the Kalman filter formulation of signal extraction meth-
ods. They note that the Kalman filter formulation is applicable to non-stationary
time series and that, for stationary series it is equivalent to the classical Wiener-
Kolmogorov theory as applied in Planas and Campolongo (2001). They state that
the appropriate measure of the accuracy of the adjusted data is the error variance
of the seasonal component estimate, conditional on the data. Further, Jain (2001)
declares that an advantage of the structural model-based approach to seasonal ad-
justment is that it estimates the variance of the seasonally adjusted series as a

by-product of estimating the seasonally adjusted series.
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Harvey (1989) explains that when the optimal estimator of the seasonal compo-
nent is obtained by the smoothing algorithm and subtracted from the original series

to give the seasonally adjusted series,
Yip =Y —Syr, t=1,...,T, (3.58)

then, the ‘root mean squared error (RMSE) of S't‘T, and hence Y. is also given

tT
by the smoother’ (Harvey, 1989, p303). Hence, the RMSE of 5t|t will be given by
the Kalman filter. The conditional mean, a;;, (3.48) is unbiased and is a minimum
mean square estimator of ay;. The covariance matrix for the estimation error can be
referred to as the mean squared error (MSE) matrix of the estimator (Harvey, 1989,
Section 3.2.3). It is also referred to as the prediction mean squared error (PMSE) as
in Pfeffermann and Tiller (2005). Thus, for the current-adjusted series, Yiis the error
variance of the seasonal component estimate, conditional on the data, is given by
MSE(§t|t). This is the error variance of the state vector given by the Kalman filter
in the matrix Py (3.48), for the element pertaining to the seasonal component. The
current-adjusted series, Y;‘llt, can be viewed as the preliminary seasonally adjusted
series as it is conditional on observations up to time t.

In this thesis, when using the multivariate transformed model, the error variance

of the seasonal component estimate, conditional on the data for the aggregate series,

MSE(Qtomt) will be denoted by MSE(S‘%) For the univariate method, MSE(Stomt)
will be denoted by MSE(S‘%) To compare the two values, the relative efficiency of
the MSE obtained by the univariate method to that of the multivariate method will
be calculated. This ratio is defined by:
MSE(SY))

RE,(M) = — 12
MSE(S})

t=1,...,T, (3.59)

and can be considered as a preliminary estimate of REF (M), which uses the MSE
of the smoothed seasonal component,
MSE(S{;)

REf (M) = ———"—,
MSE(S;7)

t=1,...T. (3.60)

Note that at t = T, RE,(M) = REF(M). The quantity of interest in the

comparison of the multivariate method with the univariate method is RE;(M).
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This is studied in more detail in Chapter 4. When the parameters of the model are

unknown and have to be estimated, a downward bias in the MSE occurs. This will

be discussed further in Chapter 6.



Chapter 4

Empirical Study with Exact
Parameters

4.1 Introduction

To examine the question of whether, and under what conditions, the multivariate
method is beneficial compared with the univariate method in determining a season-
ally adjusted aggregated series, an experimental study is employed. A particular
aggregated (or total) series with known (or exact) parameters is taken and then
disaggregated into two sub-series. The two sub-series are determined by setting the
parameters for each component and for each series. These parameters are used in
determining the elements of the covariance matrices ¥,, 3, and 3.. The specifi-
cation of their structure is referred to as the ‘design’ of the sub-series. By fixing
the parameters for the total series, the parameters controlling the sub-series may
be varied. This ‘top-down’ approach allows an experimental way of measuring the
effect of the parameters of the sub-series on the accuracy of the seasonally adjusted
total series.

In the previous chapter, it was noted that the error variance of the seasonal
component estimate conditional on the data, MSE(St|t), is an appropriate measure
of the accuracy of the adjusted data. Thus, if the error variance of the seasonal
component of the aggregated series is lower when the sub-series are modelled jointly,
then the multivariate method is beneficial, and gains are achieved. The relative

efficiency measure, RFE;(M), defined in (3.59), is calculated for each different design

a7
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of the sub-series underlying the same total series.

By considering the ratio of the variances of the sub-series, and the correlation be-
tween the series for each of the level, seasonal and error components, the conditions
under which gains are achievable with two sub-series are investigated in this chapter.
An ideal situation is created whereby the exact or true parameters are used in an
experiment so that the relative variances can be controlled. That is, using exact
parameters maintains the relative values of the chosen seasonal and non-seasonal
parameters. The results will serve as a guideline for identifying the conditions for
which gains in efficiency occur, without the complication of estimating the parame-
ters.

In a practical situation, the model parameters are unknown and need to be
estimated. The estimation process could further influence the accuracy of the sea-
sonally adjusted data. The estimation procedure and its implications are examined
in Chapter 6.

The following section outlines the model structure and its state space form.
Section 4.3 describes the experimental design and Section 4.3.2 explains the method
of setting the parameters for the different sub-series designs. The application of
the parameters into the Kalman filter to obtain the relative efficiency is detailed in
Section 4.4, with the results in Section 4.5. In Section 4.6, the effect of altering the

parameters of the total series is investigated with two examples.

4.2 Model Structure

For the experimental study of this chapter, the local level seasonal (LLS) model is
chosen rather than the full BSM model. The local level seasonal model is a subset
of the full BSM model with the restriction that the trend does not include a slope
component. This means that the length of the state vector is reduced by K elements,
and the number of parameters is reduced by K + 1. This reduces the complexity of
the model and therefore simplifies the number of combinations of parameters to be

set in the experimental study. A full BSM model is considered as another example
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in Section 4.6
The multivariate model with unit-specific variances (Model 2) of a seasonal local
level model with a dummy seasonal component is modified from (3.15) by removing

the slope component (R;) giving:

Yir = Lge + Skt + €1 + €54

Lk, t+1 — th + Ur; + 77;;1&7 (4 1)
s—1 '
Sk, t41 = — Zsk’ t+1—j T W + Wiy,
j=1

where
Ep N(O’ 02)’ 821& ~ N(()? 0]%5*)7

£

me~ N0, 07),  miy ~ N(0,07,.), (4.2)

wy ~ N(0,02), wi, ~ N(0,02..),

and the aggregated series is given by:

K
Yiot,t = E Yie
k=1

= Liot, t + Stot, t + Etot, ¢

(4.3)
Ltot, t+1 = Ltot, t + Mot t,
s—1
Stot, t41 = — E Stot, t+1—j + Wrot, ¢
j=1
where
2 2 2
Etot,t ~ N (0, Utot,a)a Ntot,t ~ N (0, Utot,n)? wiott ~ N (0, Utot,w)- (4.4)

There are three parameters to be set for the three components of the total series,
namely o7, ., 05, and o, .. The sample size, T', is set to be 40, allowing 10 years
of quarterly data to be analysed. To simplify the number of parameters to be set,
only two sub-series is disaggregated from the quarterly total series, giving K = 2
and s = 4.

Once the parameters for the total series have been set, the nine parameters for

the two sub-series can be determined. Given K = 2, the constraints governing the
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sub-series parameters, as described in (3.43), may be written as

2 _ 2 2 2
Utot@ - 40& + Oex + O2¢x»
2 _ 2 2 2
Tioty = 405, + O + 050, (4.5)

2 _ 2 2 2
Utot,w - 4Jw + 01w + 0%+

4.2.1 State Space Form

Univariate: The state space form of the univariate LLS model is determined from the
standard univariate form for the BSM (as described in Section 3.4.1), by excluding

the slope term:

Y = Zoy +eu,+, (4.6)

O = TOét -+ G’)/t, (47)

where, for quarterly data (s=4), and a dummy seasonal component,

o = [Ly, Sy, Si-1, St—Q],a ay; ~ N(a;, Py),
Yt = [nU,ta Wy, t]/ ) Yt~ N(07 Q)7
Z:<1100)7 ev,t ~ N(0,H),
1 0 0 O 10
0-1-1-1 01
T — 3 G = )
0O 1 0 O 00
0O 0 1 0 00
6%, 0 00
, 0 02,00 )
Var (Gv,) = GQG’ = ’ , H=op .. (4.8)
0 0 00
0 0 00

The state space form of the model is required for the application of the Kalman

filter. The standard Kalman filter is then applied to the univariate model with the
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aggregated series data. This yields the estimates of the components for each time

point and their MSEs.

Multivariate: The multivariate model given above (4.1) is transformed as de-
scribed earlier in Section 3.4.3. As a result of the transformation, the two series in
the system are the total series, Y, ¢, and series 1, denoted by Yj;. The transforma-
tion permits estimation of the seasonal component of the total series, Siy ¢, within

a multivariate framework.

The state space model for the transformed system with K = 2 may be specified

as follows, given that the measurement errors are placed within the state vector:

Y, =(Z® I2)a(M),t7

CY(M)’ 1 — (T X IQ)O[(M), t + (G X Ig)’}/(JM)7 ts (49)

where I, is a 2 x 2 identity matrix and

QM t = [Ltot7 t» Lty Stot, t5 S1t5 Stot, t—15 51, =1, Stot, t—2, S1, t—2,
!
*
Etot, t) (et + 51t)] )

Y, t = [ Neot, t- (M + My)s Weot, t> (We + Wiy), Eror, 141, (Er41 + €], t+1)] . (4.10)

The system matrices are given by:

Z=(11001>7

1 0 0 00 100

0-1-1-10 010
T=(0 1 0 00], G=1]000],

0 0 1 00 000

0 0 0 00 001
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Var (G ® I.)van, 1) = GanQunG

X, n Oex2) Oex2) Oex2) O@xa)
O@x2) ), w O@x2) O@x2) O@x2)
= | O@x2 O@x2) O@x2) Opx2) Opxz |» (4.11)
O2x2) O@x2) O@x2) O@ex2) Ow@x2)

O@2x2) Oex2) O@x2) O@x2) X, -
where

). = Tt 20+ Oty , (4.12)
207 + 0t 07 4 07,
and similarly for Xy, ., and X, ..

For the multivariate model, an adjustment to the standard Kalman filter equa-
tions is required due to the measurement errors being in the state vector. As well
as the adjustment to the equation for F;, an adjustment to the initial condition
matrices is required to allow for the stationary nature of the measurement errors.
This procedure is described in Section 3.5.2. The adjusted Kalman filter is applied
to the state space model described above in (4.9) to (4.11), using the transformed

data.

4.3 Design of the Study

As highlighted in the discussion on direct versus indirect adjustment in Section 2.4,
when the series have similar seasonal patterns, direct adjustment is favoured. Alter-
natively, when the series have dissimilar patterns, indirect adjustment is favoured.
Although neither the direct nor indirect seasonal adjustment involves a multivariate
method, and the methods utilised are mainly filter-based X-12 ARIMA, or model-
based ARIMA, as given in Planas and Campolongo (2001), the conclusions can still
guide the setting of the sub-series parameters here. Planas and Campolongo (2001)
found that when the stochastic properties of the two series were either slightly dis-
similar or strongly dissimilar, the indirect adjustment became more precise than the

direct adjustment. Further, it is the covariance structure between the series which
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is crucial to the results found by Geweke (1978) who used a joint model. Taylor
(1978, p432) summarises the result by stating that ‘in cases where the series that
are aggregated are very heterogeneous, or where the stochastic structure (sic) of the
nonseasonal and seasonal components are dissimilar, the relative efficiency of the
optimal procedure is quite high’. In application to this case study, the parameters
for the first sub-series need to vary from those for the second. That is, the within
components need to vary from being the same (as given by Model 1 in Section 3.3)
to being very different (as given by Model 2 in Section 3.3). Also, the structure of
the covariance matrices for the level component and the seasonal component need

to be considered in relation to one another.

4.3.1 Setting the Parameters

A measure of between-series similarity, ¢, of the stochastic properties of the series is
defined here to help quantify the comments above. Let ¢,, ¢, and ¢, be the ratios of
the variances of sub-series 1 and 2 within the level, seasonal and error components
respectively. Using the level component as an example, the variance of the level

component for sub-series k is given by:

Var(Ly, t+1 — L) = Var(ne + nj5,)

= ag + Ozn*.
Then the c-ratio for the level component is defined to be:

~ Var(Ly, 411 — L) ol + 01

Cph = = .
n 2
VaI‘(LQ’ t+1 — Lgt) O'% + 0'27]*

(4.13)

Hence, analogously for the other components, the c-ratios for the seasonal and error

components are given respectively by:

2 2 2 2
o Uw + Ulw* _ 05 + Ulz—:*

Co= S = i a (4.14)
0%+ 05 % 0z + 05+

If ¢, = c, = ¢ = 1 then Model 2 reverts to Model 1, the compound symmetry

case, in which all diagonal elements have the same value and the same properties

between series apply for each component. For the seasonal component, it does not
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mean that the set of seasonal factors is the same for sub-series 1 and sub-series 2,
but the degree of stability of the seasonal component is the same.

Planas and Campolongo (2001) examined three cases of stochastic behaviour
in ARIMA models which they called ‘similar’;, ‘slightly dissimilar’ and ‘strongly
dissimilar’. The model parameters for each component were varied such that the
stochastic behaviour ranged from very stable (almost deterministic) to very unstable.
In this study, the values of the c-ratios will be varied. For example, to obtain a
strongly dissimilar case for the seasonal component, it would mean setting the value
of ¢, to be much greater than one or much less than one.

In this study, the c-ratios vary in the set {1, 5, 10, 20} and their reciprocals
{1, 0.2, 0.1, 0.05}. Furthermore, to set a design where the stochastic structures of
the non-seasonal and seasonal components are different, the c-ratios need to differ
between components, and so for one component, it could be greater than one, and
for another component it could be less than one.

With this in mind, combinations of the c-ratios for the components are formu-
lated and are labelled in the following tables. Table 4.1 shows design ‘a’ where all
c-ratios are greater than or equal to one. Note that ¢, and c. have been set to the
same value in each design thereby reducing the number of combinations considered
and setting the focus on the seasonal c-ratio, c¢,. Design ‘b’ given in Table 4.2, has

¢, > 1 but has the reciprocal of these values for ¢, and c..

Table 4.1: Labels for sub-series design ‘a’: ¢, > 1, and ¢,,c. > 1.

Design ‘a’ ¢y and ¢,

1 ) 10 20

¢, 1] all|al2|al3 | alj
a2l | a22 | a23 | a24
10 | a81 | aB32 | a88 | a84
20 | a4l | a42 | a43 | a44

In addition to setting c-ratios, the correlation between the series need to be

considered for each component. For this study, the correlation values are necessarily
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Table 4.2: Labels for sub-series design ‘b’ ¢, > 1, and ¢,,c. < 1.

Design ‘b’ ¢y and ¢,
0.2 ] 0.1 | 0.05

co 5|22 b23 | b2y
10 | 32 | b33 | b3
20 | 042 | b43 | by4

positive, because of the structure of the covariance matrices, as given in (3.23). For
the seasonal component, p,, is set to one of the following values {0.1, 0.3, 0.5, 0.7,
0.9}. For the level and error components, the correlations (p, and p, respectively),
are set to be equal and take the values {0.2, 0.4, 0.6, 0.8}. The choice of these values
means that the homogeneous case, in which the covariance matrices are proportional
to one another, is avoided for certain combinations of the c-ratios described above
(Harvey, 1989, Section 8.3). The design table, labelling the correlation combinations
is given in Table 4.3.

Table 4.3: Labels for correlation design combinations of p,,, p,, and p..

Correlations py and p,
02(04|06|08]| 1.0

po 01| Al |Bi|Ct|Di| E1
03| A2 | B2 | C2 | D2 | E2
05| A3 | B3 | C3 | D3 | E3
0.7| A{ | B4 | ¢4 | D} | E4
09| A5 | B5 | C5| D5 | E5

For example, as reference to Tables 4.1 and 4.3 makes clear, the design A1a23
refers to the case when ¢, = 5, ¢,,c. = 10, p, = 0.1, and p,, p. = 0.2. Not all
of the correlation designs are possible for each of the c-ratio design combinations
due to the restrictions and constraints on the multivariate variance parameters, as
explained in the next section.

The nine parameters in the multivariate model may be expressed in terms of the

design of the model defined by {c,, cu, Ce; Py Pus Per Tiiyy Tiotiwr Tiote )
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4.3.2 Application of Constraints

In this study, the total series remains fixed but the properties of the underlying

sub-series vary. The variance parameters for the total series are set with
Oy =001, 01y, =1, opy. =1, (4.15)

and will therefore be applied to the univariate method.
With these given univariate parameters, as well as the constraints given in (4.5),

the c-ratios and the correlation for the required design, the multivariate parameters

for each component are determined by solving a set of simultaneous equations. For

example, the seasonal component equations are:

02 + 07,

02 + 03,

2 _ 2 2 2 —
Utot,w - 40w + O1w* + Oow*s Cw =

?

0.2

Puw = t : (4.16)
\/(0-3) + O-%w*)<0-3) + O-%w*)

Solving in terms of afot’w, ¢, and p,,, the seasonal parameters are

2
0_2 _ Puw V Cwo-tot,w

Y14 ey + 2000 /Co

2 U?ot,w(cw — Pwy/ Cw) 2 U?ot,w(l - pw\/a)

T T et 200 T Tt et 200/

(4.17)

Since 0% . > 0, 05, > 0 and o2 > 0, the restrictions on the correlations are such

that,
1 C, 5 en w = )
P \/C_
and lf C, < 1, then O < Pw < vV Cy- (418)

Similar constraints apply to the level and error components.
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4.4 Estimation of Components via the Kalman
Filter

Analysis is performed with the S-PLUS software and, in particular, the set of func-
tions collectively called the SsfPack (Koopman et al., 1999) in the module
S+FinMetrics. For this case study, the exact variance parameters are being used
and therefore do not need to be estimated. The components of the state vector,
ay, (see first equation in (4.10)) are estimated using the Kalman filter recur-
sions described in Section 3.5.1, with adjustments as given in Section 3.5.2. This
gives E(an|Y:) = a% , and the associated error variance matrix is given by P%
for t = 1,...,40. The error variance of the current-adjusted seasonal component,
MSE(S’totvt‘t), given by the Kalman filter, can be considered to be a preliminary es-
timate of the variance of the seasonally adjusted aggregate series, (Section 3.6.1).
Note that the value of MSE(Stomt) at t = T = 40 is equal to the MSE of the
smoothed estimate MSE(S‘tomT), since T' = 40 for this example.

For the transformed multivariate model, the value of MSE(S’tOt’t‘t), given the
multivariate parameters, is denoted by MSE(S' % ). For the univariate method, given
the parameters for the total series (4.15), MSE(Syo;) is denoted by MSE(S’tI{t)
Therefore, the relative efficiency of the filtered estimates for the univariate and
multivariate models is given by

MSE(SY),)
~ MSE(SM)’

tlt

RE,(M) t=1,...,T. (4.19)

This can be considered as a preliminary estimate of the equivalent measure which
uses the MSE of the smoothed seasonal component. Here, RE;(M) is the quantity of
interest in the comparison of the multivariate method with the univariate method.

Given the nine exact multivariate parameters, the data for Y3, and Y5, are gener-
ated from the multivariate model equations for ¢t = 4047 as described in (4.1), with
starting values L; = 5,5, = —1.5,5) = —1,5_1; = 0.5 for both series. The first 40
data points of each series are discarded, leaving the t = 1...7T simulated quarterly
observations required. For this study, 7' is set to 40, giving 10 years of quarterly

data. The length of the series is therefore adequate to examine the behaviour of the
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relative efficiency over time. Exact parameters are applied here so that the effect
of the design on the relative efficiency is not obscured by the estimated parameter
values. The effect of estimation is examined in Chapter 6.

The series are summed contemporaneously, Y., = Y1, + Yo, to obtain the sim-
ulated aggregated series. Since exact parameters are applied to the model, no data
are actually required to obtain the MSE of the seasonal component. For ease of
computation however, one realisation of the data has been used with the exact pa-
rameters in the software S+FinMetrics. It is also possible to calculate the value of
RE(M) by substituting the parameter settings directly into its algebraic expres-
sion for a given value of t. This is because the theoretical expressions for the MSE
values, which differ for each value of ¢, are a function of the model parameters only.
In Chapter 5, a single measure has been derived for this model as an indicator of

the value of RE,(M) using a quasi-likelihood approach.

4.5 Results

Relative efficiencies for simulations based on various parameter combinations are

presented here.

4.5.1 The Effect of the C-ratios

The relative efficiency, RE; (M), is determined for each c-ratio combination specified
in Tables 4.1 and 4.2 using the exact parameters. To obtain an overview of these
results, the same correlation combination is chosen for each design, with p, = 0.1
and p, = p. = 0.2. This combination is labelled A7 in Table 4.3.

Figure 4.1 shows the resultsover ¢t = 1, ..., 40 for the 16 different ‘a’ designs. The
first noticeable feature is that for t = 1,...,4, the relative efficiency is exactly one.
This result is due to the exact initial Kalman filter, as described in detail in Koopman
(1997) and given in Appendix D, and to the fact that the exact parameter values
have been used with constraints (Section 4.3.2). Using the exact initial Kalman filter

for the local level seasonal BSM, the dependence of the covariance matrix Py, on x
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disappears after t = 4 (see Sections 3.5.1 and 3.5.2 with reference to Koopman and
Durbin (2000, p287) and also Appendix D). However, from t = 5, gains using the
multivariate method are achievable for some, but not all, of the ‘a’ designs. These
gains vary in magnitude and over time. For those designs which achieve gains, the
gains climb in the next few time points to reach a steady value. The time until
approximate convergence depends on the design. For example, design a41 has the
largest relative efficiency, RE;(M) = 1.29, which translates to a reduction in MSE
through using multivariate versus univariate of approximately 22.7%, but has the

slowest rate of convergence.

The next few highest gains are for designs a?1, al4 and al3 respectively. Note
that a41 has ¢, = 20 and ¢, = ¢. = 1, and a31 has ¢, = 10 and ¢, = ¢. = 1, both
with a high c-ratio for the seasonal component. For the design a4, ¢, = 1,¢, = ¢. =
20 and for design al3, ¢, = 1,¢, = c¢. = 10. Thus, the four ‘a’ designs which give
the highest RE;(M) result, have either a high between-series c-ratio for the seasonal
component or a high between-series c-ratio for the non-seasonal components, but
not both. The result is higher if the two c-ratios defining the design are at opposite
ends of the scale. So, even when the variances for the two series are the same for
the seasonal component (¢, = 1), if the variances of the non-seasonal components
are very different (¢, > 10, ¢, > 10), a gain is still achievable (although not as large

as when the variances differ) for the total seasonal component.

To explore the differences among the ‘a’ designs in more detail, the numerical
results for 7" = 40 for each design are extracted. These results, which are equivalent
to RE4 (M), are found in Table 4.4. The lowest results for the relative efficiency
belong to the designs which have ¢, = ¢, = c., namely, all, a22, a33, and a44.
Note that for al1, where ¢, = ¢, = c. = 1, represents the compound symmetry case,
(Model 1). As there is no gain in using the multivariate approach for Model 1, it is
recommended to use the univariate approach. Even when all the c-ratios are high,
as in a33 and a44, where the series are largely dissimilar for all components, the fact
that they are equal, overrides the between-series effect. Thus, when the c-ratios are

equal, the structure of the covariance matrices become closer to a homogeneous state,
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Figure 4.1: Results of RE;(M) for sub-series design ‘a’ with A1 (p, = 0.1, and
py = pe =0.2).
Table 4.4: Results of REyy(M) for sub-series design ‘a’ with A1 (p, = 0.1, and
py = pe =0.2).
Design ‘a’ ¢, and ¢,
1 ) 10 20
c, 1] all 1.0000 | af2 1.0674 | a13 1.1158 | al4 1.1588
51 a2l 1.0929 | a22 1.0005 | a23 1.0045 | a24 1.0178
10 | @31 1.1837 | a32 1.0152 | a3% 1.0008 | a34 1.0021
20 | a4l 1.2945 | aj2 1.0454 | a43 1.0124 | af4 1.0010
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Figure 4.2: Results of RE,(M) for sub-series design ‘b> with A1 (p, = 0.1, and
py = p- =0.2).

Table 4.5: Results of RE4 (M) for sub-series design ‘0" with A1 (p, = 0.1, and
py = pe =0.2).

Design ‘b’ ¢y and ¢,
0.2 0.1 0.05
Co 0| 022 1.3728 | 23 1.5063 | b24 1.6158
10 | 32 1.6060 | b33 1.8108 | b34 1.9818
20 | b42 1.9014 | b43 2.2125 | b44 2.4820
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in which the covariance matrices are proportional to each other (see Harvey, 1989).
Thus, for designs which have c,, = ¢, = ¢. where almost no gains are achieved, the
univariate approach is preferable (due to simplicity) to the multivariate approach.

The ‘b’ designs use the reciprocal of the values of ¢,, c. given in the ‘a’ designs and
the results over time are shown in Figure (4.2). The results show a similar pattern
for RE,(M). However, the magnitude is much greater than for the ‘a’ designs, with
nine designs giving an RE (M) of over 1.25 (or above 20% gain). The largest gain
is achieved by design 044 (c, = 20, ¢,,c¢. = 0.05), with RE,;z(M) = 2.48. This
translates to a gain of almost 60% for the multivariate method. Again, it can be
seen that the designs where ¢, is very different to ¢, and c., for example b44, b43,
b34, give the highest gains. The numerical results for T" = 40 for each ‘b’ design are
given in Table 4.5.

The results of the relative efficiency reported in Section 4.5.1 have been calcu-
lated for the local level seasonal model (LLS) with a quarterly dummy seasonal
factor as described in (4.1) to (4.4). If the dummy seasonal factor is replaced by a
trigonometric seasonal factor, the results of the relative efficiency calculations are
very similar. For a description of the equivalent model with a trigonometric sea-
sonal component and the results of the relative efficiency for three designs, refer to

Appendix B.
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4.5.2 The Effect of Correlation Settings

When the correlation settings are varied, as given in Table 4.3, the RE,(M) is also
affected. The correlation combination in all ‘e’ and ‘b’ designs discussed so far, is
identical, with p, = 0.1 and p, = p. = 0.2 (labelled A1). The results show that,
even when the correlations between sub-series are small, large gains are attainable,

with the size of the gain depending on the design structure.
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Figure 4.3: RE(M) for sub-series design a12 with A1 - A5.

Three designs have been chosen to determine the effect of increasing the seasonal
correlation for the ‘a’ design . Firstly, designs a12, a13 and a1/ have been analysed
with correlation combinations A7 to A5, which keep the non-seasonal correlation
coefficient low at 0.2, while allowing the seasonal correlation to be one of {0.1, 0.3,
0.5, 0.7, 0.9} as defined in Table 4.3. Figures 4.3 to 4.5 show these results for ¢t =
1,...,40 and with the same vertical scale. The seasonal correlation affects RE;(M)
for the seasonal component, as would be expected. The plots show that, as the
seasonal correlation increases, the relative efficiency also increases, but the increase is

dependent upon the design structure. As the non-seasonal c-ratio increases through
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designs, from 5 (a12) to 10 (al3) and then to 20 (al4), the effect of the seasonal
correlation coefficient intensifies, as shown in the following three plots (Figures 4.3
to 4.5).

By taking the results for the last time point (i.e. 7 = 40) from each time
series within each of Figures 4.3, 4.4 and 4.5, the positive relationship between the
correlation of the seasonal effects and the RE, (M) value is shown more clearly.
Figure 4.6 shows these results, as well as those for design al1. Firstly, for the
compound symmetry design (all), the result for the relative efficiency remains
constant at one as the seasonal correlation increases. The gradient of the curve
increases from design a2 to design al3 to the steepest curve for design a1/, thus

as the non-seasonal c-ratios ¢,, c. increase from 5 to 10 to 20.
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The effect of increasing the non-seasonal correlation whilst keeping the seasonal
correlation constant is now investigated. The designs a21, a31, a41 are analysed for
correlation combinations A1 - E1. This means that the seasonal correlation is kept
at p, = 0.1, and the non-seasonal correlations p,, p. are one of {0.2, 0.4, 0.6, 0.8,
1.0}. Figures 4.7 to 4.9 show the time series plots of RE;(M) for the three designs
a21, a31, a41 respectively with the same scale on the vertical axis. Note that here
it is the non-seasonal correlation which is increasing, and the relative efficiency of
the seasonal component is still affected. For design a21, for which ¢, = 5 and
¢, = ¢ = 1, the effect of increasing the non-seasonal correlation is quite small,
as shown in Figure 4.7. For design a81, for which ¢, = 10 and ¢;, = ¢. = 1, it
can be seen from Figure 4.8 that the improvement is greater as the non-seasonal
correlation increases. This becomes even more evident for design a41, for which

¢, = 20 as shown in Figure 4.9.
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Figure 4.7: RE;(M) for sub-series design a21 with A1 - E1.
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The results for 7' = 40 from each of the series shown in Figures 4.7 to 4.9, have
been plotted against the non-seasonal correlation and given in Figure 4.10. The
plot also shows the results for design al1. Overall, the results are similar to those
shown in Figure 4.6. Again, it can be seen that the impact of the increasing non-
seasonal correlation is dependent upon the parameter settings. There seems to be
an interaction between the magnitude of ¢, and the non-seasonal correlation, since

the gradient of the curve increases as both ¢, and p,;, p. increase.
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Figure 4.10: Non-seasonal correlation versus RE; (M) for designs all, a21, a31,
a4l with A1 - E1.

The correlation combinations given in Table 4.3 are not all available for each
c-ratio combination. The restrictions on the correlation values are given in (4.18).
The results of the relative efficiency at T' = 40 for each possible combination for
the ‘a’ designs (except for all) are presented in Table 4.6. For the ‘b’ designs,
analogous results are given in Table 4.7.

For the compound symmetry case (a11), the values of RE;(M) are all equal to
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one for each correlation combination and are therefore not tabulated. Changing the
correlation for this design has no effect on the relative efficiency. Thus, when all the
c-ratios are unity, there is no gain using the multivariate approach in comparison to

the univariate approach.

Table 4.6: Results of RE4 (M) for design ‘a’ correlation combinations.

Design a21 cp=1land c. =1
¢, =5 | A1 1.0929 | B1 1.1088 | C1 1.1263 | D1 1.1469 | E1 1.1748
A2 1.0872 | B2 1.1047 | C2 1.1250 | D2 1.1504 | E2 1.1883
Design a31 cp=1land c. =1
c, =10 | A1 1.1837 | B1 1.2204 | C1 1.2626 | D1 1.3141 | E1 1.3860
A2 1.1732 | B2 1.2124 | C2 1.2596 | D2 1.3205 | F2 1.4131
Design a4 1 cp=1land c. =1
c, =20 | A1 1.2945 | B1 1.3641 | C1 1.4484 | D1 1.5570 | E1 1.7178
al2: ¢y,c. =5 ald: ¢y,cc =10 | al4: ¢, c. =20
c,=1| A1 1.0674 | B1 1.0576 Al 1.1158 Al 1.1588
A2 1.0899 | B2 1.0787 A2 1.1578 A2 1.2198
A8 1.1216 | B3 1.1094 A3 1.2185 A8 1.3109
A4 1.1714 | B4 1.1598 A4 1.3187 A4 1.4687
A5 1.2800 | B5 1.2791 A5 1.5598 A5 1.8870
a22: cy,cc =5 a23: cy,cc =10 | a24: ¢,),c. =20
co =95 | A1 1.0005 | BI 1.0039 A1 1.0045 Al 1.0178
A2 1.0005 | B2 1.0004 A2 1.0157 A2 1.0421
a32: ¢y, cc =5 a33: cy,ce =10 | ad4: ¢, cc =20
c, =10 | A1 1.0152 | B1 1.1088 A1 1.0008 A1 1.0021
A2 1.0067 | B2 1.1047 A2 1.0008 A2 1.0130
a42: cp,ce =95 a43: cy,ce =10 | a44: ¢y, cc =20
c, =20 | A1 1.0454 | B1 1.0813 Al 1.0124 A1 1.0010
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For the remaining designs shown in Table 4.6, the correlation combination has
an effect on the relative efficiency, as discussed previously. For design a21 and a31,
additional correlation combinations are A2 to E2, for which p,, = 0.3 and p,;, p. vary
from 0.2 up to 1.0. As the non-seasonal correlation increases, the relative efficiency
also increases, similarly to those already shown for A7 to E1. Comparing the results
for A1 and A2 and then BI and B2, it is seen that the relative efficiencies decrease
slightly. Then for C1 and C2, they are very similar and then for D1 and D2 and
then E1 and E2, they increase slightly.

Looking at results for design al2 where ¢, = 1 and ¢, = ¢. = 5, when the
seasonal correlation increases from 0.1 to 0.9 (BI to B5), the relative efficiencies

also increase. This is similar to previously discussed results for A1 to AJ.

From Table 4.6, no simple patterns are evident. Nevertheless, it can be seen
that when ¢, > ¢,,c. (as in a21, a31 and a32), for each ¢ fixed, RE,(M) decreases
from A1 to A2, and from BI to B2. However, RE;(M) increases from DI to D2,
and from EI to E2. On the other hand, when ¢, < ¢,,c. (as in al2, al3, al/,
a23, a24, and a34), RE;(M) increases from A1 to A2, and from BI to B2. When
Co = ¢y = ¢ (as in all, a22, and a3%), RE,(M) remains stable for A1 to A2, but

decreases from B1 to B2.

Table 4.7 shows the results of RE,0(M) for design ‘b’ correlation combinations.
Design ‘0" has ¢, > 1 and ¢, = ¢. < 1. It is evident from Table 4.7 that RE(M)
increases from A1 to A2 and also from B to B2, that is, as the seasonal correlation

increases from 0.1 to 0.3.

Overall, apart from the compound symmetry model, the relative efficiency is
affected by the correlation coefficients of both the seasonal and non-seasonal com-
ponents. At first thought, it might be expected that as either of these correlations
increase, the relative efficiency would also increase. It has been shown here, that
while that is true for some cases, it is definitely not true for all cases. The two
highest values of RE, (M) in Table 4.6, are 1.7178 for design Ela41 and 1.8870
for design Abalj. Interestingly, these occur when the seasonal and non-seasonal

correlations and c-ratios are at opposite ends of their given scales.
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Table 4.7: Results of RE4 (M) for design ‘b’ correlation combinations.

b22: ¢;,c. = 0.2 b23: ¢;,c. = 0.1 | b24: ¢, c. = 0.05
c,=5| A1 1.3728 | B1 1.3689 Al 1.5063 Al 1.6158
A2 1.4076 | B2 1.4071 A2 1.5711 A2 1.7099

b32: ¢y, c. = 0.2 b33: ¢y, c. = 0.1 | b34: ¢,,cc = 0.05
c, =10 | A1 1.6060 | B1 1.6171 Al 1.8108 Al 1.9818
A2 1.6399 | B2 1.6577 A2 1.8798 A2 2.0866

b42: ¢y, c. = 0.2 b43: cy,c. = 0.1 | b44: ¢y, cc =0.05
c, =20 | A1 19014 | B1 1.9431 Al 2.2125 Al 2.4820
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4.6 Other Aggregated Series

The empirical results presented so far in this chapter are for a particular aggregated
series with known parameters (4.15). Results for differing sets of parameters of the
two sub-series or ‘designs’ have been determined using characteristics such as the
c-ratio and the correlation coefficient for each component. For each different design,
the sub-series are summed contemporaneously to obtain the same aggregated series.
Thus, the aggregated (or total) series parameters have remained constant, whilst
the sub-series parameters were varied.

There is an infinite set of total series for which this study could be repeated.
To obtain an idea of what might occur if the total series had different parameters
to those already chosen, some results are produced for two other series. For ease
of reference, the total series previously considered is now referred to as Series 1,
and consequently, the others are referred to as Series 2, and Series 3. The model
and associated parameters for each will be described in the following subsections. A
selection of results corresponding to those previously presented for Series I is given

in Section 4.6.1.
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Series 1

As a reminder, Series 1 is modelled by a seasonal local level BSM (given by (4.3)
and (4.4)), which has a level component without a slope, and a dummy seasonal
component for quarterly data. The parameters are the variances of the disturbance

terms, specified as:
Series 1: Oy =001, o1y, =1, opy. =1 (4.20)

The relationship between these univariate parameters may be described by the

seasonal to non-seasonal ratio for the series:

2
Otot,w 1.0
: = = 0.99. 4.21
Ufom + o0t 0.0141.0 ( )
Series 2
For Series 1, the level component parameter (afot,?7 = 0.01) is small in comparison

with the other two parameters, giving a small signal to noise ratio of 0.01. For
Series 2, the seasonal local level BSM model is retained but the level parameter is

increased to 0.5. The resulting univariate parameters are:
Series 2 Oy =05, opp, =1, o, =1 (4.22)

The seasonal to non-seasonal ratio for Series 2 is given by:

O-tQOt,w _ 10 _
Ufom + O't20t78 0.5+1.0

0.67. (4.23)

Series 3

The BSM model described in Section 3.2 was fitted to the well known data set,
‘airline passengers’ described by Harvey (1989, page 93). The monthly airline pas-
sengers data was aggregated to produce a quarterly time series and logarithms were

taken. Harvey (1989, page 94) specifies the BSM parameters to be

Series 3 : Oy = 5321074, op, , =1.32x 107",

and o, =108x107° o, =0. (4.24)

Since the measurement error variance is zero, €y, ; is excluded from the model

equations. In the model for Series I and Series 2, the correlated measurement
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error terms for the sub-series are put into the state vector due to the restriction in
the software package. This is not necessary here. Thus, rather than the local level
seasonal model, Series 3 is generated from a BSM with level, slope and dummy
seasonal components, and has no measurement error term. The parameters in (4.24),
as well as some initial values, are used to generate data for Series 3 from the model
equations.

The seasonal to non-seasonal ratio for Series 3 is given by:

o? —4
1.32 x 1
o t+0t7w02 34 el & = 0.25. (4.25)
tot,n tot.C (5.32 x 1074) + (1.08 x 1079)

Series 1, 2 and 8 have different parameters and as a result have different seasonal
to non-seasonal ratios. Series 2 and Series 3 are both disaggregated into two sub-

series, as carried out for Series 1, described in Section 4.3.

4.6.1 Results for other Aggregated Series

Results for Series 2 and Series 3 are presented here, and correspond to those for
Series 1 given in Section 4.5.1. The relative efficiency, RE;(M), has been calculated
for each combination of the c-ratios given in Table 4.1 for design ‘a’ and Table 4.2
for design ‘b’ for Series 2. Only one correlation design has been considered here,
namely A1, for which p, = 0.1 and p,, p. = 0.2. For Series 3, the c-ratio for the
measurement error, c., does not exist. It is replaced by c, which is the analogous

ratio of variances for the slope component between the series, thus

Var(Ry,) 07 + 03
= = . 4.26
“« Var(Ry) 07 + 03 (426)

The results for RE4 (M) for design ‘a’ are found in Table 4.8. For comparison
purposes, the results for Series 2 and Series 3 are shown together with the previous
results for Series 1. Looking at the results for the three series, it is clear that the
parameters of the total series do not greatly affect the relative efficiency. There are
some small differences, notably for designs a13, a14, and a41. For designs al3 and

alj, the relative efficiency increases from Series 1 to Series 3. However, for some
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designs which have a high c,, and low non-seasonal c-ratios, such as design a41, the
relative efficiency decreases; in this case it decreases from 1.29 to 1.26. Note that
design a41 has the highest relative efficiency for each of the total series.

Table 4.9 shows the results of RE; (M) for design ‘b’. The results of relative
efficiency for Series 2 and 8 show similar patterns as those for Series 1. Design 044
has the highest relative efficiency for each series, with the largest (RE, (M) = 2.6)
being for Series 3, the airline series. For design b2/, the relative efficiency increases
from 1.62 to 1.77 from Series 1 to Series 3.

The relative efficiency has also been plotted over time for Series 2 and Series
3, as done previously for Series 1. Figure 4.11 shows the results of RE,(M) for
design ‘a’ for each total series. Each plot has the same vertical scale and the same
legend for comparison. Comparing the three plots in Figure 4.11, it is noted that
the rankings of the designs are almost identical, with the main differences being
seen for designs a1/ and a31. For Series 1, the time plots intersect at t = 8 with
a31 eventually having the greater gain. For Series 2, the gain for design a4 climbs
more quickly but then eventually becomes almost the same as for a31. For Series
3, the gain for design a14 is always larger than for a31.

For some designs, convergence rates also differ across the plots. A marked dif-
ference between Series 1 and Series 2 is that the level parameter increases from
0.01 to 0.5, thereby decreasing the seasonal to non-seasonal ratio from 0.99 to 0.67.
Series 2 seems to have a slower convergence rate than that for Series 1. For Series
3, which has a seasonal to non-seasonal ratio of only 0.25, the plot shows slower
convergence than for the other two series.

Figure 4.12 shows the results for RE; (M) for design ‘b’ for the three total series.
Again, the three plots have the same vertical scale and legend. The rankings of the
nine designs are again similar for each of the three series. The designs which differ
here the most are b43 and b34. Convergence rates are again slower for Series 3 than

for the other two series.
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Table 4.8: Series 1, 2, and 3: results of RE4 (M) for design Ala.

85

Design ‘a’ ¢, and ¢.  (or ¢¢)

1 5 10 20
¢, 1 Seriesl | all 1.0000 | a2 1.0674 | a13 1.1158 | al4 1.1588
Series 2 1.0000 1.0732 1.1299 1.1840
Series 3 1.0000 1.0769 1.1416 1.2092
5 Series 1 | a21 1.0929 | a22 1.0005 | a23 1.0045 | a24 1.0178
Series 2 1.0949 1.0005 1.0048 1.0199
Series 3 1.0923 1.0005 1.0050 1.0216
10 Series 1 | a31 1.1837 | a32 1.0152 | a33 1.0008 | a34 1.0021
Series 2 1.1827 1.0156 1.0008 1.0022
Series 3 1.1719 1.0151 1.0008 1.0023
20 Series 1| a41 1.2945 | a42 1.0454 | a43 1.0124 | a44 1.0010
Series 2 1.2849 1.0450 1.0125 1.0010
Series 3 1.2581 1.0422 1.0121 1.0010

Table 4.9: Series 1, 2, and 3: results of RE (M) for design AI1b.

Design ‘b’ ¢, and ¢ (or ¢¢)
0.2 0.1 0.05

¢, 5 Series1 | b22 1.3728 | b23 1.5063 | b24 1.6158
Series 2 1.3946 1.5532 1.6963
Series 3 1.4000 1.5839 1.7705

10 Series 1 | b32 1.6060 | b33 1.8108 | b34 1.9818
Series 2 1.6246 1.8636 2.0849
Series 3 1.6092 1.8769 2.1576

20 Series 1 | b2 1.9014 | b3 2.2125 | bjs 2.4820
Series 2 1.9004 2.2529 2.5939
Series 3 1.8340 2.2030 2.6072
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4.7 Conclusion

In this empirical study, the relative efficiency of the seasonally adjusted aggregated
series has been investigated by using a multivariate structural time series model
applied to the non-stationary sub-series. It is therefore an extension to the work of
Geweke (1978), who used spectral densities in studying the accuracy of the seasonally
adjusted series in reference to stationary time series. More recently, Planas and
Campolongo (2001) applied some of the results for the multivariate case in Geweke

(1978) but also used ARIMA models to describe the sub-series.

Although non-stationary time series have been considered here, and a different
model structure has been used, the results from this study reflect quite similar
conclusions to those made by Geweke (1978) and Planas and Campolongo (2001).
It has been shown that gains in the accuracy of the seasonally adjusted series are

possible by joint modelling of the sub-series.

This study focuses on one particular local level seasonal aggregate series and
utilises a selection of designs for two sub-series. Keeping constraints for the aggregate
parameters, the exact multivariate parameters are determined with reference to the
ratios of the variances of the sub-series, and also the correlations for each of the
seasonal and non-seasonal components. Gains are attainable under conditions which
rely on the values of the parameters of the seasonal component and the non-seasonal
components. The between-series (i.e. within components) and the within-series (i.e.
between components) relationships for the two series have been studied and both

affect the relative efficiency. The results are best summarised under five main points.

Firstly, when the two sub-series have the same variance parameters for both the
seasonal and non-seasonal components (c-ratios are all equal to one), then there
is no difference between the multivariate and the univariate methods. In addition,
there is very little difference in the methods when the c-ratios are high, meaning
that the series have very different variance parameters within components only if
the c-ratios are equally high for both the seasonal and non-seasonal components.

This is due to the design being close to the homogeneous system. This first point
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confirms the ‘similar’ patterns case studied by Planas and Campolongo (2001, p21)
who found that “the direct and multivariate adjustments tend to coincide and yield

nearly equal estimation errors” when using ARIMA-based models.

Secondly, the relative efficiency is higher when the c-ratio for the seasonal com-
ponent is very different to the c-ratio for the non-seasonal component, even if all
c-ratios are greater than one, as in design ‘a’. The magnitude of the relative effi-
ciency becomes much greater if the c-ratio is greater than one for one component
(e.g. seasonal) but is less than one for other (i.e. non-seasonal) components, as in
design ‘b’. This confirms the point made by Taylor in his comments on Geweke’s
paper (Geweke, 1978, p432): “where the stochastic structure of the non-seasonal
and seasonal components are dissimilar, the relative efficiency of the optimal proce-
dure is quite high”. This study shows that even when the correlations between the

series are low, this statement holds true.

Thirdly, if the c-ratios are held constant with non-seasonal correlation kept con-
stant and low, when the seasonal correlation is increased incrementally, the relative
efficiency improves, but the extent of the increase depends on the design structure.
If the sub-series are described by Model 1, where c-ratios are all equal to one, then
increasing the correlation has no effect on the relative efficiency. If the sub-series are
quite similar, increasing seasonal correlation increases the relative efficiency, and this
is magnified if the series have dissimilar c-ratios for the seasonal and non-seasonal
components. A similar result holds if the seasonal correlation is kept constant and
low, the c-ratios are held constant and the non-seasonal correlation is increased.
Thus, the relative efficiency increases if the non-seasonal correlation increases away

from the value of the seasonal correlation.

The last two points extend the work of Geweke (1978) and look more closely
at the effect of different correlation combinations in addition to the effect of sea-
sonal and non-seasonal stochastic structures. Fourthly, the results plotted over time
show that the impact of increasing either the seasonal or non-seasonal correlation is

greatest for the designs with very different c-ratios.

Lastly, this study also examines the evolution of relative efficiency over time, an
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aspect not discussed by either of the previously mentioned authors. For the first
4 time points, the multivariate method and univariate method yield exactly the
same MSEs for the filtered estimates. This is due to the application of the exact
initial Kalman filter. For exact parameters, the theoretical expressions for the MSE
of the seasonal component of the total series, for the univariate and multivariate
methods, are equal for ¢t = 1,...,4. As time progresses, the relative efficiency
increases above one for each simulation carried out in this study. There are different
rates of convergence but, on the whole, each plot shows a time series which reaches
a steady state. Those with higher c-ratios for the seasonal component tend to
be slowest to converge. Increasing the seasonal correlation also has an impact on
the rate of convergence. As the correlation increases, convergence becomes slower.
However, when the non-seasonal correlation is increased, the rate of convergence for

relative efficiency seems to remain fairly constant.

If the aggregate series parameters are altered as in Section 4.6, the relative
efficiency remains quite similar for the three series examined. The parameters of
the aggregate series are shown to have an effect on the convergence of the relative
efficiency over time. For the three series studied, Series 3 has the smallest seasonal

to non-seasonal ratio and also the slowest rate of convergence.

This empirical study highlights that efficiency gains are determined by different
combinations of the parameters of the sub-series. As outlined in the five points
above, the relative efficiency of the variance of the seasonally adjusted series, de-
termined with the multivariate and univariate models, is highly dependent on the
relative parameters within and between the sub-series, for both the seasonal and
non-seasonal components. As there are many facets to the nature of this depen-
dence, rather than a single general result, there are many conditions which may

lead to gains in the efficiency.

The theoretical result given by the Kalman filter, which relies on the model
parameters only, differs for each time point. Thus, given the parameters, it is
difficult to make a decision about whether to use the multivariate or univariate

model without applying the Kalman filter. However, by looking at the transition
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from time t — 1 to time ¢, and applying a quasi-likelihood approach to the BSM, a
single measure may be developed for use as an indicator of the relative efficiency.
This is derived in Chapter 5.

In this chapter, the focus has been on the relative efficiency when exact param-
eter values are used, and has not attempted to do any parameter estimation. A
simulation study in Chapter 6 examines this extension for the two sub-series case.
It also considers the effect of estimating the model parameters as the length of the
series decreases. In Chapter 7, an example is given for the model which has more

than two sub-series.



Chapter 5

Quasi-Likelihood Indicator of
Relative Efficiency

5.1 Introduction

Due to the complexity of the iterative filtering process, the application of the Kalman
filter can be difficult. The iterative nature of the process means that the theoret-
ical expression for the estimates of the components contained in the state vector
changes for each time point. This is also true of the elements in the error variance
matrix of the state vector estimates. In the previous chapter, it was shown that the
relative efficiency depends on the parameter values of the seasonal and non-seasonal
components, and not on the observations. In particular, it was demonstrated that
the relative efficiency is affected by the relationships among sub-series parameters,
both between series (i.e. within components) and within series (i.e. between com-
ponents). A simple expression for the relative efficiency ratio is not available, as the
expression changes with each value of ¢. This makes it difficult to assess when gains
from the multivariate approach will occur. It would therefore be helpful to have a
single indicator which could be used to predict the relative efficiency for the Kalman
filter given the variance parameters of both univariate and multivariate models. It
would then also serve as a general indicator of when the multivariate approach is
worthwhile.

In this chapter, a one-step-ahead indicator is derived using the quasi-likelihood

method. Lin (2007) develops a quasi-likelihood approach to derive the gain matrix

92
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for the state space model and shows that it is the same gain matrix defined in the
Kalman filter process. Following Lin’s procedure, a quasi-likelihood indicator may be
determined for the relative efficiency; this compares the univariate and multivariate
MSEs of the Kalman filter for the aggregate series. This measure is shown to have
a direct relationship with the relative efficiency determined from the Kalman filter.
The value of this single indicator can then be used to predict if a gain is achievable
using the multivariate state space model rather than the univariate model. The

indicator would therefore be useful in practice.

When there is a large number of sub-series, the multivariate state space form can
be cumbersome to apply. The system of K sub-series may be reduced by aggregating
the K original sub-series into r < K new sub-series. This reduces the complexity of

the model and also reduces the number of parameters.

There can be many ways of grouping the K original sub-series into the r new
sub-series. The 18th century Scottish mathematician, James Stirling (1692 - 1770),
determined the number of ways of partitioning a set of n elements into m non-empty
sets. These are called ‘Stirling numbers of the second kind’. Refer to Appendix C.3

for formulae and a table of values.

Take a simple example with K = 4 sub-series labeled A, B, C, D. There are
seven ways to combine them into two groups. Three of the seven have two series in
each group: {A+B, C+D} ; {A+C, B+D}; and {A+D, B+C}. The remaining four
combinations have a single series in one group and three series in the other group:
{A, B+C+D}; {B, A+C+D}; {C, A+B+D}; and {D, A+B+C}. The sub-series
in each group are then aggregated contemporaneously to form the new r sub-series.
The quasi-likelihood indicator for relative efficiency can then be calculated for each
combination to identify which one will yield the greatest gain from the multivariate

model.

Following a brief introduction to the quasi-likelihood method (Section 5.2), the
method is applied to the state space form of both the univariate model (Section
5.3) and the multivariate model (Section 5.4). In the subsequent section, the quasi-

likelihood indicator is derived for the case K = 2. In Section 5.6, the relationship
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between the quasi-likelihood indicator and the Kalman filter relative efficiency is
determined for the homogeneous model, the compound symmetry model (Model 1),
and also for Model 2. Finally, in Section 5.7, the indicator is derived for the case

where K > 2 original sub-series are grouped into r < K new sub-series.

5.2 Introduction to Quasi-Likelihood Method

Unlike maximum likelihood, the quasi-likelihood is a method that only involves
assumptions regarding moments up to second order. The principle of the quasi-
likelihood (QL) method involves estimation of unknown parameters via a quasi-
score estimating function. Estimating functions are functions of both data and the
parameters (Heyde, 1997). The quasi-likelihood estimator is derived from setting
the quasi-score estimating function to zero and solving. This is a method similar to
that used to derive the maximum likelihood estimator from the likelihood score.

The primary rule is given by Godambe and Heyde (1987):

Definition: Let Gr be an estimating function space in R" associated with un-
known parameter § € ©. Each element Gr(6) of Gr satisfies the conditions that
E[G1(0)] = 0, E[G1(0)G()], and E[G1(6)] are non-singular, for all # € ©. Note
that G7.(0) denotes the transpose of G¢(#) and Gr(6) denotes the derivative of
G (0) with respect to the unknown parameter 6.

If G%.(0) € Gr such that

-1

!

B(@n| Beey [BGn] - [BGn] T Bere) (@] 6

is non-negative for all G(0) € Gr and 0 € O, then GJ.(0) is called the quasi-score
estimating function in Gr. The following equation is called a quasi-score normal

equation:
G(60)=0. (5.2)

The solution to (5.2) is called a quasi-likelihood estimate of 6.
Lin (2007) provides an alternative derivation for the Kalman filter gain matrix

for a state space model, using the quasi-likelihood approach. The following sections
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apply Lin’s technique to determine an alternative expression for the MSE of the
seasonal component for both the univariate and multivariate methods. The unknown

parameter 6, is a subset of the state vector oy given in the univariate case by (3.27).

5.3 Quasi-Likelihood Approach to the Univariate
BSM

For the univariate case, the error variance associated with the quasi-likelihood es-
timate of the seasonal component is derived here. The univariate BSM with level,
slope and quarterly dummy seasonal components described in Section 3.2 may be
rewritten with the one-step transition going from ¢ — 1 to t instead of ¢ to ¢ + 1.
This results in the following system of equations. Note that this does not change
the model in any way, but is a more straight forward way of writing the model for

the application of the quasi-likelihood method.

Y;g = Lt + St + €U, ¢, E(é‘U, t) O, Var(aU, t) = 0'%7 e (53)

) Var(ﬁU,t) = O-gf,na

07 \/var(CU7 t) = 0-[2], ¢

I
o

Li=Li 1+ Ry +nu -1, EMue)

Ry = R 1+ Cu, -1, E(Cv, +)

s—1
Sy = — Z Sij+wu 1, BElwy) =0, Var(wy) = 012]7‘“, (5.4)
j=1

fort =1,...,T. In state space form, this is written as
}/t = ZOét + €U, t» (55)
o = TOét_l + G’Yt_1. (56)

The system matrices, Z,G and T, remain unchanged and are given in equation
(3.27). The state vector obtained for the Kalman filter approach, «y, includes the

level, slope and quarterly dummy seasonal components, such that
a; = [Ly, Ry, Sty Sio1, Sioa] - (5.7)

For the dummy seasonal model with s = 4, the state vector, a;, defined in

(3.27), has three seasonal elements. For a dummy seasonal component, only the
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first element S; has a disturbance term in the equation (5.4), which defines it. The
last two elements, S;_; and S;_», do not have disturbance terms connected to them.
This is evident from the G matrix in the state space form which has zeros in its
last two rows (3.27). When applying the quasi-likelihood method, S;_; and S;_
are therefore not required in the state vector. The state vector from the Kalman
filter approach, a4, is amended here by multiplying it by a selection matrix which is

denoted by U:

10000
U=101000 |- (5.8)
00100

Hence, the state vector for the quasi-likelihood method, which will be denoted by
(@)

o, is given by:

al? = Uq, (5.9)
= [Lt7 Rt7 St]/ .

Before continuing with any derivations, some notation needs to be defined. In

this chapter, F;_; is defined by the following information:
‘/Tt—l = {}/la Yév s a}/;f—l; le s 7Lt—1; Rl: R Rt—l; Sl) ceey St—l} . (510)

Also, let F;*, (5.11) denote the information provided by F;_; in addition to the

observation Y;:
Fii=F1 UV} (5.11)

The quasi-likelihood (QL) approach assumes known values at the previous step,
which includes not only the observations but also the estimated components of the
state vector (Lin, 2007, p1630 and p1633). Thus, the aim is to find a one-step

optimal estimator of oz,gQ) given all information provided by F;*,. Let aiq) denote

(@)

i1 denote

the optimal estimator of agq) based on the information F,*,. Also, let a
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the optimal estimator of agq) based on F;_1, such that

aift)_l =E (agq)\ft,l)
=E;_; (a&”)
= E; 1 (Uy)
=UE; 1 (T 1+ Gyq)

=UTa.,, (5.12)

where E;_; denotes the expectation conditional on the information provided in F;_;.

The quasi-likelihood method can now be applied to the univariate BSM. The
first step in this process is to determine a martingale difference (Lin, 2007, p1630)
from the system of equations (5.3) to (5.4). All terms which are not disturbance

terms are moved to the left hand side of the equation; the result is a vector:

}/;5 — Lt — St 5U,t
5, = Ly —Liy — Ry _ Nu, t—1 . (5.13)
Rt — Rtfl CU, t—1
St + Sp—1 + Si—o + Si—3 Wy, t—1
Thus, the martingale difference, for t = 1,2,...,T, may be written as
5 Y, — ZU/agq) €U, t
t pr— pr—

agq) —UTay 4 a&q) — agﬁll

(5.14)

The quasi-score estimating function G} (agq)) is given by (Lin, 2007, p1630):

06
G: (a§q>> —E_, (a—é’)> [Var,_1(5,)]16,. (5.15)

a

Let B = 8%, then
o

B— —| o010 :<—UZ,h), (5.16)
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where I3 is the 3 x 3 identity matrix. Also, let V = Var;_1(¢;) so that

ok. 0 0 0
0 o%, 0 0
0 0 %, O
0 0 0 of,

V = Var, (&) = (5.17)

The vector, d;, may then be rewritten to separate the components of agq),

Y, —-10 -1
Ly
—Li 1 — R4 10 O
(St - + . Rt
—R; 4 01 O
St
Stfl + St72 + St73 00 1
Y, —ZU
= R al?, (5.18)
&1 I3
Y,

By letting X; = in (5.18), the quasi-score estimating function,

(9)

&y

G; (agq)), given by (5.15) may be written as:

G (af?) =BV5,

— BV (X1 + B’ag‘”) . (5.19)

The quasi-likelihood estimate, denoted by a'?, of a!? is calculated by solving the
equation Gj (ai‘n) = 0. The solution is

a¥ = —(BV'B) 'BV'X,. (5.20)

This estimate of the quasi-likelihood state vector is a function of the parameters of
the model contained in V and the information contained in F,* ;.
The error variance matrix of the state vector estimates can now be derived. If

the conditional variance of (a@ — aﬁf”) on the information set F;_; is denoted by



Chapter 5. Quasi-Likelihood Indicator of Relative Efficiency 99

P\? then,

PO _ {(agw —a®) (af? —a?) }

= Var;_; [ng) — aﬁfﬂ
= Var,_; [aﬁ‘” — AXJ , (5.21)

where A = —(BV~!B)"'BV~! from (5.20).
Now the vector X; may be rewritten by substituting for Y;, and then splitting

it into parts:

L+ S +¢€u+
—L 1 — Ry
Ry,
Si—1+ Si—2+ Si_3

X, =

Ly
101 1 0 0000
L, Ry
000 0 —-1-1000
= Rt + €U, t + St—l
000 0 0-1000
S Si—a
000 0 0 0111
Si—3
yAS) 1 0
= ai") + ey, ¢+ (®) Q1
0(3x3) O(3x1) -uT
= Xa@gq) + XbeU,t -+ Xcat_l, (522)

where X, denotes the coefficient matrix of agq), X, denotes the coefficient vector of
v, t, and X, denotes the coefficient matrix of o;_;. Thus, the error variance matrix
associated with the quasi-likelihood state vector estimator may be determined as

follows:
Var,_; [aiq) — AXl} = Var,_; [Igagq) - AXaaiq) — AXpep 1 — AXCat_l]
— Var;_, [(13 —AX)al? — AXpe - Axcat_l}
= (I — AX,)Var;_, <a§q)> (I; — AX,)'
+.AXbVart,1<€U, t)(AXb)/. (523)
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From Section 3.4.1, the variance of the measurement error can be written as
Var,_1(ev,¢) = 0(2], . and also
012]7 , 00
Var;_, (oc@) = 0 0[2]7< 0 : (5.24)
0 0 O'(QJ’W

Therefore, the error variance matrix for the univariate quasi-likelihood method is

given by:
2 2 2 2 2

%u, n(UU, 190, W) 0 —0, 290, o

2 2 2 2 2 2
o0, 2 to0, 1Y, W o, o, T, W

(@) _ 2
Pt - O O-U, C 0

2 2 2 2 2

U, 12U, w 0 9y, W(JU, 2 tou, )

2 2 2 2 2 2
o, 2 to0, s TO0, W oG, o, T, W

(5.25)
The third diagonal element of the above matrix is the error variance associated with
the quasi-likelihood seasonal component estimate for the aggregate series, given the
information F;_q:

0, (00,4 + 00, )

2 2 2 :
UU,n+aU,€+UU,w

Var,_, (S,S‘D - S}‘”) - (5.26)

This expression becomes the numerator of the indicator measure for the relative
efficiency of the univariate and multivariate methods. As all the terms on the right-

hand side of (5.26) are free from ¢, Var, ; <S§q> — S‘lfq)> does not depend on t.

5.4 Quasi-Likelihood Approach to the
Multivariate BSM

In this section, the quasi-likelihood method is used to derive the state vector for the
multivariate system with two sub-series, along with its error variance matrix. The
element associated with the seasonal component for the aggregate series will become
the denominator of the indicator measure for the relative efficiency of the univariate
and multivariate methods.

The multivariate BSM with level, slope and quarterly dummy seasonal compo-
nents described in Section 3.3, may be rewritten with the one-step transition going

from t — 1 to t. For K = 2, the model becomes
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let = th + Slt + & + th? E(Ei) = O, Var(gft) = 0'%5*, (527)

Yor = Lot + Sor + &1 + €5, E(e3) =0, Var(e},) = U%E*, (5.28)

Lyy =Lyt + Rier + 1+ 00 4 E(
(

Loy = Lo 1+ Ry y—1 +m—1+ 77;, -1, B

) st
Ry =Ry 1+ Go1+ (o E({,) =0, Var(¢,) = O-%(*v
Ryt = Ry 41+ o1+ G5 41, E(G,) =0, Var(G,) = oy,
E(G) =0,  Var(¢;) = o,
s—1
St = — Z Si4—j F w1 + Wik, t—1> E(Wik 1) =0, Var(wi )= Uiu*v
o
Su==Y Spijtwa+ws, . Ews,) =0 Var(w,) =03,
=1
: E(w) =0, Var(w;) = 02,
fort=1,...,T.

In state space form, the state vector contains the components for each series
as well as the measurement errors because standard software does not allow for
correlated measurement errors (see Section 3.4.2). For the quasi-likelihood method,
this adjustment is not necessary. So the state space form for K = 2 may be written

with (mx) subscripts as

Y(m*)ﬂf = (Z ® IQ)Q(m*),t + g(m*), t (529)

Amr), t = (T @ L), -1 + (G @ L)Y, t-1, (5.30)

where the system matrices Z, T and G are the same as those for the univariate
state space form (3.27). For this model, Z, T and G have respective dimensions

(1x5), (5x5)and (5x3). Separating the measurement errors from the state vector
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requires adjustment of the system vectors:

Y (i), ¢ = [Yie, Yor|
Ams), t = [th,[an Ry, Rot, Sie, So, Sl,t—1752, t—1, Sl,t—2752, t—2]/7

!

Y(mx), t = [ (e +m70), (e +m30)5 (G + Chy), (G + Gop)s (Wi +wiy), (we +wsy) |

Emu,t = [(ee+e1 ), (e +eb5 )] - (5.31)

5.4.1 Transforming the Multivariate System

Following the methodology described in Section 3.4.3, the transformation is applied

to the multivariate system above with K = 2. The transformation matrix A is

11
A= . (5.32)
10

The measurement equation (5.29) for the transformed state space system is now

written:

AY(m*),t = A<Z X I2>a(m*),t + Ag(m*), ts

= (Z X 12)(15 X A)Oé(m*),t -+ 1A(f:(m*)7 " (533)

Letting Y (ar), + = AY (s, + and simplifying remaining terms with the (M) subscript,

the measurement equation (5.33) becomes:
Yo, = (Z@L)ann,  + Em, ¢ (5.34)
The transition equation for the transformed state space system becomes
(Is ® A)(ma. t = (TR L) (I5 © A)apme, i1+ (Is @ A)(G @ L) Yma), 11,

and denoting (Is ® A)a(ms), ¢ by o), +, this becomes

Oé(M)7 t — (T X IQ)O((]\/[)7 t—1 + (I5 X A)(G X ]:2)’)/(m>,<)7 t—1- (535)

The state vector for the multivariate system, oy, ¢, requires modification similar

to that for the univariate quasi-likelihood method. In the definition of the dummy
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seasonal variable, only one season is defined to be stochastic. This means that
the last four components in oy, ;, namely Sy, ¢—1, S1, -1, Stot, t—2 and Sy, ¢—2, do
not have disturbance terms associated with them. The state vector is amended by
multiplying it by the selection matrix appropriate for the K = 2 case, which is

denoted by Uy,
Um)y =URIy, (5.36)

where U is the selection matrix for the univariate case given in (5.8). Therefore, the

multivariate state vector modified for the quasi-likelihood method is given by:

@ _
agp. . = Uanaon,

= [Ltot7 ty L1t7 Rtot7 ty thv Stot7 ty Slt], . (537)

The notation for the multivariate quasi-likelihood approach is a simple extension
of the notation for the univariate approach, as developed in the previous section. In
the quasi-likelihood (QL) approach, the aim is to find a one-step optimal estimator

of ag?\)@ , provided by the following set of information:

‘7:(7\4),75—1 = {Ym Y12>---,Y1,t71, Yie, ., Yk, YK27---7YK,t71a Yi;
Llla L12a~'~7L1,t—17---a LKla---aLK,t—l;
RH, R127'-~7R1,t—17~'7 RKlwwaRK,t—l;
5117 512,...,511’,5,1,..., SKI;---7SK,t71}~ (538)

If the observations Yy, ..., Y, are excluded from (5.38), the result is the in-

q)

formation denoted by F(ar), 1. Let aE%} , denote the optimal estimator of CYE M)t

based on the information }—(’;\/1), +—q- Also, let ag?\)@’ Hi—1 denote the optimal estimator

of 0‘8\21)7 , based on F(ap), 41, which defines the conditional expectation of ag?\)“ -

(@) _ (@)
a(?\4),t|t—1 = Ei (a(?\/[),t>

= Ei1 (Upnaqn, +)
= U(M) (T X IQ) 04(1\4)7 t—1- (539)
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The martingale difference for the transformed multivariate system is determined

by separating the disturbance terms as follows:

Yiot,t = Ltot, t — Stot, t 280+ &}, + &5
Yie — Lt — S e +ey
Liot, t — Liot, t—1 — Riot, 11 21 + 77? -1+ 77;, t—1
Ly — Ly 41— Ry 1 -1+ M1 11
O(n), t = =
Riot, ¢ — Riot, -1 2G1+ o1 6
Ry — Ry 1 G—1+ (1 41
Stot, ¢ + Zj;i Stot, t—j 2w Wi g W5
Sit + Zj: Si, - Wi-1 + Wi 4
(5.40)
This can be written in matrix notation as
Ag(m*),t
O, t =
Uanaan,: = Uanamn, i
B AY(m*% = (Z &® IQ)(I5 &® A)oz(m*% t
Un(Is @ A)agm, ¢ — Unn (T @ L) (Is ® A) o), 11
! (@)
_ AY (i, — (Z® IQ)U(M)Q(?\I), ¢
0482[“ — U (T L)Is ® A)ams), -1
_ AY (), L[ ~(Zen) Uy, o0,
M), t*
—Uun (T2 1) (Is @ A)ogm, t-1 I
(5.41)

The quasi-score estimating function for the multivariate method is given by (Lin,

2007, p1630):

a6
G; (aflh,) = B ( <M“> Var,_1 (5. )] . +- (5.42)

@
), ¢

The derivative of d(5r),  with respect to the quasi-likelihood state vector is denoted
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by B(u):

8042}1\2[)7 .
= (-Uun(Z' 9 Ly), Iy)

= B®l. (5.43)
Referring to (5.40) and to Section 3.4.3, in this case the variance term is:

2(M),e 0252 0252 022
02x2 X, n Oax2  O2xe
Vi = Vare 1 (don), ) = T ’

0252 0252 2(M),C 0252

022 022 022 2(M),w

(5.44)
Since K = 2, the covariance matrix for the level component is given by
Sar g = Jtzgt,n 20,27 + 0’%,]*
> M - )
207 + 0}, 02+ 07,
(5.45)

with o7, , = 407} + 0, + 03,.. Similarly for X, ¢, B(ar), » and By, ..
Let the first term on the right hand side of (5.41) be X7, 1. Then d(ap), ¢ may

be written as
(S(M)J = X(M), 1+ B(M)Ozg]\)@7 . (546)
The quasi-score estimating function for the multivariate case is therefore given by:

* ( ) o —1
G, (04(7%),0 = BanVindan,

= BunVi, (X(M), L+ Bpall), t) . (5.47)
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The quasi-likelihood estimate of the multivariate state vector is the solution of the

equation Gj (ag?&) t) =0:

(9) _ -1 R’ — -1
a(?w),t = _<B(M)V(M)B(M)) 1B(M)V(M)X(M),l
= AonXm, 1, (5.48)

BN
where Ay = — (B(M)V(’]\})B(MO B(M)V(’Alj). This produces an estimator of the
quasi-likelihood state vector which is a function of the parameters of the multivariate

model which are contained in 'V ,s), and of the information .7-"(}‘\4)’ i1

To determine the denominator of the quasi-likelihood indicator for the relative
efficiency of the univariate and multivariate methods, the error variance matrix
of the multivariate quasi-likelihood estimate of the components is required. The

conditional variance of <a2%)4) - ag?\)@ t) 1s written as:

?\2[),15 — AonX, 1) : (5.49)

The vector X, 1 may be rewritten by substituting for Y, , and Y3,

Lot + + Stot, + + 2e4 + €7, + €5,
L+ S+ + €14
—Liot, t—1 — Riot, t—1

—Li 41— Ryt
X, 1 = t t . (5.50)

)

Stot, t—1 + Stot, t—2 + Stot, t—3
S1 41+ 51, t—2 + 51, 1-3
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Splitting this into three parts,

100010 10
010001 | [ Lot 01
000000 | | Ly 00
Xipp 1 = 000000 | | R | 00| 204+
000000 | | Ry 00 &+ €,
000000 | | Sir.: 00
000000 | \ Sy 00
000000 00
Ltot, t—1
000 0 0000000 Li i
000 0 0000000 || Rior e
~1 0-1 0000000 || Ry
| 01 01000000 S (5.50)
0 0—-1 0000000 S1 i1
000 0-1000000 || Sir,is
00 0 0101010 Siooa
000 0 0010101/ | Spres

51, -3

In matrix notation, and using the same vectors obtained in the univariate solution

for X in (5.22), this may be written as

Ay (@) 1
X(my1 = ®Ly| agy , + @Iy | Eany, ¢
|\ O@x3) | O(3x1)
O@xs
+ T g1, (M), 11
~UT

= (X, ® 1) 048\)4), T Xy @ L) Ean, ¢ + (Xe @ L) aqary, 11

= X(M), a 048)4)7 Xy, b En), 1 + X, e Q) t—1- (5.52)

where X(17), o = X, ® I, and similarly for X7, and Xap, c.
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The error variance matrix associated with the quasi-likelihood multivariate state

vector estimator may be determined as follows:

PE?\EI),t = Var;_, (aéi’@,t - A<M>X<M>,1)
= [Is — Apn X, o] Var, (a%, t) 16 — AwnXan, o)’

+ .A(M)X(M), b val“t—l (g(M)7 t) (.A(M)X(M)’ b)/ . (553)

Therefore, the element corresponding to the variance of the seasonal component
estimate of the aggregate series, Var, (ngzyt — S,fgt) t), is the fifth diagonal element
(since K = 2) of the matrix PE?\)@’ .

An alternative to calculating the entire error variance matrix is to partition the
Ay matrix and just do the calculations for the block of seasonal elements. For the

K = 2 case, this block has dimensions 2 x 2. The 6 x 8 matrix Ay in (5.48) is
given by:

’ -1 _
Ao = = (BanVihBln)  Ban Vi, (5.54)
and can be partitioned into 2 x 2 matrices such that

All AIQ A13 A14
Aoy = | Aar Asp Asz Asy | - (5.55)
A3l '/432 A33 A34

More specifically, this partitioned matrix can be used to obtain the results of
(5.53) which correspond to the seasonal components only. The result is a 2 x 2

matrix:

Var 1 (S8, $19 . St — S17)
= A1 3 ), nAé,l + (I — As1) B, w (I — «431)l + A1 X, sAfg,1
= Asi (B, 5 + ), <] Ay + (T — Asy) Sy, w Iz — As) (5.56)
The first diagonal element of the above matrix will be the variance of the seasonal

component for the aggregated series given the two sub-series. For details of the

derivation, see Appendix C.1.
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To abbreviate the expression for the solution of the first element of (5.56), let

0-72] + 0-%77* = 1, 0-3; + O-%w* = Wi, 052 + O-%s* = €1,
2 2 2 2 2 2 _
0 4 05, = Ny, 02+ 03,0 = Wa, 02+ 0. = ey, (5.57)
2 2 2 _
Otot,n — N, Otot, w — W, Otot, e = E.

Then, the error variance of the estimate of the seasonal component of the aggregated
series, using the quasi-likelihood method, is given by equation (5.58) below. See

Appendix C.2 for details of the calculation.

Var;_; (St(gt),t - S’t(gt) t)

W ([02+02)" = [m + ea) 2 + €3] + (N + ) (o, — wrw)

(02 + 02+ 02)" — (11 + e+ wi) (02 + €5 + W)
(5.58)

This expression forms the denominator of the quasi-likelihood indicator measure.

5.5 The Quasi-Likelihood Indicator

The focus of this chapter up to this point has been on deriving the one-step ahead
result for the conditional error variance of the estimator of the seasonal component
of the aggregated series using the quasi-likelihood approach. This has been achieved
for both the univariate model and the multivariate model with two time series. The
purpose of the derivations is to determine an indicator measure (denoted by @)
which does not rely on an iterative process or on ¢, and can be used to predict the
relative efficiency determined by the Kalman filter (3.59). Thus, @ will provide an
indication of when the multivariate model, using the disaggregated series is more
efficient than the univariate model.

The quasi-likelihood indicator (Q) is defined as the relative efficiency of the
conditional error variance of the estimator of the seasonal component at time ¢,

given by the univariate and multivariate QL methods. It is given by the ratio of the
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expressions in (5.26) and (5.58):
Var;_q <S§q> — qu)>
Var; 4 (Szfgz,t - At(gt),t>

With reference to the abbreviations in (5.57), and for K = 2, @) is given by:

Q= (5.59)

Q =
2
aéw (a?]’ )T O'?L E) [(0727 + 02+ af,) — (ng +e; +wy) (ng + ey + Wg)]

08, + 08 - + 08 ] [W ([03; +02)" = g + ey [mp + ez]) +(N+E) (0 — W1W2)] |
(5.60)

Note that the expression for () involves all the parameters except those for the
slope component, even though a slope component was included in the BSM for both
the univariate and multivariate models. The solution for () is the same whether or
not the model contains a slope component. The solution for () therefore applies to
the local level seasonal model as described in Section 4.2.

It is also important to note that ) does not depend on t. Unlike the relative
efficiency measure derived from the Kalman filter, the QL indicator does not change
for different values of t. As it produces a single quantitative value, ) can be used
as an indicator for the KF relative frequency. It is not intended here to replace the
Kalman filter estimates of the state vector with the quasi-likelihood estimates but

to use the calculated value of @) as a quick predictor tool only.

5.6 Comparison with Kalman Filter Results

In this section, the value of the quasi-likelihood indicator, (), is compared to the
relative efficiency determined by the Kalman filter, RE,(M) (refer to (3.59)). It is
shown that these two measures are directly related for a homogeneous model. In
addition, with examples from Model 1 and Model 2 from the experimental study in
Chapter 4, it is also shown that ) has a positive linear relationship with RE;(M).

Application of the quasi-likelihood method results in an estimate of the quasi-

likelihood state vector, which is a function of the parameters of the model, given
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the information F,* ;. Knowledge of all components up to and including those with
subscripts ¢t — 1 is assumed. Hence the error variance matrix of the estimated state
vector is also conditional on this information, as can be seen in (5.59).

On the other hand, the Kalman filter relative efficiency, as reported in (3.59), uses
the appropriate element of Py, = E(at—aﬂt)(at—aﬂt)', (Harvey, 1989, Section 3.2.3).
This is the mean squared error (MSE) matrix of the estimator, ay. Also, since this
matrix is independent of the observations, it can be described as the ‘unconditional
error covariance matrix associated with the conditional mean estimator’ (Harvey,
1989, page 111).

It is expected that the value of @) will be directly related to the value of RE,(M),

but may not be exactly equal, due to the differing conditional information.

5.6.1 Homogeneous Model

A multivariate BSM (or SUTSE model) is defined as homogeneous if the covariance
matrix of each component is proportional to the covariance matrix of the measure-
ment error. This special case is referred to in Section 3.3.1. More detail can be

found in Harvey (1989, Section 8.3). Thus, in this context,
E(M)»W = h77257 E(M): ¢ = h(EE, E(M),w = hwEE, (561)

where h,,, h¢ and h,, are non-negative scalars.

Under these strict conditions, it is known that the Kalman filter becomes ‘decou-
pled’. This means that the multivariate and univariate approach to the aggregated
series are the same. In terms of the relative efficiency measure, RE (M) = 1. In this
known case, since the model is simplified substantially, the quasi-likelihood indicator
is easy to derive.

Rewriting the covariance matrices with simplified notation as given in (5.57), the

covariance for the level component for K = 2 becomes

2
n;, o
Smoa={, "] (5.62)

0'7] o
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Hence, after the transformation, (5.45) is simplified to the following and the condi-

tion for the homogeneous case is applied:

N  o2+n E ol+e
iy, n = ! = h,, : (5.63)

2 2
an—l—nl n; o+ e €1

Similarly, applying the condition for the seasonal component,

W o +w E  oZ+e
), 0 = =, . (5.64)

2 2
O'W—I—Wl W1 0'6—1—61 €1

The condition 3 ¢ = h¢X(arn),  also applies to complete the homogeneous model.
Note, that in the equation for @ (5.60), the slope component parameters are not
required and so the condition for the slope component is not written here.

By equating the corresponding terms, a set of equations is produced, determining
each level, slope and seasonal parameter in terms of the measurement error terms.
From (5.58), the numerator of Var;_; (St(gt) .= 5',5(32 t) can be simplified by making

the relevant substitutions:

W ([02+ 02" = [y + 1] [na + 3] ) + (N + E) (0 = wiws)
— hE ([hnaf +02]” = [hyer + 1] [hyes + eQ]) + (hyE +E) (h20% — hZee,)
= hoE (02 [hy + 1)° — erea [hy + 1%) + E[hy, + 1] 12 (02 — ere,)
= hE[h, + 1% (62 — eres) + h2E [h, + 1] (02 — erey)

= hoE[h, + 1] (02 —ere2) (hy + 1 + h,). (5.65)

From (5.58), the denominator of Var, ; (St(g,?,t — S',fg,? t) can also be simplified by

making the relevant substitutions:

(0'2 + 0'3 + 0'3)2 — (Ill + €1 + Wl) (HQ + €2 +W2)
= (hnaf + O'? + hw03)2 — (hnel + e + hwel) (hneg + e + hweg)
= o2 (hy + 1+ hy)* —erea (hy + 14 hy)’

= (hy+ 1+ hy,)? (o — erey) . (5.66)
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Therefore, the conditional error variance of the seasonal estimator for the homoge-

neous model is given as

haOp, e [y + 1] (02 — e1e2) (hy + 1+ hy)
<h?7 +1+ hw)2 (Ug - e162)
h"—io'l?ot7 € [hn + 1]

= oy + 14 1) (5.67)

Var;_4 (St(gt) ¢~ St(gt) t) =

To determine the numerator of @), the conditional error variance of the seasonal

estimate for the univariate model is required. From (5.26), this is given by

. o (0%  + of
Var, (519 8(7) = o U U;) . (5.68)
Iy +UU7E —|—0U7w
Furthermore, if the exact parameters are being used in @), then
0-12], n = Ut20t, n hﬂ0t20t, g’
UU, w — 0-75207&, w hwo’fmﬁ7 €’
012], e — Utzot7 €" (569)
By substituting for these in (5.68), the numerator of @ is simplified to
(@  al@) _ hwo-tht, e (h'f]O-tQ()t, et Ut2mt, s)
Vart_l St - St — 2 P} 2
hnatot, € + O_tot, € + hwatot, €
o hwo-zlot, € (h’ﬂ + 1)
Oy, (g 1+ D)
hoot, - (hy+1
= tot, = (P ) (5.70)

(hy + 1+ hy,)

For the K = 2 homogeneous case, the quasi-likelihood indicator, denoted by
Q| is therefore given by the ratio of (5.70) and (5.67). Since these expressions are

equal, it simplifies to 1.

Var,_; (St(q) — S't(q))

QW = (5.71)

Vary (S, - 5584

Of course, if estimated parameters are used in Q) the estimated parameters given
the univariate model are unlikely to be exactly equal (as shown in (5.69)) to the

estimated total parameters given by the multivariate model. In the exact parameter
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case, these are constrained to be equal, as described in Section 3.3. Therefore, Q"
may not be exactly equal to one for estimated parameters, it is expected to be close
to one.

In conclusion, for the homogeneous model with K = 2, the quasi-likelihood

indicator is the same as that given for the Kalman filter relative efficiency ratio.

5.6.2 Model 1: Compound Symmetry

In Section 3.3, Model 1 is described as a BSM in which the covariance matrices
have a compound symmetry structure. That is, each sub-series has the same series-
specific variance. For example, when K = 2, the covariance matrix for the level
component is

o2 402 o2
Swoa= " " "] (5.72)
ol  ol+o;.

and similarly for the slope, seasonal and error covariance matrices. Note that al-
though this model is not strictly homogeneous, it would become so if the condition
that p, = pc = p, = p. is imposed. For this model, the c-ratios given in ((4.13) -
(4.14)) are all equal to unity.

The abbreviations given in (5.57) are amended for the compound symmetry

model:
n; = 0727—1—03*, e = 03+052*, wy = o2+ 02,
N :203]4—2111, E = 202 + 2¢y, W = 202 + 2wy,
(5.73)
such that (5.72) becomes
2
n, o
Swa={ . | (5.74)
0'727 17

—~

Recalling the transformed matrix given in (5.45), the transformed version of (5.74)

is given by:

N O'2 + 1y
Yo, g = K (5.75)

0,27 +n; m
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Similarly, the seasonal and error component covariance matrices become

W ol+w E o2+¢
Ym0 = , Yy, e = . (5.76)

2 2
0'0_,+W1 W1 O + e €1

From (5.58), the numerator of Var;_; <S§§;t — S*§§2 t) (5.58) for Model 1 can be

simplified by making the relevant substitutions and then factorising:

W ([ag+g§]2 — I +e)?) + (N+E) (o) — w2)
:W([af)—i—af—nl—el] [ag—i—af—i-nl—i-el})

+(N+E) [02 —wi] [02 +w1]. (5.77)

Rearranging the terms in the expressions given in the second row of (5.73), it
can be seen that
o2+mn; = iN, then o :
ol+e = 3E,  then o2—¢ = 3 (E—4ep);
02 +wy = %W, then o
Substituting these expressions into (5.77), the numerator of

Var; 4 (St(gt{t — St(gg t) (5.58) for Model 1 becomes:

s s [ v o1

W W

W
Similarly, the denominator of Var;_; (St(gt) .= 5',5(32 t) (5.58) can be simplified:
(o +02 + 03)2 — (1 + ey +wy)?
= (02+03+03—n1—el—wl) (az—i-ag—kai—l—nl—i-el—i-wl)
1
(5.79)

Therefore, the conditional error variance of the seasonal estimate under the multi-

variate approach for the compound symmetry model (Model 1), is given by the ratio

of (5.78) and (5.79):
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VTY(N+E)[N—4n1+E—4e1+W—4W1]
W(N+E)
(N+E+W)’

Var; (St(gt),t - St(gg t) =

(5.80)

This is identical to the expression for the conditional error variance for the sea-
sonal estimator under the univariate approach given by (5.26), if the exact param-
eters are used. Therefore, if Q™) denotes the quasi-likelihood indicator for Model

1, then as in the homogeneous case,
QUML) = 1. (5.81)

Referring back to the designs discussed in the previous chapter, the design which
describes Model 1 with all c-ratios equal to one and with not all correlations equal, is
labelled a11. The result of RE,(M) (the Kalman filter relative efficiency) for al1 is
reported to be 1.0 in Table (4.4). This result is consistent with the quasi-likelihood

indicator measure as derived in this section.

5.6.3 Model 2: Unit-specific Variances

In this section, the quasi-likelihood indicator is calculated for the local level seasonal
model described by (4.1). This model is a basic structural model with a local
level trend (with no slope term) and a dummy quarterly seasonal component. It
was analysed extensively in the last chapter. The analysis continues here with the
calculation of the quasi-likelihood indicator measure (@) for each different design
identified in Chapter 4. It is then possible to determine a relationship between the
relative efficiency from the Kalman filter method, RE; (M), and the associated value
of Q).

The values for () may be determined by the formula for the K = 2 case for Model
2, as given by (5.60). Although this formula has been derived from a BSM with a
slope component, note that the formula remains the same for the local level seasonal
model. Assuming exact parameters, once the parameter values are calculated for

each design, they may be substituted into the formula for () to determine its value.
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Table 5.1: Results of REo(M) for sub-series designs a21, a31, and a41 with corre-
sponding quasi-indicator, @ (in bold).

a2l cp=1and c. =1

Co = A1 1.0929 | B1 1.1088 | C1 1.1263 | D1 1.1469 | E1 1.1748
1.1682 1.2127 1.2654 1.3286 1.4061
A2 1.0872 | B2 1.1047 | C2 1.1250 | D2 1.1504 | E2 1.1883
1.1476 1.1936 1.2528 1.3315 1.4417

a3l cp=1and c. =
c, =10 A1 1.1837 | BI 1.2204 | C1 1.2626 | D1 1.3141 | EF1 1.3860
1.3114 1.4146 1.5518 1.7429 2.0278
A2 1.1733 | B2 1.2124 | C2 1.25963 | D2 1.3205 | E2 1.4131
1.2743 1.3755 1.5192 1.7391 2.1180

a4l cp=1and c, =
co =20 A1 1.2945 | BI 1.3641 | C1 1.4484 | D1 1.5570 | EF1 1.7178
1.4512 1.6327 1.9060 2.3639 3.2903

For the specified aggregate series in Chapter 4, there are 16 different ‘a’ designs
which have different combinations of c-ratios, as given in Table 4.1. With all possible
correlation combinations (Table 4.3) there are altogether 90 different ‘a’ designs. For
each combination, ) has been calculated and recorded in the Tables 5.1 and 5.2.
Table 5.1 shows the results of @ in bold, and RE4 (M) for the possible correlation

combinations of designs a21, a31, and a41.

Note that design al1 has RE;(M) =1 and Q = 1 for each correlation combi-
nation, as it represents a compound symmetry design as described in the previous
section. It is therefore unnecessary to report the results here. For the 3 designs in
Table 5.1, as RE4 (M) increases across the rows, so does ). Within each design,
the trend in @ is similar to that of RE,(M). The only exception is for design ‘a31’
with ‘D1’ and ‘D2’ where RE (M) increases slightly but @ decreases slightly.

Table 5.2 shows the results of RE, (M) and @ for the remaining possible com-
binations of the ‘a’ designs. Again, it can be seen that within each design , as

RE4 (M) increases or decreases, () does also. There are two exceptions here, both
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within the ‘a12’ design. Reading across from A/ to B4, RE4 (M) decreases slightly
but @ increases slightly. Similarly for A5 to B5. Again, in these cases and especially
for A5 to BJ, the values of RE, (M) are very similar.

However, ) does not always show a consistent relationship with REo(M). This
is most likely due to the difference of the definitions. The values shown for REo(M)
are calculated with the Kalman filter specifically for the time point at ¢ = 40 when
T = 40, hence, for the last time point in the series. The quasi-likelihood value, @,
is not specific to a particular time point, but is a general measure which is derived
using the one-step process from time t — 1 to t. For example, looking at D1 for
design ‘a41’ in Table 5.1, RE; (M) = 1.557 and @ = 2.364. Compare this with
A5 for design ‘al3’ in Table 5.2 which has REs(M) = 1.560 and @) = 1.872. The
RE (M) are very similar in magnitude but the @) values are quite different. The

majority however, do seem to be fairly consistent.

For the nine different ‘b’ designs (Table 4.2) which have different combinations of
c-ratios, there are altogether 20 different possible correlation combinations. Table
5.3 shows the results of RE4 (M) and @ for all the ‘b’ designs. The results are
consistent with results for the ‘a’ designs, showing a direct relationship between the
value of RE; (M) and the value of @). The only exceptions are when movement
is very slight between designs such as from A1 to B1 and also A2 to B2 in b22.
Similarly, from A7 to A2 in b32.

This direct relationship can be seen more clearly when the value of RE; (M)
is plotted against its corresponding value of () for all 110 designs, as shown in
Figure 5.1. The overall correlation coefficient is 0.98. For the ‘a’ designs only, the
correlation is 0.96 and for the ‘0’ designs only, it is 0.97. The fitted regression line
has an intercept of 0.66 and a slope of 0.37 and goes through (1, 1.03). For this
example, @ is an overestimate for RFE4y(M ) greater than one. The results indicate a
very strong linear relationship between the two measures and shows that in general,
() preserves the relativity of RFE4(M). The results presented here are for a particular

aggregate series with 110 designs of two sub-series.
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Table 5.2: Results of RE (M) for remaining sub-series designs ‘a’ and correspond-
ing quasi-indicator, @ (in bold).

al2: ¢,,c. =5 al3: ¢,;,c. =10 || al4: ¢,,c. =20
c,=1 | A1 1.0674 | BI 1.0576 || A1 1.1158 Al 1.1588
1.1379 1.1207 1.2514 1.3609
A2 1.0899 | B2 1.0788 | A2 1.1578 A2 1.2198
1.1787 1.1619 1.3396 1.5076
A8 1.1216 | B8 1.1094 || A3 1.2185 A8 1.3109
1.2282 1.2162 1.4578 1.7238
A4 11714 | B4 1.1598 | A4 1.3187 A4 1.4687
1.2892 1.2903 1.6225 2.0709
A5 1.2800 | B5 1.2791 || A5 1.5598 Ab 1.8870
1.3671 1.3991 1.8722 2.7312
a22: c¢y,c. =95 a23: c,,c. =10 || a24: ¢,,c. = 20
c, =5 | A1 1.0005 | B1 1.0039 | A1 1.0045 Al 1.0178
1.0009 1.0076 1.0088 1.0366
A2 1.0005 | B2 1.0004 | A2 1.0157 A2 1.0421
1.0008 1.0008 1.0301 1.0860
a32: ¢,,c. =9 a33: ¢,;,c. =10 || a34: ¢,,c. = 20
c, =10 | A1 1.0152 | BI 1.1088 | Al 1.0008 Al 1.0021
1.0268 1.2127 1.0015 1.0041
A2 1.0067 | B2 1.1047 | A2 1.0008 A2 1.0130
1.0111 1.1936 1.0014 1.0252
a42: ¢,;,c. =5 a43: c¢,,c. =10 | a44: c,,c. = 20
c, =20 A1 1.0454 | B1 1.08132 || Al 1.0124 Al 1.0010
1.0725 1.14175 1.0213 1.0019
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Table 5.3: Results of RE4(M) for sub-series design ‘b’ with corresponding quasi-
indicator, @) (in bold).

b22: ¢,,c. = 0.2 b23: ¢,,c. = 0.1 || b24: ¢,,c. = 0.05
co=5|A1 13728 | BI 1.3689 || A1 1.5063 Al 1.6158
1.8191 1.8547 2.2554 2.6986
A2 14076 | B2 1.4071 | A2 1.5711 A2 1.7099
1.8529 1.9116 2.3794 2.9603
b32: ¢,,c. =0.2 b33: ¢,,c. =0.1 || b34: ¢;,c. =0.05
c, =10 | A1 1.6060 | B1 1.6171 || A1 1.8108 Al 1.9818
2.3146 2.4548 3.0745 3.9374
A2 1.6399 | B2 1.6577 | A2 1.8798 A2 2.0866
2.3094 2.4791 3.1605 4.2008
b42: ¢,,c. = 0.2 b43: ¢,,cc. = 0.1 || b44: ¢,,c. = 0.05
c, =20 A1 19014 | B1 1.9431 | A1 2.2125 Al 2.4820
2.8381 3.1551 4.0469 5.6246
Designa *+ A
z_ Designb
S
HEJ —
° [ [ [ [ [ [ [ [ [ [ I
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0 55

Quasi Indicator (Q)

Figure 5.1: Quasi-likelihood indicator, @, vs relative efficiency, REo(M), for 110
possible sub-series designs with K = 2.
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5.7 Grouping Application

The quasi-likelihood indicator, (), may be useful in practice in identifying when
gains are achievable using the multivariate model. In practice, if the main focus is
the efficient seasonal adjustment of an aggregated series without particular interest
in the seasonal adjustment of the sub-series, then grouping the sub-series may be
beneficial to the estimation process. The quasi-likelihood indicator can provide
useful information when there are different ways of combining sub-series to obtain
the same aggregated series.

If there are several sub-series (K > 2), gains for the variance of the seasonally
adjusted aggregated series may still be achievable using the multivariate model.
However, as K becomes large, the number of parameters in the multivariate model
increases and there may be instability in the model. By grouping the sub-series
into r < K groups, the number of parameters in the model is reduced. Within
each group, the original sub-series are aggregated to form the new r sub-series.
Depending on the value of K, there will be many different ways of grouping the
sub-series. Application of the quasi-likelihood indicator measure may be helpful in
identifying which grouping will achieve the better gains.

Until now, the aggregated series has been combined with the K — 1 sub-series
for use in the multivariate model using the transformation matrix given in (3.33).
If the original K sub-series are grouped to have r < K sub-series, a different trans-
formation matrix applies. A simple example can be shown with K = 4 sub-series,
(Yis, Yo, Ys, Yy). The transformation matrix, A (3.33), for a system of four

sub-series, has dimension 4 x 4, as follows:

1111
1000

A= . (5.82)
0100

0010

The result is a system of four series, (Y + Yo, + Y3 + Y, Yiy, Yo, Y3), which

includes the aggregated series and the first three series of the original four.
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However, a different configuration may provide a similar gain with a more stable
system for estimation. For example, (Y1; + Yo, Y3 + Yi) results in 7 = 2 sub-series
while (Y3, + Yo, Y3, Yy) results in r = 3 sub-series. For the given examples, the

corresponding transformation matrices are respectively:

1111
1111
A= and A=11100]. (5.83)
1100
0010

Thus, the transformation matrix, A, for the first example in (5.83) has dimensions
2 x 4 and for the second example, the dimensions are 3 x 4. These are only two
of 14 (refer to Appendix C.3) different possible ways in which four series can be
grouped. As () preserves the relativities of the relative efficiency, the configuration
with the highest ) can identify the configuration which achieves the highest gain
in the multivariate BSM. Note that calculation of () depends upon the parameters
for the multivariate model with K sub-series and the parameters for the univariate
model, but not on ¢.

In this section, a general result for () is derived for the case of K > 2 grouped
into r < K sub-series. The transformation matrix, A, applied to the multivariate
system of K series has K columns. The dimensions of A will be r» x K. If the BSM
is further generalised to have univariate state vector with dimensions 1 x p, then
the derivation in Sub-section 5.4.1 can be adapted for this general case. Note that
in the previous sections, p = 5, since the state vector consisted of a level and slope
component in addition to three seasonal elements.

The transformed state space system is now written as

AY (i, 1 = MZ @ I )orgmsy, ¢ + Ay, ¢
= (ZR L)1, @ A)a(ms), ¢ + Alimn), ¢ (5.84)
(Ip @ A)am,t = (I @ A)(T @ I )y, t-1 + (I © A)(G & Li )y, 11
= (TOL)I, @ A)agns, -1 + (L, @ A)(G @ L) Yme), t-1-
(5.85)
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The multivariate state vector modified for the quasi-likelihood method is given

by:

@
ain. = Uanan,

= U(M) (Ip & _/\)Oé(m*)7 ¢ (586)

If the univariate model remains the same as in Section 5.3, then Uy = U ® 1,
in which U has dimensions 3 x p. Since a different model may require a different
selection (U) matrix, in general let U have dimensions u X p.

The general expression for the martingale difference, (), ¢, is adapted from

(5.41) and becomes

AY (e —(Z®1)U
o, = o (@) o
~Unn(T@ L)1, @ A, -1 L,
= X1+ Bunolly (5.87)

In this general case, X(ap), 1 has dimensions (r + ur) x 1, and B, has dimensions
ur x (r 4+ ur). The derivative of oy, with respect to the quasi-likelihood state
vector is given by:

86(]\4)7 t
aaEQ)

B =
M), t
(M)(Z, X Ir)7 Iur)

U
Uz, 1,) 1,

(
(
Bol, (5.88)

The conditional variance matrix is denoted by V),

’

AE(m), EA 0(r><r) O(TXT‘) 0(r><r)
0 ) AX m), Al O¢ ) 0(7" r
Vo = Var,1(dn, 1) = " - o , o ,
0¢rxr) Opxry  AXgn), A Opxy)
0(r><7') 0(r><r) O(rxr) Az(m),wA/
(5.89)
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where, for example, X,,) , is the level component covariance matrix associated with

the original set of sub-series. If K =4, it is given by

2 2 2 2 2
Oyt Oy o, o, o,
2 2 2 2 2
5 B o Oy 1 0% o o,
o o2 o2 o2+ 03 o2
n n n 3n* n

2 2 2 2 2
o, o, ogss Tyt Oy

(5.90)

So, the transformed covariance matrix analogous to (5.45), but with the transfor-

mation matrix A, is given by Xy, , = AXy), nAI with dimensions r x r. Similar

notation applies for the covariance matrices of the slope, seasonal and error compo-

nents. Thus, the dimensions of V(uy) are (14 u)r x (1 +u)r (or just 4r x 4r since

u = 3 here).
From (5.87), X(ar),1 may be written as

AY(m*),t

X, 1 =
—U(M)(T ® L)1, ® A)O‘(m*% t—1

(Zo L) amn, e+ Eny, ¢
U (T®L) oy, -1

ZeL)Uuy |
= ain,
0(ur><u7")

I
8(M),t +

0(ur><7“)

0¢rxpr)
—U(M) (T & IT)

Q(M), t—1-

(5.91)

By substituting Uy = U®]L, , the expression for Xy, 1 may be written in terms

of the univariate system matrices as in (5.52):

zU’ () 1
X(M)71 = ®I7« a(M),t+
|\ Ouxu) 0 (ux1)
0
+ (1xp) 0%y Ir Oé(M), t—1
~UT

(@)

= X(a1), 0 Yary, ¢ T X, b Eany, e+ X,

® I'r g(M),t

c M), t—1,

(5.92)

where X(xs), o has dimensions (r +ur) x ur, Xy, » has dimensions (r +ur) x r and

X (), c has dimensions (r 4 ur) x pr.
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The ur x (1 4 u)r matrix Ay is calculated using By from (5.88) and V(uy)
from (5.89), and is given by:

’ -1 _
Awry = — (B<M>V&&)B<M>) Bun V- (5.93)

The error variance matrix associated with the quasi-likelihood multivariate state

vector estimator may be determined as follows:

Pl , = Var,_, (048)4>,t - A<M>X<M>,1)
_ (@) /
= [T = Aon X, o] Var, <Oé(§lm, t> L — AanXan), o]

+ AanXon,s Vare (Ean, o) (AanXan.»)"- (5.94)

Therefore, the element corresponding to the variance of the seasonal component
estimate of the aggregated series, Var,_; (St(g%t — At(gg t>, is the (2r + 1)th diagonal
element of the matrix PE?\)@’ .- This assumes the seasonal component is the 3rd
component in the univariate state vector of dimension p x 1. The element for the
variance of the seasonal component estimate of the aggregated series, as calculated
in (5.94), becomes the denominator in the formula for the quasi-likelihood indicator
given in (5.59). The numerator remains the same, as the univariate model has not
changed.

Using the procedure derived in this section, the value of () can be obtained for
the case where K sub-series are grouped into r new sub-series. Given the estimated
parameters for the multivariate model with K sub-series, there are many different
ways of grouping the series (as discussed in Appendix C.3) to obtain a more sta-
ble model with fewer parameters. To decide which grouping will yield the highest
relative efficiency, the value of () for each combination can be calculated and com-
pared. The results of this procedure will assist in determining which grouping yields
the highest relative efficiency if the Kalman filter method is applied. Further work
on this topic of grouping sub-series is presented in Chapter 7. An example with
K = 8 sub-series shows the application of () in choosing the appropriate grouping
into r < K sub-series.

In the following chapter, the focus is on estimating the parameters of the uni-

variate and multivariate models described in Chapter 4, and the implications of the
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estimation on the MSE of the estimated components.



Chapter 6

Parameter Estimation: Varying
Series Length and Accuracy of
Estimated Components

6.1 Introduction

In Chapter 4, the variance of the seasonally adjusted series was calculated for the
multivariate model and compared with that of the univariate model using the relative
efficiency measure, RE; (M), defined in (3.59). The relative efficiency was calculated
for different designs of the sub-series when the true parameters of the model were
known. In this chapter, the model parameters are considered unknown and are
estimated. Since the length of the series (7') is a determinant of the accuracy of
the estimation process, the multivariate and univariate models are considered for

different series lengths.

By introducing the estimation of the unknown model parameters, the process
becomes two-staged. Firstly, the estimation of the parameters is carried out via
maximum likelihood estimation. In this stage, the accuracy of the estimated pa-
rameters for both the multivariate and univariate models is investigated and linked
to the length of the series. Secondly, the estimated parameters are substituted into
the state space model. Subsequently, the Kalman filter is applied to the observations
to yield estimates of the state vector components, such as the level and seasonal fac-

tors, and their mean squared errors. In this second stage, the question considered is

127
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how the estimated parameters affect the accuracy of the components of the model,
these being the values of interest.

When estimated parameters are utilised, apart from the relative efficiency, other
measures such as the revision error are important to consider. The revision error is
the change associated with the estimated components, such as the level and seasonal
factors, when a new observation becomes available. This is an important measure to
consider, since it relates to the data published by statistical agencies. Furthermore,
large revisions can be unsettling for general users of the data.

The mean squared errors of the estimated state vector components are obtained
with the application of the Kalman filter and are sometimes referred to as the pre-
diction error variance or the prediction mean squared errors (PMSE). When the
estimated parameters are substituted into the expressions for the Kalman filter and
smoother, there is a so-called ‘naive bias’ in the prediction error variance (Quen-
neville and Singh, 2005; Pfeffermann and Tiller, 2005). This bias will be described
in more detail in Section 6.5.

Extending work described in Chapter 4, this chapter includes the estimation of
parameters for different values of T'. The number of sub-series is kept at two (K = 2),
and the model is the local level seasonal model with quarterly dummy seasonal
factors. Data for a selection of the sub-series designs described in Chapter 4 is
simulated and studied for T" = 20, 21,..., 27, 28 and also for 7" = 40, 80, 120, 240.
These values have been chosen for the purposes of studying the parameter estimates
of short to medium length series and comparing these with parameter estimates of

long series, and also for calculation of the revision error.

6.2 Estimation of Parameters in the State Space
Model

Estimates of the unknown parameters of the state space model may be computed by
maximising the log-likelihood function, In L, which uses the output of the Kalman
filter (Zivot and Wang, 2006, p552). When the initial state vector oy contains g

elements which are diffuse, the log-likelihood is adjusted for the t = 1...d terms for
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which Py ; # 0. The result is called the diffuse log-likelihood (Koopman, 1997) and
is denoted by In L,(Y;v):

TK /
In Ly(Y;9) = ——ln 27) — = Zwt - = Z (ln|Ft| + Vthth> . (6.1)
t d+1

where w; are constants, for which details can be found in Durbin and Koopman
(2001, Section 7.2.2), or see Appendix D, and where % is the vector of unknown
parameters of the state space model. For the models discussed in this chapter, the
wy terms are determined and given in the following sections. F; and v; are defined
by the Kalman filter in (3.51) and (3.47). Equation (6.1) is referred to as ‘prediction
error decomposition’ of the log-likelihood function. For a complete derivation, see
Harvey (1989, Section 3.4). The description of the estimation process will proceed
in terms of the local level seasonal model.

For the univariate local level seasonal model given in state space form in (4.6)
- (4.8), three parameters require estimation. The multivariate seasonal local level
model described in (4.9) to (4.12), has two existing sub-series (K = 2), and hence
nine parameters in the model.

It is possible to reduce the dimension of the parameter vector by concentrating
out one parameter (02) from the log-likelihood function. This has the advantage of
reducing the dimensionality of the numerical search and it can improve the numerical
stability of the optimisation (Zivot and Wang, 2006, p558). Harvey (1989, p183)
states that it is “not only computationally efficient but is also likely to give more
reliable results”. For example, if the univariate model is considered, it is common
practice to take the variance of the measurement error, 0[2]7 ., to be the concentrated
parameter, resulting in the signal to noise ratios as the parameters to be estimated.
Alternatively, one of the variance terms from the diagonal of the covariance matrix
Q (see (4.8)) could be used. Harvey (1989, p183) also suggests that the parameter
chosen for (¢2) should not be too close to zero as numerical problems may occur
due to the relative variances becoming large.

The concentrated diffuse log-likelihood, which will be denoted by In Ly, is max-
imised with respect to the elements of 1. such that ¢ = (wc, of)/. The elements
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chosen for optimisation will depend on the model and choice of the parameter to be
concentrated. The following subsections will describe In Lg. in detail for both the

univariate and multivariate models.

6.2.1 Univariate Model

For the univariate model, the log-likelihood function (6.1) may be simplified as F;
is scalar (denoted by F}) and K = 1. For the local level seasonal model, d = 4, and
the second term of equation (6.1) is calculated to be —2In2, using the exact initial
Kalman filter given in (Durbin and Koopman, 2001, Section 5.2.1). Equation (6.1)

may therefore be rewritten as

T 1 <& 1 < 12
InL;=—=In(27) —2In2 — = Y InF, — = L 2
n Ly 2n( ) n Q;Dt )2, (6.2)

This result is derived in Appendix D.2.

The model parameters for the univariate model are (o, ,, o7, ., 07, ). If the
measurement error variance parameter, 0[2]7 . is chosen as the concentrated parame-
ter, then the covariance matrix Q) for the local level seasonal model is defined to

be (refer to equation (4.8))

0%, 0 00 0 G, 0 000
0 U,QJWOO 0 0 gu,000
) Var (G~,) 0 ’ )
Q = 0 0O 00 O =0y . 0 0 000
0 H
0 0O 00 O 0 0 00O
0 0 0002, 0 0 001
(6.3)

where qu, , = 0t /0% . and qu,. = 0; ,/0F, .. Thus, qu,, and qu, ., are the signal-
to-noise ratios for the level and seasonal components respectively. Recall that the
definition of a dummy seasonal component (3.6), has one disturbance term (wy, ;)
which is connected to the first seasonal factor in the state vector. Subsequently, for
a quarterly series, there are two diagonal elements of Q) which are zero as shown
in (6.3). For an application of the concentrated log-likelihood function using the

signal-to-noise ratios, see Dagum and Quenneville (1993).
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In this case, it is also necessary to ensure that the model parameters to be esti-
mated are positive. Rather than constraining the parameters, gy, , and gy, ., in the
estimation process, a square root transformation is applied, so that the maximisation
is performed with respect to /qu,,, and ,/qu, ., where —oco <\ /qu, ), /qU, & < OC.
An alternative transformation which is often used in practice is to take the loga-
rithm of the parameters. This will yield estimates which are unconstrained. (See
Durbin and Koopman, 2001, Section 7.3). In terms of the resulting values of the
variance estimates, there seems to be little difference associated with using the al-
ternate transformation. The square root transformation will be utilised here, to be
consistent with the transformation required for the multivariate model parameters
described in the following sub-section.

With the concentrated parameter o, = of; ., the parameters to be estimated
are Y = (Vau, \/qU_w)/ Hence, from (6.3) and referring to (4.8), it can be seen
that

Var(y) = Q=07,.Q° and  Var(ey) =H =o0p =0y H. (6.4)

where H° =1 and Q° = Q/07, ..
The Kalman filter equations in (3.47) are amended such that
Ft = 0-[2]78Ftc (65)
Ff = 2P, 7 +1
Py = op Pf

Substituting F3, as given by (6.5), into the log-likelihood function (6.2), the concen-

trated diffuse log-likelihood function for the univariate model is given as

T (T—14), ,, 1< 1 o 12

In Ly = —=In(27) — 2In2 — ~———’] e D e

n Lg 5 n(27) n B n(UU,s> B L L 2‘7(2],5 - Ff
(6.6)

where v, and F do not depend on 0[2]7 .. More detailed steps are given in Appendix

D.2.
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To determine the value of o7, . conditional on a given value of ) the concen-
trated diffuse log-likelihood (In Lg) is differentiated with respect to o7, . and solved
to give

T 2
t

o7, (W) = 0 1_ 5 o (6.7)

t=>5

*a

By substituting this expression back into (6.6), the concentrated log-likelihood can

be rewritten as

T
T T —4 1
In L (")) = —5(2r) = 22 — <2—) (1+1nf67 (¥)]) — 3 > InFy
t=>5

(6.8)

This function is maximised with respect to the elements of w((;U) (Harvey, 1989, p127)
to obtain the maximum likelihood estimates of /gy, and /gy, .. For more detail
on taking the derivatives of the likelihood function with respect to ¢[(;U), refer to
Harvey (1989, Section 3.4.6).

Finally, to retrieve the estimates of the original univariate parameters, the fol-
lowing calculations are required. Let #; and s represent the maximum likelihood
estimates of /gy, and ,/qu o, respectively. Then the estimated variances for the

disturbance terms for each component in the univariate model are given by

. A2 a2 s
Level: 01 = O U7,
, A2 2 a2
Seasonal: 01, = 07y,
, A2 A2
Error: 0p.c = Opre (6.9)

Let the vector of the original univariate parameters be denoted by () so that

the estimates may be written as
U ~2 ~ ~92 /
w( ) = (UUJ]’ JIQJ,w Oy, a) (6.10)

These estimates may be substituted into the original state space model and then

application of the Kalman filter provides estimates of the state vector.



Chapter 6. Parameter Estimation 133

6.2.2 Multivariate Model

For the multivariate model, the choice for the concentrated parameter is not as
straightforward as for the univariate model. It is not possible to concentrate any
of the covariance matrices out of the likelihood function as a block. However, it is
possible to concentrate out one of the diagonal elements from one of the component
covariance matrices (Harvey, 1989, Section 8.2.2). The state space form for either
the untransformed model or the transformed model may be used for the estimation
process. So the concentrated parameter can be one of the diagonal elements of one
of the corresponding component covariance matrices. Refer to (4.9) - (4.12) for the
details of the state space form of the transformed model.

In choosing an appropriate diagonal element to be the concentrated parameter,
the parametrization of the resulting covariance matrices needs to be considered. If
the untransformed model is used, each diagonal element is a sum of two of the
original parameters. For two sub-series (K = 2), the Model 2 structure of the
covariance matrix for the level component was defined in (3.22). The equivalent
matrix for the measurement error is

2

2 2
0. + 07« (o

Xm), e = ,

O

2 2
07 + 05«

(6.11)

For example, the first diagonal element in (6.11) is 02 + ¢7.. and could be assigned
as the concentrated parameter.

Looking at the transformed model, each diagonal element is a linear combina-
tion of two or three of the original parameters. (Refer to (3.44) for the transformed
covariance matrix of the level component). The transformed version of the measure-

ment error covariance matrix (6.11) is given by

2 2 2 2 2

5 [ 40 + 01 + 05 207 + 07
(), e = 2 2 2 2

20 + 07, OZ + 0pcx

(6.12)

Thus, if the first or second diagonal element is chosen as the concentrated parame-
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ter, the resulting ratios within the covariance matrices would become unnecessarily
complex compared to the result if the untransformed model was used. Therefore,
the untransformed model is used for maximum likelihood estimation and the con-
centrated parameter is set as the first diagonal element of X,,) ., from (6.11). Thus,
if 02 denotes the concentrated parameter for the untransformed multivariate model,

then

=02+ 01 (6.13)

c =

g

The matrix F (5 given in (3.51) is for the transformed model. The correspond-
ing matrix for the untransformed multivariate model is denoted by F,,);. Taking

the concentrated parameter into account, it is rewritten as

Finyi = 0. FG (6.14)
Ffm)ﬂf - Z(m)P?m),ﬂt—lZ(m)

Py ii-1 = 0Pl g1

The untransformed multivariate model with level and quarterly dummy seasonal
components is defined by equations (4.1) and (4.2). Using the exact initial Kalman
filter given in (Durbin and Koopman, 2001, Section 7.2.2) with K = 2, Py, # 0
for the first four time points, giving d = 4. Hence, the second term of equation
(6.1) may be determined and is calculated to be —4In2. The concentrated diffuse
log-likelihood function for the multivariate model is determined by substituting for

(6.14) into (6.1) and is given by the following:

T
1
In Linyge = —TIn(27) — 4In2 — (T — 4)In(o?) — 5 > In|FS,, |
t=5

(6.15)

The result in (6.15) is derived in Appendix D.3. Note that for the multivariate

model, there are K¢ elements in the state vector which are non-stationary. For the
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univariate model, ¢ = 4, hence if K = 2, there are 8 non-stationary elements in the
state vector avm) -
When In L, . (6.15) is differentiated with respect to o2 and set to zero, the

C

result is

R 1 e
0'(2: = m Z Vy (F(m),t) Vy. (616)

t=>5

For the derivation of the general case see Koopman et al. (1999, p140).

The covariance matrix of the state space form of the model which includes a slope
component was given in (3.32). This is modified to remove the slope component
parameters. Since the measurement error is moved into the state vector, the matrix
H becomes a matrix of zeros. If the covariance matrix for the untransformed model

is denoted by Q™ then:

23(m), n Ok Ox Ok Ox Ok

Oxr Ym),w 0k Ok Ox Og
g _ | 0% Ok Ok 0k Ok Of | 6.17)
Ox Ox Ox Ox Ox Og

OK OK OK Ox OK OK

Let the original nine parameters in this multivariate model be denoted
(m) _ (.2 2 2 2 2 2 2 2 2 \/
W = (07, 01 Ogper Oy Olyer Oges 0oy Olens Oaen) (6.18)

For estimation, the parametrization of the component covariance matrices (X, »,
Ym),w and E(m),a) requires two important characteristics. Firstly, each of the
estimated component covariance matrices needs to be positive semi-definite, and
secondly, the relationships between the elements within each matrix needs to be
retained. It is also noted that the off-diagonal elements here are required to be
positive.

To address the first characteristic, consider the resulting covariance matrix for
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the level component, Xy, , such that,

2
X(m),n = TcDi(em), n
o2 o2
_n

el R (6.19)

o2
A necessary and sufficient condition for a symmetric matrix A to be positive definite

is (Harville, 1997, Theorem 14.9.5).

‘The n x n matrix A is positive definite if and only if the determi-
nants of all n of the leading principal sub-matrices Ay, As,..., A, are
positive’.

If Aisa 2 x 2 symmetric matrix:

ab
A = (6.20)

bd

this definition simplifies to showing that A is positive definite if and only if a, b,
and ad — b? are all positive (Harville, 1997, p280, (38b)). Looking at (6.19),

2 2 2
_ O Ty h— Ty
a="- 2 T 52
O-C O-C O-C
2 2 2 2 2\ 2
gl o o o o
in* 2
ond  ad— P — (_g+ 7 ) « <_g+ , )_ <_g)
O-C O-C O-C O-C O-C
1
_ (202 2 2 2 o2 )
= (Ungln* + 0,05, + 01,054 ) - (6.21)

c

If the estimates of each term within each element is positive when recovered,
then @ > 0, b > 0 and ad — b* > 0. Therefore, the covariance matrix (6.19) will be
positive definite. Thus, the parameters for maximum likelihood estimation need to

be chosen such that each term is positive. For the level parameters, if

o) 07 05,
— > 0, > 0,
O-C

>0, (6.22)

¢ o
then the requirement will be met. This is done in a similar way for the seasonal
parameters.

To ensure that the estimated terms are non-negative, the square root transfor-

mation is used in the the maximum likelihood estimation process. Let the elements
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of the square root terms be labelled z; to xg. Therefore, the concentrated log-

likelihood is maximised with respect to the elements of 1[1((;7”) = (x1...28)" which

2 2 2
evel: x1 = 9 To = 5 T3 = 5
O¢ O¢ O¢

are:

2

o o5 o

Seasonal: x4 =4/, 5= 5 Te = 5
o o o

2 2
o 05

Error: 27 = 4/ =, xs = 4| —=. (6.23)
O-C O-C

To retrieve the estimates of the original multivariate parameters, the following

calculations are required.

.52 2252 22 _ 5242 52 _ 5242
Level: o6, = 06741, 01, = 0.3, O = Oo03
Seasonal: 62 = 6233, 6% . = 6242, 03, = 0212 (6.24)
.22 5252 22 _ a2 -2 2 _ 2259
Error: 62 =o6.237, 01 =0.(1—13), o05. = o2
From (6.18), the estimate of (™ is
Mm) _ (A2 A2 A2 A2 A2 A2 A2 A2 A2/
P = (62, 67y Oayer Oy Oty Oes 02y Orony Oen) (6.25)

For all except one of the estimates of the original multivariate parameters, this
parametrization ensures that they are non-negative. To ensure that 6%.. is non-
negative, the maximum likelihood estimate for x; will need to be constrained so
that 0 < x% < 1. This can be achieved in the S-PLUS software by setting a lower
bound of -1 and an upper bound of 1 on the estimate for x;. With this constraint
in place, the component covariance matrices will be positive semi-definite.

To obtain the values corresponding to the estimated univariate parameters con-
tained in ﬂ(U) (6.10), the expressions for the total parameter values are calculated

from the estimated multivariate parameters:
: £2 a2 | 22 ~2
Level: Oiotyy = 40, + 01, + 05,0
) 52 _ 42 | A2 ~2
Seasonal: Oty = 465 + 01 + 03 (6.26)

. 52 _ 52 | 52 52
Error: Orote = 407 + 01r + 05
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The vector containing the aggregate parameters in (6.26), together with the

remaining multivariate parameters will be denoted by 1[)(M ), and is given by

(M) (A2 A2 A2 ~2 A2 A2 ~2 A2 A2 )’
w - Utot,rp Um Uln*v Utot,w’ Ous Olw*s O-tot,e’ Ocy O1ex) - (6'27)

The corresponding vector containing the known quantities of the values in (6.27)

will be denoted by ™).

Alternative Concentrated Parameter

It may be necessary to change the element assigned to be the concentrated param-
eter, o2. This would be advisable when the value of o%.. < o3.. which would occur
when the c-ratio for the measurement error is below unity. In this case, to avoid
having the concentrated parameter too close to zero, o2 from (6.13) would become

the larger of the two diagonal elements of X, . given in (6.11), thus

2

02 =04 0. (6.28)

The calculations applied in the previous section are performed similarly here, taking
(6.28) into account. The parameters for the level and seasonal component remain

the same as those in (6.23). However, the parameters associated with the error

2 2
o Oian

Error: T7 =4[5, Ty = 1—; (6.29)
UC O-C

To retrieve the original error parameters, the following equations replace the last

component become

line in (6.24):

, 22 22.2 22 22.2 22 a2 -2
Error: o- = 0.17%, Oier = 0,25, 05 = 0, (1 — 27). (6.30)
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6.3 Simulation Experiment

To investigate the behaviour of the univariate and multivariate models for varying
series lengths, a simulation experiment will be carried out. Data will be simulated
for two sub-series and aggregated to obtain the total series for 13 different series
lengths, T' = 20, 21,..., 27, 28, 40, 80, 120, 240. For quarterly data, this translates
to series of length 5 to 7 years, 10, 20, 30 and 60 years. Time series of length 5 to
7 years are often considered as short series, 10 to 20 years is considered moderate
series length and 30 and 60 years is chosen for the long length. Maximum likelihood
estimation of the parameters will be carried out as described in Section 6.2 for each

series length. The results are summarised in Section 6.4.

6.3.1 Generation of Data Series

The parameters for the aggregate series are chosen as those defined for Series 2 in

(4.22) which are

64, =05, 6p,=10, 65 .=10 (6.31)

y €

This choice avoids having the level parameter (&(2]’ ;) too close to the boundary value
of zero, which can cause complications for the maximum likelihood procedure.

To determine the parameters for the sub-series, firstly the relative values of the
parameters given by the design need to be chosen from those defined in Section
4.3.1. Two sets of sub-series will be investigated. These are design Alal4 and
design A1b33 which have relative efficiencies (with exact parameters) of 1.18 and
1.86 respectively (see Table 4.8 and Table 4.9 respectively). Design A1a14 is chosen
from the ‘a’ designs as it has a relative efficiency approximately midway between the
lowest (1.0) and the highest (1.28) for the ‘a’ designs. Similarly for the ‘b’ designs,
the lowest relative efficiency is 1.39 and the highest is 2.59 and so design A1b33 is
chosen. From Tables 4.1, 4.2 and 4.3, these two designs have different c-ratios but
the same correlations:

Alal4: c, =1, ¢, = 20, c. =20, p,=01 p,=02, p.=02;
A1b33: ¢, =10, ¢, =01, ¢.=01, p,=01, p, =02, p. =02

(6.32)
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Given the c-ratios, the correlation coefficient for each component and the series
parameters for the aggregate series, the multivariate seasonal parameters may be
calculated from the equations given in (4.17), and similarly for the level and error
parameters. Thus, the exact values of the nine multivariate parameters for each

design are:

Table 6.1: Parameters for sub-series design A7a14 and A1b33.

Parameter | Alal4 | A1033
03 0.01962 | 0.02578
07 0.41919 | 0.01498
Jgn* 0.00232 | 0.38188
o? 0.04545 | 0.02718
o2 . 0.40909 | 0.83248
o5 0.40909 | 0.05878
o? 0.03925 | 0.05157
o?, 0.83837 | 0.02997
o5 0.00463 | 0.76377

The data for each sub-series are generated from the model equations given by
(4.1) for T = 160, to provide data for values of T' = 20, 21,..., 27, 28, 40, 80, 120.
For series length T = 240, data for T" = 280 was generated. The following steps

were used.

Level Component

Step 1: An N X 1 vector of independent values is generated for the common distur-
bance term, 7, from the N (0, 0%) distribution. This vector is copied and appended
so that it becomes a matrix with 7" rows and K = 2 columns where both columns
are identical.

Step 2: The T' x K values for n;,, (k = 1,2) are generated from the multivariate
normal distribution with zero mean and covariance matrix with O’%n* and U%n* on the

main diagonals with zero off-diagonal elements. This yields an T x K matrix. Note
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that this is equivalent to generating a T x 1 vector from the N (0, afn*) distribution
and a N x 1 vector from the N(0, Ugn*) distribution and then forming a 7" x 2 matrix

from the two vectors.

Step 3: The two matrices from Step 1 and Step 2 are then added together to form
the set of random errors for the level component. The values in column 1 are the T
random errors for sub-series 1 and the values in column 2 are the 7" random errors

for sub-series 2.

Step 4: The initial values for each sub-series, (L1 and Ly ;) are both set to a value

of 5 and for convenience put into a 1 x 2 vector.

Step 5: The level component values for t = 2,...,T can now be calculated using
L1 = Lt + (e + m3,) where (n; + nf,) is a single value taken from row ¢ and
column k of the resulting matrix from Step 3. This generates the required 7' values

for the level component for each sub-series.

Seasonal Component

Step 1: Step 1 above is repeated but with the common seasonal error term w; ~
N(0,02) replacing n; ~ N(0, 07).

Step 2: Step 2 above is repeated with wj, replacing n},. Also o} . and o3 . replace
ot

- and agn* respectively.

Step 3: Add the two matrices from Step 1 and Step 2 to form the set of random

errors for the seasonal component.

Step 4: The initial values are set for the quarterly dummy seasonal component, Si;.
Fort =1, let ;7 = —1.5 and S3; = —1.5. Let other initial values represent ¢t = 0
and t = —1 then write SI,O = —1and SQ’O =—1and Sl,—l = 0.5 and 527_1 = 0.5.

Step 5: The seasonal component can be calculated for t = 2,...,T using Sk 41 =

s—1
— ZS}C7t+1_j + (wi + wj,), where (w; + wj,) is a single value taken from row ¢ and
7=1

column k of the resulting matrix from Step 3. This generates the required 71" values

for the seasonal component for each sub-series.
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Data

To build the sub-series data, the equation for Yy, is utilised:
Yie = Lt + Skr + (60 + €5,)- (6.33)

To obtain the measurement error values (¢, +¢5,), again, Steps 1 to 3 in Section 6.3.1
are repeated, but with e replacing 1. The values of Yj; and Y5, can now be generated
by adding the resulting T' x 2 matrices of level, seasonal and error components. This
generates two series of length 7' = 160. To obtain the series length of T" = 120, the
first 40 values are cut from the two generated series to remove any reliance on initial
values. To obtain the required series with T' = 20, 21,..., 27, 28, 40, 80, the values
for the t = 1,...,T time points are retained from the cut series and the remaining
120 — T are discarded. This allows each series to be generated only once, and cut
to required length. It also ensures that the observations remain the same for the
corresponding time points.

To check asymptotic values, series of length 280 are generated and then the first
40 values are cut from the two generated series, to obtain the 7" = 240 as required.

The total series is then obtained by contemporaneously aggregating the two sub-
series. This procedure is repeated to produce the required number of realisations of

each sub-series and their aggregate.

6.3.2 Estimation of Parameters

Maximum likelihood estimation for both the univariate and multivariate models
is performed using the S+FinMetrics function called SsfFit. Starting values are
required to begin the iteration process for both models. Koopman et al. (1999)
advise using the diagnostic of the estimated variance of the standardised prediction
errors (62%) or scale factor in an unconcentrated model for a given value of 1. This

is produced as part of the output of the SsfFit function:

G2 = m ; v, (Fy) ' 1, (6.34)
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where Kd is the number of non-stationary elements and fixed regression effects in
the state vector. Koopman et al. (1999, page 140) suggest choosing starting values
such that 62(1ga¢) =~ 1. Then, for models which are well specified, the value of

62 () should be very close to one (Zivot and Wang, 2006, page 553).

Zivot et al. (2004) discuss starting values for different examples. They state that
the starting values may be chosen arbitrarily such as using a zero vector. Alterna-
tively, the starting values are obtained by using estimates from the analysis of some
other close model or are chosen to be “close to the true values” (Zivot et al., 2004,
p318, 322). For the purpose of this simulation exercise, starting values will be taken

to be in the neighbourhood of the true values.

For the univariate model, starting values for the parameters to be estimated are
required for @DEU) = (. /QU. 15 A /quw),. The exact values for these expressions are
calculated from the set of parameter values for the simulation (6.31) and rounded

to 2 decimal places to be used as the starting values.

Similarly for the multivariate model, the concentrated log-likelihood is max-
imised with respect to the elements of (™ = (1...28)" found in (6.23). The
starting values are calculated using the exact parameter values given in Table 6.1
and rounded to 2 decimal places. For design Alal/, the concentrated parameter is

assigned as in (6.13), and for design A1b33 it is assigned as (6.28).

For each realisation, the maximum likelihood estimation process is performed for
the univariate and multivariate models for each T, starting with the shortest series
(T' = 20). If relative function convergence is achieved in the maximum likelihood
estimation process for this realisation, the process is repeated for the same realisation
but with the next value of T in the set T' = 20, 21,...,27, 28, 40, 80, 120, 240.
If a particular optimisation process for a given realisation and T yields singular
convergence, then that realisation for all T is discarded and the next realisation is
started with 7" = 20. A valid run is obtained when one realisation for each length
T =20, 21, ..., 27, 28, 40, 80, 120, 240, produces relative function convergence.
The process is repeated until 1000 valid runs are obtained and hence maximum

likelihood estimates for both the univariate and the multivariate parameters for
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each T" are collected.

In this experiment, the methodology is tested with reference to the length of
the series. Singular convergence can occur when there are too many degrees of
freedom for the length of the series. The results are conditional on convergence for
a realisation with values of 7' starting at 7" = 20. With nine parameters in the
multivariate model and three in the univariate model, it is expected that with the
shorter series, the proportion of realisations resulting in singular convergence will be
higher than that with the longer series. Of course, if the number of parameters in
the model is reduced, the estimation process may improve. However, the model will
revert back to the compound symmetry model, for which it was found in Chapter 4

that there was no gain in using the multivariate model.

6.4 Results of Parameter Estimates for Varying
Series Length

The results of the parameter estimates for 1000 realisations for each length of 7" will
be given for the univariate and multivariate methods for the two chosen designs.
The aim is to compare the results of the original univariate parameter estimates
(6> Gt Ofrc) calculated by (6.9) with the corresponding multivariate parameter
estimates for the aggregate series (07, 0ry., i) given by (6.26). The results
will be shown for each component of the two sub-series designs (A7a14 and A1b633)
for Series 2. The exact parameters for the aggregated series are equal for both
designs. However, it is the relative values of the sub-series parameters that differ,
as given by (6.32). The resulting exact parameter values are given in Table 6.1. It

is of interest to determine whether the use of the sub-series yields more accurate

parameter estimates of the aggregated series, for different values of T'.
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6.4.1 Design Alaly

The following box plots show the distribution of the estimated parameters of the
level, seasonal and error components for the series lengths 7' = 240, 120, 80, 40, 28,
24, and 20. For the level component, the distribution of the parameter estimates is
shown in Figure 6.1. The exact value of the parameter for the level component of
the aggregate series is 0.5 (6.31), as shown by the horizontal dotted line.

It can be seen that the median estimate is an underestimate of the exact value
for each value of T', for both the univariate and multivariate methods. This is a
known bias which occurs with the estimation of parameters with the Kalman filter.
The distributions are positively skewed for all 7' < 120. The range and interquartile
range are slightly smaller for the parameters calculated using the multivariate model
than with the univariate model. Therefore, for the level parameter, the multivariate
model reduces the variability of the estimate, albeit only slightly. As expected, as
T decreases, the distributions become more positively skewed with many outliers
present. For T" > 120, the distributions are almost symmetrical, with the medians
approaching the true value of 0.5.

For the seasonal parameter, the results are shown in Figure 6.2. The exact
parameter for the seasonal component is 1.0, as shown by the horizontal dotted
line. In this plot, the difference between the multivariate and univariate models is
more obvious. Again, it can be seen that the median estimate is an underestimate
of the exact value for each value of T" for both the univariate and multivariate
methods. However, the median for the multivariate method is greater, and hence
closer to the exact value for every value of T' shown. The distributions are close to
symmetrical for 7' > 120, and show that asymptotically the estimate approaches the
true value. Again, as T decreases, the distributions become more positively skewed
with outliers sometimes more extreme for the multivariate method. The range and
interquartile range are smaller for most T for the multivariate method. In particular,
the parameter distribution for the multivariate method for 7" = 20 is similar to that
for the univariate method for 7' = 40. The medians are approximately equal, and

the interquartile ranges are also similar, although there are more outliers for the
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Figure 6.1: Distribution of the level parameter estimate for Series 2 via univariate
and multivariate methods for 1000 realisations of design A1al4 with T = 240, 120,
80, 40, 28, 24, 20.

multivariate method for 7' = 20.

For the measurement error, the results are shown in Figure 6.3. The difference
between this and the other two plots is that the results for the error parameter
show an overestimate for each value of T. Similar to the results for the seasonal
parameter, the medians for the multivariate method are closer to the exact value
of 1.0 than those determined from the univariate method. The distributions also
show less variability given the multivariate model as the interquartile range and
range for each pair are smaller. Comparing the box plot for the multivariate model
for T" = 20 with the box plot for the univariate model for T" = 40, it can be seen
that the medians are similar and range and interquartile range are smaller for the

multivariate model for T' = 20 than for the univariate model for T' = 40.
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Table 6.2: Medians of parameter estimates for Series 2 with design A1a14 for 1000
realisations with 7" = 20, 21, ..., 27, 28, 40, 80, 120, 240.

Series 2 Level Seasonal Error
Design Alal4 True=0.5 True=1.0 True=1.0
Median Estimate | Mult. Univ. Mult. Univ. Mult. Univ.
7 20| 0.210 0.194 0.726 0.477 1.410 1.680
21| 0.221 0.185 0.694 0.476 1.422 1.656
22| 0.228 0.192 0.699 0.494 1.435 1.620
231 0.233 0.214 0.703 0.515 1.441 1.624
24 | 0.234 0.210 0.704 0.523 1.442 1.641
25 | 0.246 0.215 0.734 0.531 1.451 1.663
26 | 0.244 0.220 0.746 0.572 1.441 1.656
27 1 0.245 0.226 0.769 0.566 1.433 1.654
28 | 0.261 0.238 0.768 0.576 1.438 1.649
40 | 0.313 0.344 0.846 0.716 1.332 1.413
80 | 0.434 0.457 0.983 0.937 1.019 1.026
120 | 0.426 0.446 0.962 0.908 1.088 1.130
240 | 0.472 0.481 0.999 0.984 1.003 1.020

The results for all values of T" studied are given in Table 6.2. This table shows

the median values for the estimated parameters of each component over the 1000

series generated. Not surprisingly, the estimates closest to the true parameter values

are for 7' = 240, the series with the greatest length. However, it is seen here that

the parameter estimates given by the multivariate method are closer to the exact

value for every pair (univariate vs multivariate) for each value of T' except for the

level component for 7" > 40. That is, there is a marked improvement in the median

estimate when the sub-series are used in the estimation process.



Chapter 6. Parameter Estimation 149

Table 6.3: Means and standard errors (in italics) of parameter estimates for design
Alal1y for 1000 realisations with 7" = 20, 21, ..., 27, 28, 40, 80, 120, 240.

Series 2 Level Seasonal Error

Design Alalj True=0.5 True=1.0 True=1.0

Mean Estimate | Mult. | Univ. | Mult. | Univ. | Mult. | Univ.

T 20 | 0.314 | 0.308 | 0.862 | 0.639 | 1.499 | 1.804
0.011 | 0.012 | 0.019 | 0.021 | 0.024 | 0.035

21| 0.312 | 0.308 | 0.848 | 0.635 | 1.520 | 1.813
0.010 | 0.012 | 0.018 | 0.021 | 0.024 | 0.033

221 0.314 | 0.309 | 0.840 | 0.643 | 1.522 | 1.807
0.010 | 0.011 | 0.017 | 0.020 | 0.023 | 0.033

231 0.316 | 0.315 | 0.836 | 0.647 | 1.515 | 1.787
0.010 | 0.011 | 0.016 | 0.020 | 0.023 | 0.033

241 0.313 | 0.314 | 0.844 | 0.650 | 1.499 | 1.777
0.010 | 0.011 | 0.017 | 0.020 | 0.023 | 0.032

25 0.312 | 0.310 | 0.849 | 0.654 | 1.498 | 1.788
0.009 | 0.011 | 0.016 | 0.019 | 0.022 | 0.032

26 | 0.315 | 0.314 | 0.845 | 0.660 | 1.501 | 1.772
0.009 | 0.011 | 0.015 | 0.019 | 0.023 | 0.032

271 0.319 | 0.318 | 0.849 | 0.670 | 1.492 | 1.748
0.009 | 0.010 | 0.015 | 0.018 | 0.022 | 0.051

28 1 0.324 | 0.322 | 0.843 | 0.673 | 1.494 | 1.747
0.009 | 0.010 | 0.015 | 0.018 | 0.022 | 0.051

40 | 0.355 | 0.372 | 0.906 | 0.784 | 1.379 | 1.516
0.008 | 0.009 | 0.013 | 0.016 | 0.021 | 0.027

80 | 0.457 | 0.481 | 1.017 | 0.962 | 1.041 | 1.093
0.007 | 0.007 | 0.009 | 0.012 | 0.014 | 0.020

120 | 0.439 | 0.460 | 0.981 | 0.936 | 1.102 | 1.148
0.005 | 0.006 | 0.008 | 0.010 | 0.011 | 0.016

240 | 0.476 | 0.494 | 1.011 | 0.999 | 1.004 | 1.013
0.004 | 0.004 | 0.005 | 0.007 | 0.008 | 0.012
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The means and standard errors of the parameter estimates are given in Table
6.3. The means are larger than the medians due to the positively skewed distribu-
tions. The means fluctuate slightly as T increases, probably due to the presence of
outliers but overall become closer to their true parameter value as T reaches 240. As
expected, the standard errors generally decrease as T increases. They are smaller
for the multivariate method than for the univariate method. This is consistent with

the variability shown in the box plots.

Table 6.4: Relative efficiency of the variances of the parameter estimates for design
Alal/ for 1000 realisations with T' = 20, 21,..., 27, 28, 40, 80, 120, 240.

Alal/ | Level | Seasonal | Error
T 20| 1.20 1.30 2.14

21| 1.27 1.31 2.00
22| 1.17 1.38 2.08
23| 1.26 1.42 2.00
24| 1.29 1.35 2.05

25| 1.34 1.37 2.04
26 | 1.31 1.45 1.99
27| 1.21 1.39 1.89
28 | 1.25 1.43 1.98

40 | 1.23 1.49 1.78
80 | 1.33 1.67 1.95
120 | 1.35 1.63 1.99
240 | 1.38 1.57 1.89

To compare the variability of the estimates for the two methods, the relative
efficiencies of the parameter estimates have been calculated using the variances ob-
tained from the results shown in Table 6.3. The results for each 7" are given in Table
6.4. This table highlights the gains which are achieved with the multivariate model.
The relative efficiency varies between 1.17 and 1.38 for the level parameter. For
the seasonal parameter, the relative efficiency shows greater gains than for the level
parameter, with values ranging from 1.30 for 7" = 20 to 1.67 for 7' = 80. The gains

are higher again for the measurement error parameter. These range from 1.78 for
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T = 40 to 2.14 for T'= 20. Thus the higher gains in the variance of the estimates

are for the shorter series.

6.4.2 Design A1b33

The results for the parameter estimates for Series 2, design A1b33, are given in
this section for the 1000 realisations for each length of T'. Figure 6.4 shows the box
plot of the distributions of the level parameter estimate for 7" = 240, 120, 80, 40,
28, 24 and 20, resulting from the univariate and multivariate models. The dotted

horizontal line represents the exact parameter value.
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Figure 6.4: Distribution of the level parameter estimate for Series 2 via univariate
and multivariate methods for 1000 realisations of design A1b33 with T" = 240, 120,
80, 40, 28, 24, 20.
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Figure 6.5: Distribution of the seasonal parameter estimate for Series 2 via univari-
ate and multivariate methods for 1000 realisations of design A10633 with T" = 240,
120, 80, 40, 28, 24, 20.
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Figure 6.6: Distribution of the measurement error parameter estimate for Series 2
via univariate and multivariate methods for 1000 realisations of design A1b33 with
T = 240, 120, 80, 40, 28, 24, 20.
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As in the previous plots for design Alalj, Figure 6.4 shows that the median
estimate is an underestimate of the true value and that the magnitude of the bias
becomes larger as T" decreases. The median for each T shown, except for T' > 120, is
closer to the true value if the multivariate model is used. Again, except for T' > 120,
the distributions are positively skewed, and become more so as the length of the
series decreases. The interquartile range for the multivariate method is slightly
smaller than for the univariate method. For this design, the dotted line for the true
value crosses the section between the upper quartile and the median for each value

of T displayed.

Figure 6.5 shows the distributions of the 1000 parameter estimates obtained for
the seasonal component for different length series. There is a definite improvement
in the precision of the estimates resulting from the multivariate model as shown
by the medians. For all values of T displayed, the medians are much closer to the
true value of 1.0. Notably, when T" = 28, 24, and 20, the lower quartile of the
multivariate method is approximately equal to the median for the corresponding T’
for the univariate method. The range and interquartile range are smaller for the
multivariate method in each pair. Apart from 7" = 40, outliers are also less extreme

for the multivariate method.

A similar result is shown for the measurement error component in Figure 6.6,
except that the median of the estimates for each T is greater than the true value.
Again, the medians given by the multivariate method are closer to the true value for

each T displayed and the range and interquartile range are also obviously narrower.

More detail is given in Tables 6.5 and 6.6. Table 6.5 shows the median of the
parameter estimates for each of the 13 values of T. For the level parameter, the
median of the estimates at 7' = 20 for the multivariate model (0.29) is closer to
the true value than the univariate estimate at 7' = 28 (0.27). For the seasonal
parameter, the median of the estimates at 7' = 20 for the multivariate model (0.82)

is closer to the true value than the univariate estimate (0.74) at 7" = 40.

Table 6.6 shows the means and standard errors for the parameter estimates for

each component and for each series length. Due to the skewed distributions and
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Table 6.5: Median of parameter estimates for design A1b33 for 1000 realisations
with T'= 20, 21,..., 27, 28, 40, 80, 120, 240.

Series 2 Level Seasonal Error

Design A1b33 True=0.5 True=1.0 True=1.0

Median Estimate | Mult. Univ. Mult. Univ. Mult. Univ.
T 20 0.294 0.196 0.818 0.486 1.183 1.598

21| 0.288 0.202 0.819 0.493 1.159 1.603
22| 0.289 0.219 0.814 0.534 1.198 1.599
23| 0.300 0.227 0.814 0.546 1.185 1.615
24| 0.312 0.239 0.829 0.556 1.189 1.607

25 0.317 0.234 0.825 0.579 1.165 1.633
26 | 0.325 0.243 0.822 0.575 1.183 1.580
27| 0.325 0.270 0.827 0.589 1.219 1.615
28 | 0.332 0.269 0.827 0.603 1.234 1.560

40 | 0.370 0.349 0.863 0.740 1.181 1.462
80 | 0.445 0.449 0.936 0.918 1.112 1.130
120 | 0.458 0.470 0.969 0.942 1.043 1.103
240 | 0.489 0.489 0.990 0.980 0.996 1.022

the outliers, the means vary slightly for values of T" between 20 and 28. For the
estimates of the level and seasonal parameters, the means increase as T' increases
from T = 28 to T' = 240. The bias is negative for the level and seasonal parameter
estimates but is positive for the measurement error parameter estimates for each
value of T'. This bias is reduced by using the multivariate model for every value
of T except for the level parameter estimates for 7" > 80. These exceptions also
occur for the medians in Table 6.5. Looking back to the results for design Alal1/,
Tables 6.3 and 6.2, show a similar result for 7" > 40. That is, the magnitude of the
biases shown for the mean and median estimates for the level parameter is greater
for the multivariate method. This is an interesting result which suggests there may
be a series length, T' = T, at which this ‘cross-over’ occurs. Thus, for T" > T, the

estimator of the level parameter has greater precision using the univariate model.
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Table 6.6: Means and standard errors (in italics) of parameter estimates for design
A1b33 for 1000 realisations with T = 20, 21,...,27, 28, 40, 80, 120, 240.

Design A1b33 Level Seasonal Error
True=0.5 True=1.0 True=1.0

Mean Estimate | Mult. | Univ. | Mult. | Univ. | Mult. | Univ.

T 20| 0400 | 0.336 | 0.911 | 0.679 | 1.271 | 1.766
0.012 | 0.013 | 0.017 | 0.023 | 0.022 | 0.035

211 0.395 | 0.331 | 0.904 | 0.658 | 1.272 | 1.791
0.012 | 0.013 | 0.016 | 0.022 | 0.022 | 0.035

221 0.384 | 0.335 | 0.892 | 0.655 | 1.292 | 1.767
0.011 | 0.012 | 0.016 | 0.021 | 0.022 | 0.034

2310393 | 0.332 | 0.884 | 0.655 | 1.290 | 1.777
0.011 | 0.011 | 0.015 | 0.020 | 0.021 | 0.033

241 0.396 | 0.339 | 0.886 | 0.665 | 1.273 | 1.754
0.011 | 0.011 | 0.015 | 0.019 | 0.021 | 0.032

2510393 | 0.339 | 0.883 | 0.670 | 1.270 | 1.741
0.010 | 0.011 | 0.014 | 0.019 | 0.020 | 0.032

26 | 0.396 | 0.340 | 0.884 | 0.680 | 1.264 | 1.728
0.010 | 0.011 | 0.014 | 0.019 | 0.020 | 0.032

271 0.396 | 0.349 | 0.883 | 0.687 | 1.273 | 1.708
0.010 | 0.011 | 0.014 | 0.019 | 0.019 | 0.051

28 1 0.398 | 0.354 | 0.875 | 0.688 | 1.281 | 1.694
0.010 | 0.011 | 0.013 | 0.018 | 0.019 | 0.051

40 | 0.413 | 0.390 | 0.913 | 0.785 | 1.226 | 1.523
0.008 | 0.009 | 0.011 | 0.016 | 0.017 | 0.028

80 | 0.456 | 0.474 | 0.952 | 0.934 | 1.132 | 1.150
0.006 | 0.007 | 0.008 | 0.012 | 0.012 | 0.020

120 | 0.469 | 0.477 | 0971 | 0.957 | 1.073 | 1.114
0.005 | 0.006 | 0.006 | 0.009 | 0.010 | 0.016

240 | 0.486 | 0.496 | 0.995 | 0.992 | 1.022 | 1.022
0.004 | 0.004 | 0.004 | 0.007 | 0.07 | 0.012
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The standard errors given in Table 6.6 decrease as T' increases, and hence the
estimates become more stable. To look at the comparison between the two methods
more closely, the relative efficiencies of the variances have been determined and are
given in Table 6.7. Since all relative efficiencies are greater than one, the multivariate
method reduces the variability of the parameter estimates for each component. For
this example, the relative efficiencies of the estimates of the level parameter range
from 1.04 for T' = 23 to 1.47 for T' = 120. For the seasonal parameter, the gains are
much greater, with values ranging from 1.70 for 7" = 22 to 2.28 for T = 240. For
these two components, the relative efficiency increases for T' = 23 up to T" = 120.
The lowest value of the relative efficiency for the measurement error parameter is
2.41 which is given for both T' = 22 and 7" = 120. The highest value is 2.63 which is
achieved for T' = 40. For the measurement error, there is not a distinctive pattern

across 7.

Table 6.7: Relative efficiency of the parameter estimates for design A1633 for 1000
realisations with 7' = 20, 21,...,27, 28, 40, 80, 120, 240.

A1b33 | Level | Seasonal | Error
T 20| 1.13 1.79 2.50

21| 1.17 1.76 2.45
22| 1.18 1.70 241
23| 1.04 1.71 2.42
24| 1.06 1.73 2.48

25| 1.14 1.78 2.60
26 | 1.15 1.83 2.60
27| 1.15 1.85 2.58
28 | 1.19 1.89 2.61

40 | 1.30 2.00 2.63
80 | 1.44 2.27 2.70
120 | 1.47 2.17 241
240 | 1.37 2.28 2.68
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The results shown in Table 6.7 for design A1b3% are similar to those shown in
Table 6.4 for design Alalj. For the estimate of the seasonal parameter, the relative
efficiency of the variances are higher for A1633 than for A1al14, although all values
are above unity. These results show that for the two examples studied, the use of the
multivariate approach in the estimation of parameters improves the accuracy of the
parameter estimates of the aggregated series. Similar results are expected for the
parameter estimates of other designs, as these two examples (Alalj and A1b33)
were chosen to be indicative of the ‘a’ and ‘b’ designs respectively (refer to Section

6.3.1).

6.5 Effect of Parameter Estimation on MSE of
Model Components

In the previous section the model parameters were estimated by maximum likelihood
using the prediction error decomposition. It has been shown that these estimates
may be biased, especially for short to medium length time series. In this section,
the effect of the two-stage process of the estimation of the state vector components
and their corresponding mean squared errors are considered. The parameter esti-
mates from the first stage are substituted for the true parameters in the second
stage. When considering the variance of the seasonally adjusted series as discussed
in Section 3.6.1, the prediction mean squared error (PMSE) of the seasonal compo-
nent is required. It is therefore important to determine the effect of the parameter
estimation on the PMSEs of the unobserved components.

The substitution of the estimated parameters in the theoretical expressions for
the PMSE of the state vector components is known to produce an underestimate of
the true PMSE in univariate models. This bias is often referred to as the ‘naive bias’
and results from not accounting for the variability resulting from the estimation of
the model parameters (Durbin and Koopman, 2001; Quenneville and Singh, 2005;
Pfeffermann and Tiller, 2005). In this section, the naive bias will be examined for
different series lengths for the univariate model and for the multivariate model. It is

not known how the naive bias behaves in multivariate models, as previous literature
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has focussed on univariate models such as the local level model as discussed in
Quenneville and Singh (2005) and Pfeffermann and Tiller (2005). A trigonometric
seasonal model is also considered in Pfeffermann and Tiller (2005).

Prior to defining the naive bias, some notation is reviewed from Chapter 3, in
light of the definitions given for 1) (refer to (6.10)) and (™ (6.18). In Section
3.5.3, the smoothed state vector estimator for the univariate model, a; 7, and its
corresponding error variance matrix, Vyp, are defined in (3.52) and (3.54) respec-
tively. These are calculated assuming the known parameter values, (). To be
more specific as to whether known or estimated parameter values are used in the
calculation, the definition will now include either ¢ (for known parameters) or

@(U) (for estimated parameters). That is, for known parameter values,

ayr = E (| Y, v @)
Vyr = Var (a;| Yr, ¢@)) (6.35)

or, if estimated parameters are used in the application,
aur = E (ail Yo, 90)
Vir = Var (ozt| Yo, JU)) . (6.36)

For the multivariate model, the smoothed state vector and its MSE matrix has
an (M) subscript as defined in (3.56) and (3.57) respectively. The notation for the

application of the smoother with known parameters is

aon, g = E (aqn, o Yan, 7, ™)
Vo, yr = Var (e, ¢ Yo, 7, ™) (6.37)

and for estimated parameters, it is

ann, gr = B (O-’(M),t| Y, T, @@(M))

Van,qr = Var (Of(M>,t| Yo, r, 15(M)> (6.38)

The main focus of this thesis is on the variance of the seasonally adjusted aggre-

gated series as discussed in Section 3.6.1. Recall that for the one-staged estimation
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process, where the exact parameter values are used, the estimated seasonal com-
ponent is denoted by SgT, which is an element of ayr (6.35). For the two-staged
estimation process, the univariate estimate of the seasonal component is denoted by
S’t[l]T, which is an element of a,7. Its mean squared error, M.SE (5}%) is an element
of Vt|T.

Similarly for the multivariate method, the estimate of the seasonal component
from the two-staged process is denoted by S’HMT, and is an element of ay) 7. Its
mean squared error is given by by MSE (3%)

6.5.1 Naive Bias

The naive bias, which is the bias in the prediction mean squared error, will now be
considered for the estimated seasonal component resulting from both the univariate
and multivariate approaches. To calculate the naive bias, the ‘true’ MSE is approx-
imated using the simulated series component and the estimated series component
as given in Pfeffermann and Tiller (2005, p903). The calculations here are based on
1000 simulated series for each series length T' = 20, 21, ...,27, 28, 40, 120. For the
seasonal component, it is
1000 (St(\JTZ B SM>2
MSE{ =) oo f= 11000 (6.39)

1=

where S;; is the simulated value of the seasonal component at time ¢ for the ¢th
generated data series and Sf{T ; 1s the estimated seasonal component at time ¢ de-
termined by the Kalman smoother, given the vector of estimated parameters WU)
for the 1th generated data series of length T

The multivariate form of (6.39) is given by

. 2
1000 <,5tM S, )
M - |T,Z )2
MSE, *Z 1000

(6.40)

—U
For the naive bias, let M SE, ; denote the state variance calculated by the Kalman

smoother with the estimated parameters (ﬁ(U)) given by the univariate model for the
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—M
ith simulated series. Similarly, MSF,, is the notation adopted for the multivariate

model. The biases of the estimators are therefore determined by

—U

Univariate:  df, = MSE,, — MSE, (6.41)
—M

Multivariate:  d}j = MSE,;, — MSE}. (6.42)

The mean bias over the 1000 realisations and its associated MSE are determined

by

v R, @) e (dY)?
Univariate:  d, = Zm, d, " =) 000 (6.43)
i=1 i=1
1000 07 1000 ¢ 7072
- —M dis —M(2) (diy)
Multivariate: d, = Z 10(’)0, d, = = Z 10’00 . (6.44)

i— i=1

It is more informative to analyse a bias by considering its value relative to the
true value. The relative values may be calculated for each ¢t = 1,...,7T. If desired,
the mean over T' can be evaluated and expressed as a percentage. This is termed
the ‘mean percent relative bias’ (Pfeffermann and Tiller, 2005). This value and
the ‘mean percent relative root mean squared error’ are defined in Pfeffermann and

Tiller (2005, p904) and are given here for both approaches as

Univariate:
T —U =U(2)
100 d 100 d,
Rel-Bias = — —t ] Rel-RMSE = — - (6.45
T T A (MSEF)’ ¢ T ; MsE? |- (649)
Multivariate:
—M(2)

T —-M
. 100 d, 100
Rel-Bias = T; ( I EtM> - Rel-RMSE = — > ASEY | (6.46)

t=1

The naive bias is calculated by Quenneville and Singh (2005) for a local level
model for series of lengths 7' = 40 and 7" = 100. They found that the naive bias
is greater in absolute terms for the moderate length (7" = 40) than for the longer

series (T" = 100). For the moderate length, the mean percent relative bias for 1000
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realisations was reported to be -21.2%, whereas for the series with T' = 100, the
relative bias was -9.0%.

Pfeffermann and Tiller (2005) reproduce the experiment carried out by Quen-
neville and Singh (2005) with series of lengths 7" = 40 and 7" = 100 but extend the
number of realisations to 5000. Their results for the naive bias are slightly smaller,
with the mean percent relative naive bias for T' = 40 reported as -18.5% and for
T =100, it is -7.6%.

Although these results are for a simpler model than is studied here, they show
the effect of using the estimated parameters in the calculation of the predicted mean
squared error of the state vector. It is expected that for this study, the naive bias
will be large and negative and that it will decrease (in absolute terms) as the length
of the series is increased. The univariate model being investigated here is the local
level seasonal model which differs to a local level model in that it also has a dummy

seasonal component. The multivariate model is also considered here.

Results for Naive Bias

The naive bias for the seasonal component has been calculated for two different sub-
series designs for both the univariate and multivariate models for 1000 realisations.
The results for design labelled A7al/ for each value of T' = 20, 21, ..., 27, 28, 40,
120 are given in Table 6.8. Similarly, the results for design labelled A1b33 are given
in Table 6.9. The Rel-Bias and Rel-RMSE for the univariate model are calculated
with the equations in (6.45). The Rel-Bias and Rel-RMSE for the multivariate
model are calculated with the equations in (6.46).

For design Alalj, Table 6.8 shows that the relative bias calculated for the uni-
variate model ranges from -27.97 for T' = 24, down to -6.71 for T = 120. The result
for the relative bias varies slightly for T" between 20 and 28, then decreases to -19.38
for T' = 40, and then decreases markedly to -6.71 for T" = 120. Note that although
this model is different to the local level model studied by Quenneville and Singh
(2005) and Pfeffermann and Tiller (2005), the results for 7" = 40 are of a similar

magnitude.
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The relative bias calculated for the multivariate model of design Alalj ranges
from -28.16 for T' = 21, down to -7.19 for T" = 120. From T = 20 to T = 28 the
results for the relative bias are very similar for the two approaches. It is not until
T =40 and T = 120 that a difference becomes more noticeable. That is, there is a
slight increase in bias (in absolute terms) for the multivariate model compared to the
univariate model. However, for this design, the Rel-RMSE is smaller for each value
of T' for the multivariate model. Thus, for values of T less than 40, the multivariate
model performs slightly better than the univariate model.

For design A 1033, the results in Table 6.9 show a relative bias which ranges from
-27.16 for T' = 23 down (in absolute terms) to -5.57 for 7" = 120. The univariate
values differ slightly from those in Table 6.8 due to the difference in the 1000 samples
drawn. This is of no consequence. For this design, there is a large improvement in
the Rel-Bias for the multivariate model especially for 7" < 40. For example, for
T = 20 the Rel-Bias for the multivariate (-14.34) is just over half (53%) of the bias
calculated with the univariate method (-27.04). Also, for T' < 40, the Rel-RMSE is
smaller for each value of T" for the multivariate model. For T = 40, and 120, the Rel-
RMSE is larger for the multivariate model, although the Rel-Bias is slightly smaller.
For design A1b33, the naive bias is greatly improved by applying the multivariate

model to series with short to moderate length.
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Table 6.8: Percent mean relative naive bias and relative root mean squared error
of smoothed seasonal component MSE for design A7a14 for 1000 realisations with
T =20, 21,...,27, 28, 40, 120.

Design Alal/4 Multivariate Univariate
Naive Bias of
Seasonal component | Rel-Bias | Rel-RMSE | Rel-Bias | Rel-RMSE
T 20| -26.97 41.14 -27.69 44.65
21| -28.16 41.06 -27.31 43.69
22 | -26.74 40.17 -26.26 43.09
23 | -27.15 40.57 -26.87 43.22
24 | -27.57 40.09 -27.97 42.82
25 | -26.53 39.53 -27.77 42.56
26 | -26.81 39.39 -26.58 41.99
27 | -26.33 38.86 -25.03 41.00
28 | -25.78 38.58 -25.53 40.74
40 | -21.84 34.15 -19.38 35.20
120 -7.19 18.32 -6.71 21.10

Table 6.9: Percent mean relative naive bias and relative root mean squared error
of smoothed seasonal component MSE for design A1633 for 1000 realisations with
T =20, 21,...,27, 28, 40, 120.

Design A1b33 Multivariate Univariate
Naive Bias of
Seasonal component | Rel-Bias | Rel-RMSE | Rel-Bias | Rel-RMSE
T 20| -14.34 42.09 -27.04 43.79
21| -16.24 41.73 -28.41 44.16
22| -15.41 41.22 -27.85 43.51
23 | -15.22 40.52 -27.16 42.76
24 | -15.92 40.02 -26.88 42.55
25| -16.01 40.58 -26.94 42.08
26 | -15.01 40.16 -26.13 41.88
27 | -15.30 39.87 -26.07 41.81
28 | -14.92 39.80 -26.30 41.53
40 | -13.02 37.88 -18.60 35.15
120 | - 4.53 25.75 - 5.57 21.25
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6.5.2 Bias Correction

As well as investigating the naive bias, both Quenneville and Singh (2005) and Pf-
effermann and Tiller (2005) examine various bias correction procedures. The study
by Quenneville and Singh (2005) compares several different procedures including
the corrected Ansley and Kohn approximation and a procedure which uses an ap-
proximation of the posterior distribution with initial priors (‘Pc’). They show that
the ‘Pc’ bias correction reduces the naive bias from -21.2% to -6.7% for T' = 40 and
-9.0% to -2.5% for T'= 100. However, this procedure ‘can be more computationally
demanding for more general structural models’ (Quenneville and Singh, 2005, p229).
They conclude that the corrected Ansley and Kohn approximation which reduces
the relative naive bias by 55% (down to -13% for 7' = 40 and -4% for T' = 100) is
the preferred method when other considerations such as theoretical exactness, bias,
precision and computational requirements are taken into account.

Pfeffermann and Tiller (2005) carry out a similar comparative study for different
bias correction procedures. They propose a new bootstrapping procedure which
addresses both the filter uncertainty and the parameter uncertainty which constitute
the predicted mean squared error. Their proposed method reduces the bias to be
of order (1/T?) and does not require the assumption that the parameter estimators
have, approximately, a normal distribution.

For the local level model example given in Pfeffermann and Tiller (2005), the
bootstrap bias correction reduces the magnitude of the naive bias from -18.5% to
0.6% for T' = 40 and from -7.6% to 1.6% for T = 100. The bootstrap procedure
is also applied to results from a simulation study which has a seasonal model for a
monthly series with length 7" = 84. The extensive study generates 500 bootstrap
series for each of 500 series selected from 10,000 primary series. The study then
focuses on the last time point, 7' = 84. The naive bias of -99 (-6%) at T' = 84 is
reduced to a bias of 12 (0.8%) (Pfeffermann and Tiller, 2005, Table IV, p910).

For the purpose of this study, the bootstrapping procedure detailed by Pfeffer-
mann and Tiller (2005) will be carried out here as it has been shown to be effective,

especially for shorter series. Previous estimators such as the estimator given by
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Ansley and Kohn (1986), have a bias to the order of (1/7"), and rely on the asymp-
totic normality property of the maximum likelihood estimates of the parameters.
In Section 6.4, the parameter estimates were shown to have quite skewed distri-
butions, particularly for 7" < 40. For this reason, and since the proposed method
by Pfeffermann and Tiller (2005) reduces the bias to be of order (1/77?), thereby
substantially improving the bias, the bootstrap procedure will be implemented. A
small simulation study will apply the bootstrapping procedure to the univariate and
multivariate local level seasonal model for quarterly data with 7" = 28 for design
A1b33.

The main equations and procedures from Pfeffermann and Tiller (2005) will be
given in this section with notation adapted to comply with notation already defined
in this thesis. For theoretical proofs and other details please refer to Pfeffermann
and Tiller (2005). To save defining unnecessary additional notation, the procedure
will be described in detail with reference to the univariate model only.

For the univariate model, the prediction error of the state vector when the pa-

rameter estimates are substituted for the known parameters may be written as
[Ayr — i) = [ayr — ayr] + [agr — o (6.47)

and the prediction mean squared error can therefore be written as the sum of two

expectations, where the expectation is with respect to the joint distribution of oy

and Yp (Pfeffermann and Tiller, 2005, p896):

MSE, = E[éﬂT - at]2
= Elayr — av)® + Elayr — ayr]? (6.48)

= filter uncertainty + parameter uncertainty.

Pfeffermann and Tiller (2005, p896) further explain that the covariance term is zero,

E ([ayr — ayrllayr — ou]) = E (E ([ayr — ayrl[agr — od][Y7))

=0 (6.49)

since [ay7 — ayr] is fixed when conditioning on Y.
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The first expression in (6.48) is the contribution to the prediction mean squared
errors (PMSE) resulting from ‘filter uncertainty’. The second expression is the
contribution resulting from ‘parameter uncertainty’. The naive PMSE estimator
accounts for ‘filter uncertainty’ but ignores ‘parameter uncertainty’ while the boot-
strap procedure accounts for both.

Since the variance of the seasonally adjusted series is given by the error variance
of the seasonal component (refer to Section 3.6.1), the formulae given in Pfeffermann
and Tiller (2005, p897) will be adapted specifically to obtain results for the seasonal
component.

The procedure consists of three steps (Pfeffermann and Tiller, 2005, p897):

1. Simulate a large number (B) of series of length 7" = 28 using the univariate
model equations in (4.3) but with the estimated parameters, ¢(U), instead
of the true parameters, ©(V). The simulated state vector series is denoted
by a? with the simulated seasonal component at time ¢ denoted by S? for

b=1,...,B.

2. Re-estimate the model parameters for each of the B generated series using the
same method as used for obtaining Q/AJ(U) (as described in 6.2). This process

yields the bootstrap estimates @Ub forb=1,...,B.

3. Estimate M SE, = Elayr — oy)* which is the error variance of the state vector
given the estimated parameters. In particular, the interest is in MSES =

E [Stl{T — S)?. This is estimated with the following formulae:

—S ~ J—
MSE, = MSE" 4 2V, - V}" (6.50)

where

B B
1 “ ~ 2 —Sb 1 A
MSE = =[St -8 V=2V (6.51)
b=1

b=1
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In equation (6.50),

° VﬁT denotes the element of Vt|T which corresponds to the seasonal component

when estimated parameters ﬂU are substituted for exact parameters.

Thus, it is the naive estimator of the mean squared error of the seasonal component
given by the Kalman smoother, previously written as MSFE (S’If‘JT)
In equation (6.51),

o V50

s denotes the naive estimator of the mean squared error of the seasonal

component given by the Kalman smoother when estimated bootstrap param-

eters, ¥U?, are used;

° Stble is the state moment estimator when the bootstrap series b, and the pa-

rameter estimates ﬁU”, are applied to the Kalman smoother;

° Stlljjli is the state moment estimator when the bootstrap series b, and the pa-

rameter estimates ﬁU, are applied to the Kalman smoother.

The bootstrap procedure for the multivariate model is applied similarly to the
above procedure, by substituting the corresponding multivariate parameter esti-
mates @&M for 1/A}U. The data are generated as described in Section 6.3.1 with @ZA)M ,
and by applying the multivariate state space model as described in Section 4.2.1.
The difference in this procedure of simulating the data and that for the previous
simulation study is that the univariate data are simulated independently from the
multivariate data. In the previous simulation study, the multivariate series were gen-
erated first and them summed to obtain the univariate series. However, because the
estimated parameters are being used to generate the bootstrap series, the constraint
that previously applied to the true parameters (4.5) does not apply here.

For the bootstrap simulation study, 100 series are randomly selected from the
1000 primary series generated to obtain the naive bias results in Section 6.5.1. For
each of the 100 selected series, 500 bootstrap series are generated, thus B = 500

and 100 x 500 series are produced. It is difficult to ascertain how many bootstrap
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series are required. For the study involving the univariate local level model, Pfef-
fermann and Tiller (2005) generated 2000 bootstrap series for each of 1000 primary
series, thus producing 1000 x 2000 series. For the univariate seasonal model, they
produced 500 x 500 series. As the bootstrap method proved to be computationally
intensive, this study will give results for 100 x 500 series for each of the univariate

and multivariate models for sub-series design A1b33.

Results of Bootstrap Correction

The results of the bootstrapping study will be presented here focussing on the last
time point of the series, T' = 28. The results for the naive and bootstrap estimators
of the PMSE of the smoothed seasonal component are compared to the approximated
true value.

In Table 6.9, the naive bias for T' = 28 showed a Rel-Bias of -14.92% for the
multivariate model and -26.30% for the univariate model. These were calculated
using (6.46) and (6.45) respectively. They are the result of the mean over ¢t =
1,...,28. In order to compare the estimators, the value at ¢ = 28 is recovered from

the calculations using (6.45) and (6.46) to obtain

U =U(2)

d d
Univariate:  Rel-Biasyg = WSE% Rel-RMSE,s = WQEQ% (6.52)
—-M —M(2)
Multivariate: Rel-Biasqg = s Rel-RMSEqg = s (6.53)
' ® T MSEM *® " MSEM '

The expressions in (6.52) and (6.53) are calculated and the results are presented
in Table 6.10. The Rel-Biasyg for the multivariate model (-25.87%) is smaller in
magnitude than that for the univariate model (-33.11%). The value of the ‘True’
MSE for the univariate model has been approximated to be 1.19 by using M SES;
from (6.39). Similarly, the multivariate approximation of the true MSE at ¢ = 28
is 0.65, determined by MSEM (6.40). The value of the naive estimator is given by

stm (refer to Section 6.5.2) and hence the mean naive bias for ¢t = 28 is calculated
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using c_li] (6.43), for the univariate, and c_liw (6.44), for the multivariate. The RMSE
for the multivariate (42.59) is slightly smaller than that for the univariate (44.92).

The results of the 100 x 500 bootstrap simulation study are given in Table 6.11.
For this study, the bootstrap correction method has markedly reduced the large
negative bias associated with the naive estimator. The Rel-Bias for the multivariate
has reduced from -25.87% for the naive estimator to 4.46% for the bootstrap esti-
mator. For the univariate model, the bootstrap correction performs very well. The
naive Rel-Bias is reduced from -33.11% to just -1.62%. Thus, the univariate model
seems to respond more quickly to the bootstrap method than for the multivariate
model. This may be due to the larger number of parameters to be estimated in the
multivariate model. It is expected that by increasing the number of primary series
used for the multivariate bootstrap method, the bias may further reduce.

The RMSE for both the multivariate and univariate shown in Table 6.11 have in-
creased slightly, and now show a similar value. This is most likely due to the addition

of bias correction terms in the calculation of the bootstrap estimator (Pfeffermann

and Tiller, 2005).

Table 6.10: Naive bias for MSE of smoothed seasonal component with design A1b33
for t =T = 28 calculated with 1000 realisations.

Design A1b33 | ‘True’ MSE | Naive Est. | Naive bias | Rel-Bias | Rel-RMSE
Multivariate 0.6487 0.4809 -0.1678 -25.87 42.59
Univariate 1.1919 0.7973 -0.3946 -33.11 44.92

Table 6.11: Bootstrap correction for MSE of smoothed seasonal component for
design A1b33 with t = T = 28 calculated with 100 x 500 series.

Design A1b33 | ‘True’ MSE | Boot Est. | Bootstrap bias | Rel-Bias | Rel-RMSE
Multivariate 0.6487 0.6776 0.0289 4.46 45.38
Univariate 1.1919 1.1726 -0.0193 -1.62 45.86
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6.6 Revision Error

When government statistical agencies publish economic time series, preliminary se-
ries such as the seasonally adjusted series may be released. Then, as subsequent data
become available, these series are revised. In practice, seasonally adjusted data are
not usually revised if more than three years old (Burridge and Wallis, 1985). From
a user’s perspective, these revisions are cause for concern, as they tend to create
a lack of trust in the data. The sizes of revisions are of particular concern when
forecasts are being made from the data (Harvey, 1989, Section 6.4.4). It is preferable
therefore to reduce the number and size of revisions.

The revision error may be defined as the difference between the concurrent (or
real-time) estimate and the estimate calculated j time points later (Planas and
is given by

Rossi, 2004). The current or preliminary seasonally adjusted value, Yt‘llt,

Vi =Y — Sy (6.54)

An adjustment which is calculated with information available at time ¢+ j is denoted

by Y;ft ,; and can be written as,
fers = Ye — $t|t+j- (6.55)
The revision error is therefore,
tit+3 a a
Ty = Ly = Yyjggy

=Y - St\t - (Y{e - St|t+j)
= Sijirs — Sty j=0,1,.. (6.56)

The variance of the revision error is an important measure to consider, as it is
used to calculate the width of the confidence interval around the concurrent esti-
mates. Thus, the smaller the revision error variance, the narrower the confidence
interval, which means the concurrent estimates are more reliable. Burridge and
Wallis (1985) state that the variance of the revision error is a difference of variances,

such that:

Var (rf’tﬂ) = Var <$t|t> — Var <«§t|t+j> (6.57)



Chapter 6. Parameter Estimation 171

In the paper by Planas and Rossi (2004, p124), further explanation is given for this

result. Firstly, the expression for the variance of (6.56) may be written as

E <[‘§t|t+j — S[Sepers — 3t|t]/>
= E ([St - Sﬂt - St + St|t+j][5t - Sﬂt - St + St\t—l—j]l)
= Var (Sﬂt) + Var (St\t—‘,-j) —2E ([St — St|t] [St — 3t\t+j],) (658)

The covariance term in (6.58) may be expressed as

E (S = SullS: = Suevsl)
=E ([St — Sijres + Sijerg — Sl [Si — 3t|t+j]'>
=E ([St — Syi;][5: — $t|t+j]/> +E ([3t|t+j — SylJ[S: — St\tﬂ']/)
— Var <St|t+j> 40 (6.59)

The second term is zero since the revision is independent of the error in the final

estimate (see Pierce, 1980; Burridge and Wallis, 1985). Hence, by substituting the

result for the covariance term from (6.59) into (6.58), the result for Var (rﬁ’tﬂ )

in (6.57) is obtained.

given

In Section 6.4, it was seen that the estimates of the model parameters depended
upon the length of the series. As the error variance matrix of the state vector
depends only on the values of the parameters and not on the observations, the terms
on the right-hand side of (6.57) will depend on the parameters which are estimated
with series length ¢ or t 4+ j. Therefore, as Planas and Rossi (2004) point out,
(6.57) assumes that the parameters are held constant from time ¢ to time ¢ + j. As
model parameters are re-estimated each time a new observation becomes available,
(6.57) can be regarded as only an approximation to the revision error variance. Also
another issue to consider with (6.57) is that the terms on the right hand side require
the use of the mean squared error matrices due to estimated parameters. As shown
by the naive bias (Section 6.5.1), a serious underestimation of the elements of the
mean squared error matrices exists when estimated parameters are applied.

To avoid these issues, Planas and Rossi (2004) propose an empirical method of

calculating the variance of the revision error. Their method uses the revisions which
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are actually observed. If ri’”‘] denotes the total revisions after J additional periods,
then the empirical estimate of variance of the revision, Var (T?H_J), can be found
by taking the mean over time ¢, of the sum of squared revisions calculated between

time ¢ and ¢ + J. This is given by Planas and Rossi (2004, p125):

T-J J
T 1 A . 2
Var <r?t+J> T T —J—71+1 ; ; <St|t+j - St|t+j71> (6.60)

where 7 is the time point at which the analysis of the concurrent estimate begins.

6.6.1 Revision Error Results

The revision error is calculated using (6.60) for both the univariate and multivariate
models for the aggregate series with the two sub-series designs previously studied,
namely Alalj and A1b33. For this study, the required values in (6.60) are set
as 7 = 20, and J = 4. The calculation therefore involves the estimated seasonal
components for the time period of ¢t = 20 up to and including ¢t = 24 with length
of series varying between zero and 4 periods ahead of . Thus, the focus is on the
revision errors observed between 5 and 6 years of quarterly data, taking into account
new observations one year ahead.

Estimates for the smoothed seasonal components using the estimated parameters
are calculated for 1000 realisations of the univariate and multivariate models for
T =20,21,...,27, 28. With 7 = 20, and J = 4, equation (6.60) simplifies to

- 124 )
Var (T?tH) -5 Z Z (Sﬂt—i—j - St|t+j—l> ; (6.61)
=20 j=1
and is calculated for each realisation and for each of the designs Ala14 and A1b033.
For the univariate model, this yields \//a\rZU (ri’tH) and for the multivariate model it
yields @5\4 (7’: t+4) fori=1,...,1000.
To compare the revision error variance for the univariate model to that for the

multivariate model, the relative efficiency will be calculated for each realisation,

it =1,...,1000 and for each sub-series design.
—U
Var, (rit
RE;(r) = %t) (6.62)

Var, (Tf ' t+4)
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The distribution of RE;(r) for each design is summarised in Figure 6.7. Both
box plots show a positively skewed distribution with many high outliers. To show
more detail, the upper limit of the vertical scale of the box plots has been reduced
to RE;(r) = 10. This is shown in Figure 6.8.

Table 6.12 shows the 5-number summary and the mean for each design. The
median for the relative efficiency of the revision error variance for design A1b33
(1.546) is greater than that for design A7a14 (1.101). However, for both designs,
the median relative efficiency is above 1.0. This means that the multivariate design
yields a smaller revision error variance than the univariate design. Thus, by applying
the multivariate model, the confidence interval width for the revision error will be
narrower than for the univariate model and the revisions will be also be smaller. For
these two examples, there are good gains in using the multivariate model to improve

the revision error.

Table 6.12: Five-number summary and mean of relative efficiency of the revision
error variance for design Ala14 and A1b33 for 1000 realisations.

RE;(r) | Minimum | Lower | Median | Mean | Upper | Maximum

Quartile Quartile

Design Alal4 0.025 0.681 1.101 | 1.688 1.843 37.557
A1b33 0.018 0.820 1.546 | 2.470 | 2.922 26.747
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Figure 6.7: Box plot for relative efficiency of revision error variance for 1000 reali-
sations of design A1al4 and A1b33.
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Figure 6.8: Box plot for relative efficiency of revision error variance for 1000 reali-
sations of design Alal4 and A1b633 with limited scale.



Chapter 6. Parameter Estimation 175

6.7 Summary

In practice, a two-staged process is required in estimating state space model com-
ponents. The first stage involved the estimation of the parameters using prediction
error decomposition of the likelihood function. The second stage comprised the
substituting of the estimated model parameters into the Kalman filter or smoother
to obtain estimates of the components in the state vector and their mean squared
errors. The effect of this substitution was studied in terms of the naive bias for
different series lengths. One method of bias correction, the bootstrap method, was
investigated for both the univariate and multivariate models. Revision error was

also considered using an empirical measure proposed by Planas and Rossi (2004).

In Section 6.4, the results of the estimation of the aggregate series parameters
were shown for two different sub-series designs for series lengths T" = 20, 21, ..., 27,
28, 40, 120. Applying the multivariate model decreased the bias associated with the
estimates of the parameters of the aggregate series in both cases, especially for the
parameters of the seasonal component (refer to Tables 6.3 and 6.6). The standard
errors of the parameter estimates also reduced with the multivariate model. The
results showed a greater improvement for design A1633, than for design Alalj. In
Section 4.6.1, the relative efficiency with known parameters for Series 2 and A1b33
was calculated to be 1.86, which is larger than that for A7a14 (1.18). The results
for the estimation of the parameters therefore suggest that the improvement in the
estimated values of the aggregate series will be greater using the multivariate model
under certain conditions which rely on the relative values of the sub-series model

parameters.

In the second stage, the relative naive bias and the relative root mean squared
error were calculated for the two designs for both the univariate and multivariate
models. The results showed that the naive bias of the variance of the seasonally
adjusted series could be decreased substantially with the use of the multivariate
model. This was evident from the results for design A 1033, where the relative naive

bias was almost half of that obtained with the univariate model for short to medium
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length time series. There was also a slight decrease in the relative RMSE.

One method of correcting the naive bias, is the bootstrap correction proposed
by Pfeffermann and Tiller (2005). This method was applied to design A1b33 for
both the univariate and multivariate models for the series with length 7" = 28.
Application involved generating 500 bootstrap series for each of 100 primary series,
re-estimating the model parameters and calculating the mean squared error of the
seasonal component taking into account the filter uncertainty and the parameter
uncertainty. The method reduced the relative naive bias for the univariate model
and for the multivariate model but was more effective for the univariate model.

In practice, the size of the revisions made to published series, as more observa-
tions are made available, is always a concern to government statistical agencies. The
reliability of the concurrent estimates depends on the variance of the revision error.
In Section 6.6, the variance of revision error was calculated empirically using the
method proposed by Planas and Rossi (2004). The results for the univariate model
were compared with the results for the multivariate model. It was shown that in
both cases studied, a reduction in the variance of the revision error was evident when
the multivariate model was used. The reduction was greater for design A1b33 than
for Alal4, again pointing to the importance of the relative values of the sub-series
model parameters.

The focus of this chapter has been on the estimation of the model parameters
and the effects of applying these in the calculation of the variance of the seasonally
adjusted series and the revision error. In this chapter, as in previous chapters, the
univariate model has been compared to the multivariate model when two sub-series
are aggregated to obtain the total series. In the next chapter, an extension to this
is given by way of an example in which the total series is an aggregate of eight

sub-series.
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Handling Several Sub-series: An
Example

7.1 Introduction

So far in this thesis, the case with two sub-series (K = 2) has been investigated in
detail. In practice, the number of sub-series which are aggregated to obtain the total
series is often more than two. In this chapter, the focus of attention is an example
extending the work of Chapter 4 from two sub-series to eight sub-series and tieing
this together with the quasi-likelihood theory developed in Chapter 5. A natural
extension is to use the eight sub-series in the multivariate model and the aggregated
series in the univariate model, thereby applying the same methodology as for K = 2
sub-series. However, as K increases, the multivariate model becomes more complex
and the number of parameters grows quickly. For example, for the local level seasonal
model with K = 2, there are 3(K + 1) = 9 parameters in the model, and if K = 4,
there are 15 parameters. When K = 8, the number of parameters increases to
3(K + 1) = 27. If the series has a short to moderate length, the model could
become unstable with so many parameters to fit. The main aim in this chapter is to
determine a grouping strategy whereby similar gains can be achieved by aggregating
the K original sub-series into r < K new sub-series. The issue addressed is how to
group the sub-series into a new set of sub-series, thereby reducing the complexity
of the multivariate model and reducing the number of parameters to be estimated.

To discuss this issue, the results from previous chapters are applied to an example.

177
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In Chapter 4, the results for two sub-series showed that when the sub-series
parameters are considerably different between series (i.e. within components) and
within series (i.e. between components), gains in the relative efficiency were achieved.
By using the multivariate model, the variance of the seasonally adjusted series could
be improved. It would be too time intensive to consider every possible grouping com-
bination if K is large. For example, if K = 4, there are 14 ways of grouping the series.
If K = 5, the number of possible groupings increases to 51. (Refer to Table C.1
in Appendix C.3 for the calculation of these numbers using Stirling numbers of the
second kind.) Therefore, using the results obtained in Chapter 4, several different
combinations could be identified for investigation. This could be done empirically
by calculating the c-ratios (4.14) for each pair of sub-series, given the multivariate
parameters for the K series. The c-ratios for the seasonal and non-seasonal series
components could then be compared in order to identify groupings with dissimi-
lar c-ratios. In Section 5.7, the quasi-likelihood indicator for relative efficiency was
developed for the situation where r new sub-series are formed from the K original
sub-series. Given a number of different groupings, the value of @ (5.59) may be used
to predict which grouping has the highest relative efficiency. Relative efficiencies can
be determined via the Kalman filter for the chosen combinations. For the purposes
of this study, both the Q indicator and the relative efficiency determined with the

Kalman filter are calculated for nine different combinations of the sub-series.

7.2 Data Generation of the Eight Sub-series

In Chapter 4, data were simulated for two sub-series which summed to the same
total series. Different combinations of parameters were determined for the sub-series
in order to study the behaviour of the relative efficiency under different conditions.
The parameters used were assumed to be exact parameters, thus requiring only one
simulation of data for each case studied. In fact, the observations are not required
at all, as the theoretical expressions for the MSE of the state vector component only

rely on the parameters and not on the observations. The purpose of simulating data
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values was to enable the use of S-PLUS software to more readily calculate the MSEs.
Otherwise, the known parameters could be substituted into the derived theoretical
expression for each value of ¢ given by the Kalman filter.

In this chapter, a similar process is employed as in Chapter 4, but with K = 8
instead of K = 2. The parameters for the eight sub-series are assumed to be the
exact parameters. In this example, the parameters for the sub-series remain fixed,
and the interest lies in the grouping of the sub-series. Thus, parameters for the eight
sub-series are required. Instead of simulating the data with artificially constructed
sub-series (as carried out in Chapter 4), the data for the sub-series are simulated
based on parameters determined by a real data series. In choosing an appropriate
data set, two criteria had to be met. Firstly, it was required that the data have
K > 2 sub-series, and enough to allow different groupings for comparison purposes.
Secondly, to simplify the model, it was required that the data not be a result of a
sample survey.

With this in mind, data from the Domestic Sales of Australian Wine and Brandy
by Winemakers (Category number 8504.0, Table 2A) were obtained from the Aus-
tralian Bureau of Statistics (ABS, 2007b). The series consists of 254 monthly sales
of Australian wine in each of eight wine types from March 1985 to April 2006. The
eight sub-series consist of monthly sales (in thousands of litres) of the following
wine types: white table wine, red table wine, fortified wine, sparkling bottled wine,
sparkling bulk wine, carbonated wine, flavoured wine and vermouth. Details of
category definitions may be found in the associated technical report (ABS, 2007b).

The original data have been amended for the purposes of this example as follows:

e The first data point (March 1985) and the last data point (April 2006) were

deleted, leaving a total of 252 data points, that is, 21 complete years.

e The monthly data were summed over each consecutive three month period to

obtain 84 quarterly data points for each of the 8 sub-series.

e Logarithms of each series were then obtained in order to apply an additive

basic structural model (since each series is considered multiplicative).
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A plot of the amended data is given in Figure 7.1. It can be seen from the plot
that some series have a fairly constant level with zero or very little slope and that
all series have a seasonal component. The levels of some series vary over the 84

quarters. There are also breaks with strings of missing data for some series.

N ]
—
- _]
"1 ANANANANAAANAAAANAAANAANAANA
oy +
4 A T +hy g
g + Aok FR R L, +' +’ + + +
£ 3+ ST . Bk SUREFEN
k) JE +H ¥ + For
8 *x++ +->|<-+ +oE 1' + T 'y
S o 'xxf‘ ‘\+ /\+ I\+ A A Ao /A\ n\ -
] Ix Y% ’°‘I’} X Xxfy X i
< \\ \ / - / }( Al 1 ) 1 18 TR
K= o /\\/ ’x Jl‘/’?(ll\dl‘/‘ il\*(/," é(/l;(
8 YA (RN R P S R A
© \" v oA !" I' ' e \/I ‘o
(%) (SR ," \ X ot v \l.l v
o ~ - ~ r ,\ \ A N~
s et 9 L0 .“ IR I
AR LIPS \ \_/ \~ - o\
= o0l \" 6‘“—'\ ,X. ’ \V \‘ *'-%00 0% 00 00® :J’ SN0 Vet e )
o *\ ¢ 10 " ’\-‘ - \ \ 11,\, N, ® * . P
- N . e R Y * /
I © / N v, " K * .o \‘
c \ W \ ;o\ \, o AN NG R
= \\I V! J ‘\"' pPd \,’ * T ," ’ ‘f ~ v ,
] . SN N K AN
=) Y |
S 10 o \
3 )
Wine Types v RSy '.\“ .
< 1 White e 5:Sp.Buk T - NN e
2:Red d--k--k g:Carh. - RN
3: Fort. X—X—Xx 7: Flav. *—eo—o
4. Sp.Bottle — 8:Verm.  -==-==---
[ [ [ [ [ [ [ [ [ [ I
0 8 16 24 32 40 48 56 64 72 80

Time (in quarters)

Figure 7.1: Logarithms of quarterly wine sales by type

The next step in constructing the simulated sub-series data was to obtain uni-
variate parameter estimates for each sub-series individually. The univariate local
level seasonal model was deemed to be appropriate for each sub-series for the pur-
poses of this example. It is described in state space form in (4.6) to (4.8). The
univariate model was applied to obtain maximum likelihood estimates of the pa-
rameters for each series. This produced three parameters for each series, giving
a total of 24 estimated parameters. However, in order to simulate the sub-series,
the multivariate parameters which include the common disturbance terms are also

required. The univariate parameters can be used to obtain starting values for the
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Table 7.1: Parameters used for generation of the eight sub-series

Parameter | Level | Seasonal | Error

(z=mn) | (r=w) | (r=2¢)
o2 1.6e-013 | 0.00004 | 0.00043
o2 . 0.00027 | 0.00001 | 0.00042
050 0.00178 | 0.00006 | 0.00016
o3 0.00047 | 0.00007 | 0.00044
o2 . 0.00397 | 0.00014 | 0.00602
o2 0.01611 | 0.00096 | 0.00169
o8 0.02291 | 0.00054 | 0.01172
o2 0.00345 | 2.0e-017 | 0.00425
o2 0.01409 | 6.6e-015 | 0.01226

estimation of the multivariate parameters.

The multivariate local level seasonal model with a quarterly dummy seasonal
component for K = 8 has state space form similar to (4.9) but with I, replaced by Is.
Estimation of the parameters is performed by prediction error decomposition of the
log-likelihood function, as described in Section 6.2.2. The 27 resulting multivariate
parameter estimates are given in Table 7.1. These parameters are deemed to be
the exact parameters for the purpose of this experiment. This construction allows
a more realistic set of parameters to be used than if all sub-series were artificially

constructed.

Given the 27 multivariate parameters shown in Table 7.1, the data for Yy, ..., Yg
are generated from the multivariate model equations according to the local level

seasonal model for K = 8. The model is

Yie = Lt + Skt + €0 + €54
Ly, t41 = L, ¢+ + gy, (7.1)
s—1 .

Sk, t41 = — E Sk, t+1-j + Wi + Wiy,

=1
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where £k =1,...,8, and

et ~ N(0,02), SZtNN(anlze*)>
m ~ N(0,07), ne ~ N (0, U%n*), (7.2)
wy ~ N(0,02), wi, ~ N(0,0%,.).

Data is generated for 80 time points using starting values obtained from the
logarithm of the original quarterly data for each series as given in Table 7.2. The
first 40 data points of each series are then discarded, leaving t = 1, ..., 40 simulated

quarterly observations for analysis.

Table 7.2: Initial values used for generation of the eight sub-series

Parameter | Level Seasonal

k Lii | Sk1i| Sko | Sk-1

1 11 0.06 | 0.21 | -0.27

2 9 0.16 | -0.13 | -0.38

3 9 0.05 | -0.14 | -0.40

4 8 0.38 | 0.96 | -1.25

5 8 -0.01 | 0.62 | -0.78

6 6 -0.14 | 0.41 | -0.63

7 6 -0.11 | 0.09 | -0.49

8 7 0.05 | 0.26 | -0.42
Data simulation and aggregation result in the set of eight sub-series (Yi4,...,Ys:),
and their sum Y, ¢, for t = 1,...,40. In practice, the aggregated series analysed

would typically be the logarithm of the sum of the eight original (unlogged) series. As
multiplicative series have not been considered in this thesis, the aggregated series has
been constructed ‘artificially’ from the eight (logged) sub-series. The eight simulated

sub-series are plotted in Figure 7.2.
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Figure 7.2: Simulated series of the logarithms of quarterly wine sales by type

The aggregated series is modelled by

where

K
Yiot,t = g Yie
k=1

= Lot t + Stot, t + Etot. t,

Liot, 141 = Liot, t—1 + Ntot, t
s—1

Stot, t41 = — E s Stot, t41—j + Weot, ¢,
Jj=1

Etott ~ N(0,00,.), Moty ~ N(0,04,,,), and wiry ~ N(0,07,,,).

(7.4)

Subsequently, the series parameters for the aggregated series are given by the fol-
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lowing constraint formulae, evaluated with K = 8:

K
Oy = K207+ of,. = 0.0630476,
k=1

K
Ot = K202+ o, = 0.0045557,
k=1

K
02, . = K202+ 2. =0.0647954, (7.5)

k=1

These parameters are substituted into the univariate model for the aggregated series.

7.3 Grouping the Sub-series

In Chapter 4, for the case with two sub-series, the relative efficiency of the mul-
tivariate model was calculated for different sub-series which summed to the same
aggregate series. The between-series (i.e. within components) and the within-series
(i.e. between components) relationships for the two series were studied and both
were found to impact the relative efficiency.

In this example, the sub-series and the aggregate series are kept fixed, but the
number of groups and size of the groups vary. To obtain some idea of how many
combinations are possible, consider the case where only two groups (r = 2) are
formed from the eight (K = 8) series. If the two groups consist of four series each,
then there are 35 (= 8C,/2) possible combinations. Two examples are (Y;; + Yo +
Yo+ Yy, Yo+ Yot+Yr+Ys) and (Yiu+Yo+Ya+Yse, Ya+Ye+Y7+Ys). Alternatively,
if one group consists of five series, then the other group will have 3 series. For this
situation there are a 56 (= 8Cj5) combinations. Another alternative is one group of
6 series and one group of 2 series. This results in another 28 (= 8Cj) combinations.
Finally, there could be a group of 7 series and one single series, yielding another
8 (= 8C%) combinations. Therefore, just for the case with r = 2, there are 127
possible combinations if K = 8. Then there are the cases where r = 3, 4, 5, 6, 7,
and 8. Referring to Table C.1 in Appendix C.3, the number of possible combinations
for these cases are 966, 1701, 1050, 266, 28, and 1 respectively. In total, there are

4139 possible groupings if K = 8.
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To reduce the number of combinations to investigate, the c-ratios for each pair
of series are calculated. The c-ratio definition is extended from the K = 2 case in
Chapter 4 (see (4.13) -(4.14)) to the case with K > 2 groups. The c-ratio between
the ith and jth sub-series is defined for each component. For the level, seasonal and
error components, these are respectively,

2 2 2 2 2 2
Tyt O 0, + O ol + 05 s

Coli) = Colif) = ———1 (7.6)
2 2 0 Cw(i) 2 2 o Ce(i) 2 2
Oyt Ojp 05 + O 07 + 05

Cn (i) =

For the example with eight sub-series, the c-ratios are shown in Table 7.3. By
applying the conclusions determined in Chapter 4, decisions can be made as to
which grouping combinations to test. For example, the 8 rows in the top left of
Table 7.3 compare the parameters for Series 1 with those for Series 2 to 8 for each
component. This shows that Series 1 is similar to Series 3, as the c-ratios are close
to 1. However, the opposite is the case when comparing Series 1 parameters with
Series 4 to 8. This suggests that Series 1 and 3 could be grouped together. Similarly,
other observations can be made, such as possibly grouping Series 2 with Series 4,
Series 5 with Series 6 and also grouping Series 7 with Series 8. This combination is
just one of many possible combinations.

Guided by the results shown in Table 7.3, and for the purpose of demonstration,
nine different combinations of the sub-series are investigated. Two different combi-
nations will be considered for the cases where r = 2, 4, and 5. Three combinations
will be considered for r = 3. Table 7.4 shows the grouping of the sub-series for each
combination. A group may consist of the aggregate of two or more sub-series or it
could simply be a single sub-series. For the first combination, there are 5 groups
(r = 5). The first group contains the aggregate of Series 1 and 3 (Yj; + Y3;), the
second group is the aggregate of Series 5 and 6 (Y5, + Yg,), the third group is the ag-
gregate of Series 7 and 8 (Y7, + Yg;), and the remaining two groups are the individual

series, Series 2 (Ya) and Series 4 (Yy;) respectively.
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Table 7.3: C-ratios for pairs of series
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(032: + O-l%x*)/(o-a% + O-%;t*)

(032: + Ozm*)/(aaz: + O-%x*)

(0-:% + O-I%z*)/<o-§ + U?%ac*)

Level  Seas. Error | Level Seas. Error | Level Seas. Error
kElx=n z=w r=¢c¢|lx=n r=w r=¢c|lx=n Tr=Ww T =c
1 1.0 1.0 1.0 0.2 0.5 1.4 0.6 0.5 1.0
2 6.6 1.9 0.7 1.0 1.0 1.0 3.8 0.9 0.7
3 1.7 2.2 1.0 0.3 1.2 1.5 1.0 1.0 1.0
4 14.7 3.4 7.5 2.2 1.8 10.8 8.5 1.5 7.4
5 59.6 18.8 2.5 9.1 9.9 3.6 34.4 8.5 2.4
6 84.8 11.0 14.2 12.9 5.8 20.4 48.9 5.0 13.9
7 12.8 0.8 5.5 1.9 0.4 7.9 7.4 0.4 54
8 52.1 0.8 14.8 7.9 0.4 21.3 30.1 0.4 14.5

(03 + 0%,) /(03 + 0%,) | (07 + 03,) /(00 + 05,) | (02 + 07ye) /(07 + 05,)

Level  Seas. Error | Level  Seas. Error | Level Seas. Error
Elxz=n rz=w r=¢|lx=n rT=Ww r=¢c|lx=n T=W Tr=c
1 0.1 0.3 0.1 0.0 0.1 0.4 0.0 0.1 0.1
2 0.4 0.6 0.1 0.1 0.1 0.3 0.1 0.2 0.0
3 0.1 0.7 0.1 0.0 0.1 0.4 0.0 0.2 0.1
4 1.0 1.0 1.0 0.2 0.2 3.0 0.2 0.3 0.5
5 4.1 5.6 0.3 1.0 1.0 1.0 0.7 1.7 0.2
6 5.8 3.3 1.9 1.4 0.6 5.7 1.0 1.0 1.0
7 0.9 0.2 0.7 0.2 0.0 2.2 0.2 0.1 0.4
8 3.5 0.2 2.0 0.9 0.0 6.0 0.6 0.1 1.0

(024 07y ) /(02 4 07,)

(024 07y-) /(07 + 03,)

0 N O T = W N =

Level

T ="
0.1
0.5
0.1
1.2
4.7
6.6
1.0
4.1

Seas.
T =w

1.2
24
2.7
4.2
23.2
13.6
1.0
1.0

Error
Tr=c

0.2
0.1
0.2
1.4
0.5
2.6
1.0
2.7

Level

r=n
0.0
0.1
0.0
0.3
1.1
1.6
0.2
1.0

Seas.
T =w

1.2
24
2.7
4.2
23.2
13.6
1.0
1.0

Error
Tr=c

0.1
0.0
0.1
0.5
0.2
1.0
0.4
1.0
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Table 7.4: Different combinations of the eight sub-series

Groups

r 1 2 3 4 )
1) |5 Yie + Y Y5 + Yo Y7 + Y Yo Y
2) |5 Yie + Yor + Y3 Yy Y + Yoy Y7 Ya
3) | 4 Y Yor + Y + Yau Yor +Yar | Yar + Vs
4) | 4 Yie+ Ya Yor + Yu Yoo + Yor | Yo+ Y
5) 13 Yie+ Yoy + Y3 Yie + Yo + Ya Ys: + Yo
6) |3 Yie+ Yy Yor +Ya + Yo + Yar | Yoy + Yoy
7) |3 Yie + Y Yoo+ Yor + Yo + Yoy | Yor + Y
8) | 2| Yie+ Yor + Yoy + Yoy | Yor + Yy + Yy + Vi
9) | 2| Yig+ Yo + Yo + Yay | Y + Y + Yoy + Yy

7.3.1 Calculation of () for each Combination

In order to compare the different combinations of sub-series, the relative efficiencies,
RE(M) (3.59), may be calculated. If a particular combination has a high relative
efficiency, this means that the multivariate model is favoured over the univariate
model for that combination. Hence, by comparing the relative efficiency, RE;(M),
at some value of t for each combination, a decision can be made regarding which
groupings to consider for trial in the estimation of series components. However, as
shown in Chapter 4, the relative efficiency changes for each ¢ and the Kalman filter

needs to be applied to each combination.

In Section 5.7, the quasi-likelihood indicator for relative efficiency was developed
for the case where r groups of sub-series are formed from the K original sub-series.
The theory can be applied to this example with K = 8 to obtain the value of @
(5.59) for each combination. This will assist in determining which combinations

have high relative efficiencies, RE;(M).

The value of @ has been evaluated for each combination by applying the theory

in Section 5.7 using Maple software. The relevant transformation matrix (A) is
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determined by multiplying the r x r transformation matrix, A (3.33), by the selection
matrix for that combination. For example, the transformation matrix for the first

combination listed in Table 7.4 will be a r x K = 5 x 8 matrix, given by

11111 10100000 11111111
10000 00001100 10100000
A=101000 00000011 00001100
00100 01000000 00000011
00010 00010000 01000000

(7.7)

The value of r, the number of groups formed for each combination, is taken from
Table 7.4. Following the theory given in Section 5.7, the value of () is obtained for
each combination by substituting in the required values. For the local level seasonal
model, these are p = 4, u = 2, and the parameter values given in Table 7.1. The
results of @) are given in Table 7.5 alongside the calculated value of RE(M). (For
details of the matrix calculations performed in Maple refer to the CD enclosed with
this thesis. Appendix E has a list of the filenames and descriptions of each program.)

The value of @) for the original 8 sub-series is calculated to be 1.026. As the
number of groups (1) decreases, in general, the value of @) also decreases as shown in
Table 7.5. The one exception is for the third combination, where » = 4. The value
of @ is 1.022 which is higher than that for the first and second combinations where
r = 5. These results give an indication of what to expect for the relative efficiencies
produced by the Kalman filter. As the number of newly formed sub-series decreases
(r is small), the relative efficiency is also expected to decrease. When sub-series are
aggregated together to form a new sub-series, the within group differences between
the series parameters no longer apply. This is because the parameters for the group
aggregate now apply and not the parameters of the original sub-series. Some of the
values of () are very similar, indicating that the corresponding combinations will

yield a similar relative efficiency.
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7.4 Relative Efficiency Results

The variance of the seasonally adjusted series is determined by the Kalman filter,
as described in Section 3.6.1 for both the univariate and the multivariate models.
The relative efficiency is subsequently calculated at the last time point (7" = 40),
for each combination listed in Table 7.4. The values of RE,o(M) are given in Table
7.5, together with those of Q.

Table 7.5: Values of () and relative efficiency for nine different combinations

Combination | | @ | REsy(M)
Original 8 | 1.026 1.115
1 5 | 1.021 1.091
2 5 | 1.020 1.088
3 4 11.022 1.084
4 41 1.020 1.083
5 31 1.019 1.079
6 3] 1.018 1.067
7 3| 1.017 1.043
8 2 11.010 1.047
9 2 1 1.007 | 1.020

Using the original eight sub-series, the relative efficiency is 1.115. Thus, in this
example with K = 8, there is a gain in using the multivariate model over the
univariate model. As indicated by the value of @, the value of RE, (M) is higher
for the multivariate model with K = 8 than for any of the nine combinations tested.
The first combination with » =5 has RE,;,(M) = 1.09, which is slightly lower than
for the case with K = 8. The number of parameters in the model has reduced from
27 with K = 8 to 18 with » = 5. A model which achieves a similar relative efficiency
with a smaller number of parameters may be a better choice in terms of stability of
the model.

Generally, the value of RE;(M) decreases as r decreases. One exception to
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this is in the comparison of combination 7 and 8. For combination 7, » = 3 and
RE4 (M) = 1.043. However, for combination 8, where r = 2, the RE;y(M ) is higher
at 1.047. This result suggests that combination 8 with only two groups is a better
combination than that given by combination 7 with three groups. The increase was
not indicated by @). The value of @) preserves the relativities of RFE;o(M) within
each value of r but not when comparing results across r. This requires further
investigation but is not within the scope of this thesis.

The results for combination 7 and 8 prompt further investigation. It is possible
to determine the c-ratios for the newly formed groups for each combination using
the formula given in (7.6). Here, the i and j represent group i and group j. For

combination 7, there are three c-ratios for each component, since r = 3. These are

cpaz = 0.128, c¢;a3 = 0.013, ¢, 3 = 0.102,
Cw(12) = 0701, Cyo (13) = 01177 Cy (23) = 01687

05(12) = 0328, Ce (13) = 0071, Ce (23) — 0.215. (78)
For combination 8, there is only one c-ratio for each component, as r = 2:

Cn (12) = 1823,
Cu (12) — 0649,
Ca(lg) = 2.333. (79)

The c-ratios in (7.8) for combination 7 show that there are differences between
components, but that all c-ratios are below 1.0. For combination 8, however, the
seasonal c-ratio, ¢, (12), is below 1.0, but the non-seasonal c-ratios are above 1.0 (7.9).
This property is similar to the property defining the ‘b’ designs which yielded high
relative efficiencies, studied in Chapter 4. Therefore, it is possible for a combination
with, say r; groups to yield a higher relative efficiency than another combination
with more groups, say re (re > r1).

A further example demonstrates the use of c-ratios. A tenth combination was
formed with the purpose of producing an example with a low relative efficiency. The

objective this time is to combine together series with c-ratios that are not close to
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1.0. Using the results in Table 7.3, Series 2 is combined with Series 6, as the c-ratios
comparing these two series are high. Similarly, Series 3 and 4 are also combined
with Series 6, thus forming one grouping with Y5, + Y3, + Yy + Ye;. This leaves Series
1, 5, 7, and 8 to form another group, Yi; + Y5 + Y7, + Y.

For this tenth combination, () = 1, thus indicating that the multivariate model
will not achieve a gain over the univariate model, with respect to the relative effi-
ciency. In fact, the relative efficiency is calculated to be very close to 1 (RE (M) =
1.00003). Thus, using the c-ratios to find a ‘bad’ example supports the notion that

they may be used in an effective strategy of grouping the sub-series.

7.5 Summary

To reduce the complexity of the multivariate model, the K sub-series may be com-
bined into several groups. These groups may be an aggregate of two or more series
or may be a single series from the original K sub-series. The aim of this chapter
was to determine a grouping strategy which would aid in the choice of grouping the
sub-series into r < K groups. The choice of grouping becomes a balance between
reducing the number of parameters in the model and achieving a worthwhile gain
in the relative efficiency. An example for which the aggregated series is the sum of
eight sub-series, has been investigated.

Using the c-ratios as a guide to choosing the groupings, nine combinations of
the eight sub-series were considered. For r = 2, 4 and 5, two combinations were
considered. For r = 3, three combinations were considered. The quasi-likelihood
indicator was calculated for each combination. The results showed that in general,
the relative efficiency decreased as r decreased. There was one exception in the nine
combinations studied. A combination of two groups (r = 2), had a higher relative
efficiency for one of the combinations with three groups (r = 3). It was found that
the seasonal c-ratio for the case with two groups had a value below 1.0 but the
non-seasonal c-ratios were both above 1.0.

There may need to be a trade-off between the number of groups (r) chosen and
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the desired relative efficiency. For example, it may be that the relative efficiency is
higher with say five groups than it is for four groups, but that the difference is almost
negligible. The model with the smaller number of groups (and hence parameters)
may be more suitable in that it allows a more stable model. Further investigation

is required into how the grouping may benefit the estimation process.



Chapter 8

Conclusions

8.1 Summary

The focus of this thesis has been on the reliability of a seasonally adjusted aggregated
series. In particular, the research has examined whether gains are achievable in the
seasonal adjustment of an aggregated series through joint modelling of the sub-series.
If so, the aim was to identify the conditions under which these gains occurred. In
addition, as estimates of the structural components are affected by the length of the
series, the research also addressed examination of the impact of series length on the
accuracy of seasonally adjusted aggregated series.

The aims were achieved by applying a multivariate basic structural model to a
transformed set of sub-series, as discussed in Chapter 3. By including the aggregated
series as one of the multivariate series in the model, estimates of the components such
as the level and seasonal factors were obtained within the multivariate framework.
For comparison, the variance of the seasonally adjusted aggregated series could then
be calculated for both univariate and multivariate models.

Once the framework was established, an empirical study with two sub-series
and known parameters was carried out in Chapter 4. From this study, it can be
concluded that very good gains are possible and that the conditions rely on the
relative parameters of the seasonal and non-seasonal components of the sub-series.

To summarise results:

1. When the two sub-series have the same parameters for each component then

193



Chapter 8. Conclusions 194

there is no gain using the multivariate model. Also, there is very little differ-
ence in the methods if the ratios of the series parameters within components

are similar.

2. Gains are achievable when the ratio of the series parameters for the seasonal
component is very different to that of the non-seasonal component. The gains
are especially good when one of the ratios is greater than one and the other is
less than one. These gains can be achieved even with low correlations between

the series for each component.

3. Increasing the correlation between the sub-series for the seasonal component
improves the gain but the magnitude is dependent upon the ratios of the series
parameters within components. The more dissimilar the stochastic structure
is between the components, the higher the magnitude of the gain from the

seasonal correlation.

4. Increasing the correlation between the sub-series for the non-seasonal compo-
nents improves the gain but not to the same magnitude as for the seasonal

component.

5. Rates of convergence to a steady state of the relative efficiency varied with the
magnitude of the ratios. Series with a high seasonal component ratio had a

slower convergence rate than series with a low ratio.

Three alternative aggregated series were studied in Chapter 4. Changing the ag-
gregated series parameters did not greatly affect the results of the relative efficiency.
There was a difference in the rates of convergence of the relative efficiency. The
aggregated series with the smallest seasonal to non-seasonal ratio of parameters had
the slowest rate of convergence of the relative efficiency.

Because of the iterative nature of the Kalman filter, the theoretical expression
for the relative efficiency changes for each time point. The expressions depend on
the parameter values and not on the observations. An alternative to the relative

efficiency calculated with the Kalman filter was derived using a quasi-likelihood
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method. A single number indicator was found to be directly related to the relative
efficiency given by the Kalman filter. Although it overestimated the value for the ex-
ample studied, the quasi-likelihood indicator was shown to preserve the relativities.
This alternative measure could be helpful in practice, especially when comparing

different combinations of series. An example was given in Chapter 7.

In Chapter 6, a simulation study showed the effects of estimating the aggregate
series parameters with the univariate and multivariate methods for different series
lengths. For the two examples studied, it was shown that the bias of the estimated
parameters was much less for the multivariate model than for the univariate model.
This was especially the case for short to medium length time series. The relative
efficiencies of the seasonally adjusted aggregated series also showed good gains for

the multivariate model.

In practice, a two-staged process is required in estimating state space model com-
ponents. Firstly, the parameters are estimated. Secondly, they are substituted into
the model to obtain the estimates of the series components and their mean squared
errors. The naive bias in the mean squared error is a result of this substitution.
For one of the examples, there was a substantial decrease in the naive bias with
the use of the multivariate model. The bootstrap method was applied to correct
the naive bias for both univariate and multivariate methods. The correction seemed
to be more effective with the univariate model. Since the multivariate model has
more parameters, it may be that to obtain comparable results, a larger number of

bootstrap series is required for each primary series chosen.

The reliability of concurrent estimates was investigated in Chapter 6 by calculat-
ing the revision errors and the revision error variance. Large revision errors can be
major contributors in a poor interpretation or forecast in the state of the economy.
In both cases studied, there was a reduction in the revision error variance when the
multivariate model was used. Thus, the confidence interval width for the revision
error is narrower than for the univariate model and the revisions are also smaller.

Overall, this means the concurrent estimates are more reliable.

In Chapter 7, the experience gained from Chapters 4, 5, and 6 was implemented



Chapter 8. Conclusions 196

in a case study. When there are several sub-series, it may be required to decrease the
number of parameters of the multivariate model by grouping the sub-series into r <
K new sub-series. The c-ratios can be used to identify possible groupings of similar
series. Using these results, combinations of the sub-series may be identified for
testing. The @ indicator can then be determined for each combination to predict that
combination with the highest relative efficiency. The 10 combinations tested showed
that in general, as r decreases, the relative efficiency decreases. The differences
between the series parameters are lessened with the aggregation of the series within
each grouping. However, it was demonstrated that it is possible for a combination
with lower r to achieve a higher relative efficiency. There needs to be a balance
between the required relative efficiency and the reduction of parameters which may
help to stabilise the model in the estimation process.

In conclusion, applying the multivariate model proposed in this thesis to the
system of sub-series of an aggregated series, allows gains to be achieved in the

variance of the seasonally adjusted aggregate series, and the revision error variance.

8.2 Future Directions

During the course of this research, other issues were raised. While not in the scope
of this thesis, they are a natural extension to it.

In this thesis, concentration has been on additive series. As many official time
series are of a multiplicative nature, the methods proposed here could be extended
to allow for multiplicative series. It is suggested that the logarithm of the aggregated
series could be used in the multivariate system with the logarithm of each of the
sub-series. In this way, there is a non-linear relationship between the K logged
sub-series and the logged aggregate series. Further investigation is required in this
area.

For those series which originate from a sample survey, it is necessary to include
the survey error in the model. This can be incorporated into the basic structural

model, as discussed in Pfeffermann et al. (1998).
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Other options for the structure of the covariance matrix of each component could
be investigated. Instead of having a common disturbance term in the definition of the
model for each component, which forces the off-diagonal elements to be equal, this
restriction could be relaxed. Alternative ways to reduce the number of parameters

could be investigated in light of the results in Chapter 7.

There are many challenges in estimating the parameters of a time series when
the length of the series is short. This thesis has examined the effects on parameter
estimation while shortening the series. Although the multivariate method proposed
here has shown to improve the accuracy of the estimates, there is great scope for

further work in this area.

When the parameters of the model are estimated, the sampling errors due to the
parameter uncertainty are not allowed for in the mean squared errors of the state
vector estimates. (See comment by A. Harvey for Durbin and Koopman, 2000.)
As previously mentioned, the bootstrap correction method, which allows for the
parameter uncertainty, could be further investigated, especially for the multivariate
model. Although 500 bootstrap series were generated for each of 100 primary series
in this thesis, extending the study by increasing both the number of bootstrap series
and the number of primary series would add further value in generalising the findings

of this thesis.

In Chapter 7, the idea of grouping several sub-series to decrease the number of
parameters was investigated with reference to the effects on the relative efficiency.
The parameters in this study were assumed to be known. This example could be
extended to examine the stability of the model for each chosen grouping, by carrying
out the parameter estimation in each case. This would demonstrate whether the

grouping benefits the estimation.

This research has implications in the area of using a related series to improve the
estimates of a particular target series. This is an emerging area of research which is
becoming popular in official statistical agencies worldwide. Although this thesis has
concentrated on the accuracy of the aggregated series, the method could be similarly

applied to focus on one of the individual series. If using a related series, the other
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individual series in the multivariate system may not be cross-sectional series, and
hence a transformation of the series would not be necessary.

Multivariate seasonal adjustment is becoming a topic of applied interest. The
example referred to in Maravall (2006) is a good example for which the multivariate
model could be applied. The data consists of the Japanese foreign trade series. The
balance of trade series is the difference between the exports and the imports, thereby
giving two series and the difference of these series. Maravall (2006) discusses the
indirect versus the direct seasonal adjustment of the balance of trade series. It is
planned to use this data in a forthcoming paper. Also, various research contract
projects in the Centre for Statistical and Survey Methodology (CSSM) involve data
which would benefit from this multivariate time series approach. If permission can
be obtained from the client, this data could also be used for the purpose of future
research.

Notwithstanding these issues that could be further pursued, this thesis identifies
the conditions under which the multivariate model is beneficial to the seasonal ad-
justment of an aggregated series. The gains reported here are appreciable. Hence,
when seasonal adjustment of an aggregated series of short to medium length is re-

quired, it is recommended that a multivariate framework be seriously considered.



Appendix A

The Kronecker Product

In Section 3.4.2 and Section 3.4.3, the Kronecker product is used in the calculations
for the multivariate model. In this Appendix, the Kronecker product and some of
the associated properties are defined. These properties and further information can
be found in Harville (1997, Chapter 16).

Definition: Let A be an m X n matrix such that A = {a;;} and let B be an
p X g matrix such that B = {b;;}. The Kronecker product of A and B is denoted

by A ® B and will have dimensions mp x ngq:

CL11B CL12B c. alnB
anB apB ... a,B
A®B: 21 ‘ 22 ‘ 2 '

amB a,2B ... a,,,B

Property 1: The transpose of the Kronecker product of A and B is given by
(AB)=A"®B,
and it follows that if A and B are both symmetric,

(A®@B) = A ®B.
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Property 2: For any m X n matrices A and B, and any p x ¢ matrix C,

(A+B)eC=(A®C)+ (B®C)
C®(A+B)=(C®A)+ (Cx®B).

Property 3: For any m x n matrix A = {a;;}, p X ¢ matrix B = {b;;}, n x u

matrix C = {¢;;} and ¢ x v matrix D = {d;;},

(A®B)(C®D) = (AC) ® (BD).

Property 4: The Kronecker product, A ® B, of any m x m non-singular matrix

A, and any p X p non-singular matrix B, is invertible, such that

(AB)'=A"'"®B"

Property 5: The Kronecker product, A ® B, of any m x n matrix A, and p X ¢

matrix B, may be decomposed in two ways

A®B=(A®I,)(I,®B)

= (I, ®B)(A®L).
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Trigonometric Seasonality

B.1 Introduction

There are many ways of modelling the seasonal component in the basic structural
model. The seasonal component, S;, described in Section 3.2.2 is referred to as a
dummy seasonal component. A common alternative is to express the seasonal com-
ponent in trigonometric form, where it is represented as a sum of s/2 trigonometric
terms (see Harvey, 1989, Section 2.3.4, or Durbin and Koopman, 2001, Section 3.2).
This appendix outlines the univariate and multivariate model with trigonometric
seasonal factors and examines the results of the relative efficiency for a few designs

from the study in Chapter 4.

B.2 Univariate BSM

The univariate basic structural model is described in detail in Section 3.2. By replac-
ing the dummy seasonal component, S;, with a trigonometric seasonal component,

gt, Y, may be written as:
K:Lt+gt+€U,t> €U7tNN(O,O'[2]7E). (Bl)

If S, represents a trigonometric seasonal component, then the s/2 trigonometric
terms are usually denoted in the texts (such as in Durbin and Koopman, 2001,

Section 3.2) by ;. Here, they will be denoted by ;3;, thereby putting the j subscript
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on the left, to avoid confusion later with the k subscript relating to the individual

series in the multivariate BSM.

[s/2]

Se=> b (B.2)

j=1

where the ;3; evolve over time according to

iBrrr = jBrcos(X;) + 6/ sin(X;) + @, ¢

jﬁ:—s—l = _jﬂt sin()\j) + ]ﬂ: COS()\]') +ij,t (Bg)

and where ;@ ¢ and jowy, , are independent N (0, U,QJ, ) variables. (The U subscript

is a label for the univariate model as previously denoted). Also

S 2mj
Aj =7

s/2 if s is even

j=1,...,[s/2], and [s/2] =
(s—1)/2 if sis odd
For quarterly data, s = 4, and hence J\; is given by A\; = ”—2‘7 for j = 1,2, resulting
in the seasonal frequencies of 7 and m. The equations defining the trigonometric

model above (B.3) simplify to give four elements:

1841 = 168) +1@u, 4

1851 = =16 1m0, (B.4)
2fir1 = —2 + 200, ¢
28011 = =B + 2u,

and then the seasonal component, S;, becomes the sum of two elements:

Sy = 15 + 25 (B.5)

Similarly to the dummy seasonal variable, (B.2) still allows the sum constraint
of the seasonal effects to be zero over any s time periods. Here, it can be shown
that by substituting the appropriate terms from (B.4) into (B.5), and by taking

expectations, the following constraint holds.

E (i S‘tﬂi) =0 (B.6)
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This constraint means that the trigonometric model only requires s — 1 seasonal
elements to be defined, which is the same as in the dummy seasonal model. For
quarterly data, there are three seasonal elements for the trigonometric form, namely

18t, 157, 20, whereas for the dummy seasonal form they are S;, Si—1, Si—a.

B.2.1 Univariate State Space Form

In state space form, the state vector and system matrices for a seasonal local level
model (without slope) were given in Section 4.2.1 in equations (4.6 to 4.8) for the

dummy seasonal model. These are replaced by the following:

oy = [Lt, 15t 1@, 2@]/, Qg ~ N(al,Pl)
Y = [Mu.t, 19U, ¢, 100, ¢, 200, t]/, A ~ N(0, Q)
7 = (1 10 1) :
é :I47 gU,tNN(OaH)J HIU%,E’
1 00 O
- 0O 01 O
T —
0-10 O
0O 00-1
o2, 0 0 0
~ =~ = / 0 0-2UL:J 0 0
Var (Gyt) ~ GQG' = ’ (B.7)
0 0 o3, 0
0 0 0 o,

where I is a 4 x 4 identity matrix.

The main difference is that each trigonometric seasonal element (13;, 10}, 2/)
has a disturbance term associated with it, namely @0y, ¢+, 1@y, +, 2@u, + respectively.
The dummy seasonal model has only one disturbance term, (wy, ;), which is associ-

ated with the S; element of the state vector (a;) in (4.8).
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B.3 Multivariate BSM

If the dummy seasonal component, described in (4.1), is replaced by the trigono-
metric seasonal component, then an observation at time ¢ for series k is given by

Yie:
th = th + gkt + &+ 5]:13' (B8)

The equation for the seasonal component for series k is:

[s/2]

Skt = Zjﬂk,t (B.9)

j=1

where the trigonometric terms ;3 ; evolve over time by

Bk, 111 = Bkt COS(}‘J’) + Bkt Sin()‘j) + 0 + g,

3B tx1 = —iBresin(y) + ;85 cos(Nj) + o1 + 05,

The ;& and ;oo are the common effects which are assumed to be independent

Normal random variables, each with zero mean and variance o2. The time-unit
specific effects are ;wy, and jw;, similar to those described for the dummy seasonal
model in Section 3.3.1, and are assumed to be independent Normal random variables

each with zero mean and variance of 2.
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B.3.1 Multivariate State Space Form

The state vector and system matrices for the multivariate local level seasonal model
(without slope) are given in Section 4.2.1 in equations (4.9 to 4.11) for the dummy
seasonal model. When K = 2, the transformed state vector, a(yr), ¢ and the vector

of disturbance terms, ~y(,r),; are replaced by the following:

’

&(M),t = [Ltot,ta Ly, 15tot,t, 151, 1ﬁfot,t, 185 2ﬁtot,t, 281t Etot, t) (€t +€>1kt)}

VM), t = [ Mot 1 (Mt +111)s 1@t0r, 1, (10 +107,), 1ot ¢, (1001 + 1007,),

!
2Wiot, 1, (20¢ + 2011)5 Etot, 111, (Er1 +ET 441) ] (B.10)

The system matrices Z, G and T described in (4.11) are replaced by:

1 00 00
0 01 00
Z:<11011> G=IL T=|0-10 00
0 00-10
0 00 00

Y, n Oex2) Oex2) Opex2) Opxy)
Oex2) X, o Opex2) Oexz) O@ex2
Var ((G®I2W(M),t> = | Opx2) Oex2) Xmn,s Oexz) Oexo

O@x2) O@x2) Opex2) X, Oexe

O@x2) Opx2) Opxz) Opxe) X, .
(B.11)

The transformed 2 x 2 covariance matrix, Xys), 5, given in (4.12) remains unchanged,
and similarly for 3,s), .. The covariance matrix for each of the seasonal components,

X (), o, 1s given by the following:

2 2 2
Opot. @ 205+ O
2 2 2 2

205+ Oige 05 + 01

(B.12)
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B.4 Calculation of Relative Efficiency

With a trigonometric seasonal component for quarterly data, the seasonal compo-
nent, Sy, is the sum of two elements, as given in (B.5). To obtain the variance of the

seasonally adjusted series, the variance of the seasonal component, S,, is determined.

Var(Sy) = Var(13,) + Var(:8:) + 2Cov(1 8, 25;). (B.13)

Both Var(;3;) and Var(y/;) are diagonal elements of the Py, (3.48) matrix. These
values are included in the standard S+FinMetrics output from the Kalman filter
for each element of the state vector and for each t. However, the covariance term is
not given directly.

Without using S+FinMetrics, the Kalman filter may be applied directly using
the filtering equations, and then for each ¢, the relevant elements of the Py, matrix
may be extracted for use in the formula in (B.13). This method has been used to
obtain the MSE of the seasonal component for the univariate and the multivariate
methods. The calculations have been carried out using MAPLE software and details
are included on the CD enclosed with this thesis. Hence, the relative efficiency is
given by

MSE(SY)

tlt

MSE(SM)’

tlt

RE,(M t=1,....T (B.14)

Alternatively, it is possible to obtain the covariance term in (B.13) from
S+FinMetrics by using the output for Py, P,_i—1, ay, and a;_;;—;. Details can

be found on the CD enclosed with this thesis.
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B.5 Relative Efficiency Results

To demonstrate the similarity of the relative efficiency using dummy seasonal and
trigonometric seasonal components, three designs have been chosen from the study
carried out in Chapter 4. They are Alal4, Ala21, and A1b/2. For comparison

purposes, the parameters for the aggregated series are chosen to be
2 2 2 _
oy, =001, o5,=025 o =1 (B.15)

For each design, the exact parameters for the multivariate model were calculated
using the constraints in Section 4.3.2 according to the c-ratios and correlation set-

tings for the design (refer to Section 4.3.1). The results of RE;(M) (B.14) at T' = 40

are shown in Table B.1.

Table B.1: Results for RE4 (M) for trigonometric seasonal component.

Design | ¢, | ¢, and c. | RE4 (M)
Alalj | 1 20 1.1623
Ala21 | 5 1 1.0935
A1b42 | 20| 0.2 1.9020

The results in Table B.1 may be compared with those obtained using the dummy
seasonal factor, given in Table 4.4 for designs Ala14, A1a21 and Table 4.5 for design
A1b42. 1t can be seen that the results are equivalent if rounded to two decimal places.
Therefore, for the purposes of this thesis, the choice of the dummy or trigonometric

seasonal factor in the basic structural model was not significant.
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Derivations for Chapter 5

C.1 Quasi-Likelihood Result for the Error
Variance Matrix of the Seasonal Components

In Section 5.4.1, equation (5.56) gives an expression for the error variance matrix
of the seasonal components for the K = 2 multivariate case. The derivation of that

expression is presented here.

The formula for the error variance matrix associated with the quasi-likelihood

multivariate state vector estimator is given in (5.53), and restated here:

Pl , = Var,_, (048)4>,t - A(M>X<M>,1>
= [T — Aan X, o] Vare (OZ%, t> 16 — Aon X, o]

+ AoanXan, s Vare1 (Ean. 1) (AanXan.s)' (C.1)

where Ig is the 6 x 6 identity matrix. Similarly, I, will denote the r x r identity

matrix in what follows. From (5.55), the matrix Ay is partitioned as

All A12 A13 A14
Aony = | A Az Agg Aoy | - (C.2)
A31 -’432 A33 A34
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From (5.52), the partitioned vector X7, 1 was given as

yASM (@) 1
Xmy1 = @ Ly | agy T @Iz | Eny, e
|\ O@3x3) | 0(3x1)
O(1x5
+ (o) @ Lo | o), 11
-uT

= (X, @ L) ol  + (X @ L) Enn.: + (Xe ® L) agn, 11

= X(n.a oty + X, Ean. e + X, e @, -1 (C.3)

The expression for X(us), o in (C.3) may be written in terms of 2 x 2 matrices as

I, Opxy I
yASK 0 0 0
X(a), 0 = L= | PR TED (C.4)
0(3x3) 02x2) O2x2) O2x2)

0(2x2) O2x2) O(2x2)

Similarly, the expression for X(,s), , may be written as

I,
1 O@2x2
Xy, b = oL =| 2 (C.5)
O@3x1) O(2x2)
0(2x2)

Therefore, the expression I — A X () in (C.1) may be re-expressed as

Is — AunXon a

I, Opx) L

Io  O@x2) O@x2) A Aig Az Ay
02x2) O2x2) O@2x2)

= | Opx2y Lo Opxo | = | A2 Az Az Ay
O(2x2) O2x2) O(2x2)

O@2x2) O@2x2) Lo Az Aszp Asz Ay

02x2) O2x2) O2x2)
I, — A Opxz) —An
= —Ax L, —Ax |- (C.6)
—A31 Opx2) —Asi
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Similarly,
I,
A A Az Aiy A
0(2x2)
AonXany = | Asr Az Ass Az 0 =1 A |- (C.7)
(2x2)
Az Aszp Aszg A3y Az
0(2x2)

The first term of (C.1) becomes:

[Ts — Apn X

ol Var s (afl)) ) [T = Aan X, o)

I, — A1 Opx2) —An Yo, n O@x2) Oex2)
— A L, —Ay O@x2) X, ¢ Opx2)
—As1 Opxz) —As 0@2x2) Ox2) (), w

:[2 - All _A21 _'/431
0(2x2) I Opxy |- (C.8)
_-’411 _-’421 _ASI

Denote the resulting matrix from (C.8) as V,, and then the element in row r and

column ¢ as V;[r, ¢]. The elements of the resulting 3 x 3 matrix are given below.

Vall,1] =

V,[1,2] =
Vall,3] =

Va[2,1] =

Val2,2]

Val2,3] =
Val3,1] =

Va[3,2]
Va[3,3]

(I — An) S, o (I — Ann) + AnZon, o AL

— (T — A1) Sy, n Ay + A Zan, o An

— (I — A1) S, Ay — AuSn,w (T — Az)
— A0, (I — An) + AnZon, w A5

= A212(M)7 n'A/21 + E(M), ¢+ A212(M)7 w.AIQI

—AnZ o). nAg — An B, (I — Agp)
— A San. (I — An) — (T — Asy) S, w A5

- ./4312](]\4)7 77./4/21 — (:[2 1) E(M ./421
= Ay S, pAg + (I — A1) Sany, o (I — Agy) (C.9)
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The second term of (C.1) becomes
!/
Aon X, Vare (Ean, ) (AanXn, 1)

A
= | Ao | Zan.c (A A Ay )
Asi
AuXm A/11 AnXm Alzl «4112(1\4),5«4;1
= A212(M An «4212(1\/1 «421 AQIE(M),EAEQ : (C.lO)
A on, Ay AsZon, Ay AnZn, Az
The solution to (C.1) can now be determined by adding together the two ma-

trices, (C.9) and (C.10). The third diagonal element which is the 2 x 2 matrix

representing Var;_; (St(g;t — St(gt) £ Sﬁ]) — S”ﬁ’)), is given by:

Var,1 (S — 5% ., 51 - 512)
= V,[3,3] + As1 ), A
= A S, g Ay + (T2 — As) San, o T2 — As) + A S, Asy
= Azt [, + By, <] Ay + (To — A1) Zany, o (I — A1) (C.11)

Hence, the element in the first row and first column of the 2 x 2 matrix (C.11) is

the estimator of Var, ; <S§§2 . — Stot t)
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C.2 Denominator of the Quasi-Likelihood
Indicator of Relative Efficiency

In Chapter 5, equation (5.58) is the factorised version of the result for the error
variance of the seasonal component for the aggregate series obtained with the mul-
tivariate method. This Appendix presents the derivation of the factorised result in
terms of the parameter values.

The element which relates to the aggregate series is given by the element in the

first row and first column of the 2 x 2 matrix given in Appendix C.1:
Var 1 (S8, - 58, St — 5
= Az [Zon, g+ Zan, <] Ay + (L — As) S, (I — Az) (C.12)

To obtain the result in (5.58), the abbreviations from (5.57) are required and are

stated again here for ease of reference.

2, 2 _ 2 | 2 _ 2. 2 _
0, T O0fy = 1y, oy, + 07+ = Wi, 0. +01x = €1
2, .2 _ 2, 2 _ 2 2 _
o) 4 05, = 1y, 02 + 05, = Wo, o2+ 03 =e (C.13)
2 2 2 _
Otot,n — N, Otot, w — W, Otot, e = E

Using the Maple software, the elements of the 2 x 2 matrix, A3, are calculated.

Element [1,1] is

1
Asz[1,1] = D (afai + 02w, + 0 — wiwy — 02n; — e;wy
—elai + aiai — Wony + wlag)
1
=3 (08 — wiws + (02 + Wl)(dz +02) — (02 4 wa) (1 + e1)] (C.14)

where D is given by:

D = o +20%0% 4 202072

n — W1W2 — DDy + 0,% — €169 — Waolly

2 2 4
—eny — wWieg + 2%% — Wiy — €W + 0, — ;€
_ 4 4 4 2 2 2 2 2 2
=0, +o0,+o.+ 20 0, + 20’an + 205017 — W1Wg9 — 11y
—€1€2 — Waoll] — €11l — W16 — Willy — €1 Wg — 11169

(C.15)
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and can be factorised as
D = (0'3}4—0'24‘0'3)2— (W1+n1+€1)(W2+H2+€2). (C16)

The remaining elements of A3, are given by:

Al 2]——l(02w — 02Wg — €Wy — W02 + 021y — Won
sill, 2] = =5 (0cW1 = 0cWa — e1Wp — Wp0,, + Oy — Waly

2 2 2 2
—0o, N1 — €10, + wing + €20, + W10'77 + W162>

(02 4+ wa) (g +e1) — (02 + w1)(ng + €3)

ol

—(07 + 02) (w1 — wy)] (C.17)
An[2,1] =

2 2 2 2
(agwl —o,n — e, + chrn)

Sl=gl =

[wi(op 4+ 02) — o2 (01 + e1)] (C.18)
L5 2
Asz1[2,2] = 5 (crgaw — O-W] — WiWg — W€y
+ afi — Wle + aiag + 03111 + elaf) — WlIlg)
1

= — [af, — wiwy + (0,27 +02) (02 —wy) + o2 (n +e;)

D
—W1 (1’12 + 82)] . (Clg)

From (5.45), the covariance matrices can be rewritten using the abbreviated
notation in (C.13). Hence, taking the sum of the level and error covariance matrices

as required in the first term of (C.12), the result is

N ol +m E o2+e
Bon,n+Ban, ] = || S
Jn—l—nl ng ol + e e
N+E o2+02+mn +e
- " R (o)1)
Jg—i-ag—knl—i-el n; +e;

So, if Aj3; is the matrix

3111, 1 3111, 2
Ay — [ At A2 (C.21)
An[2,1] Anll,2]
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then (C.12) may be written in matrix form as

Vart_l( Szfgz,t _St(gg,ta Sig) - Sﬁ])>

a b N+E o7+ 02 +mn; +e a ¢
c d ol + 02 +1n; +e n; + e b d
l1—a b W ol +w l—-a ¢
+ )
c 1-—d Oi +w, Wy b 1-d
(C.22)
where, for convenience, the elements of A3, are denoted
A31[17 1] = a, A31[17 2] = b7
A31[2, 1] = C, ./431[2, 2] =d. (023)

Element [1,1] in (C.22) is given by:

Var,_; (St(g%t — S§g,2 t) = a’(N+E) + 2ab(0] 4 02 +n1 + e1) + b*(n; + €1)
+ (1 —a®)W + b*w; +2b(1 —a)(o2 +wy).  (C.24)

Using Maple, the expressions for a, b, ¢, and d, are substituted into (C.24) and the

following result is obtained:
Var; (St(gg,t - gt(gt) t>

W ([0727 + 03]2 — 01 + e [ng + e2]> + (N+E) (6 — wyws)

(02 + 02+ 03)2 — (01 4 e; + wy) (ng + ez + Wy)
(C.25)

This expression becomes the denominator of (). It is the error variance of the sea-

sonal component for the aggregate series obtained with the multivariate QL method.
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C.3 Stirling Numbers of the Second Kind

The 18th century Scottish mathematician, James Stirling (1692 - 1770), determined
the number of ways, S(n, m), of partitioning a set of n elements into m non-empty
sets. For an annotated translation of the original book (written in Latin) by Stirling,
refer to Tweddle (2003).

The S(n, m) which are known as ‘Stirling numbers of the second kind’, can be

computed as the sum

S(n, m) = % > -1y " iy, (C.26)

Alternatively, the following recursion can be used:
S(n,m)=mS(n—1,m)+Snh—-1,m—1) for 1<m<mn, (C.27)
subject to the initial conditions,
S(n,n)=S(n,1)=1. (C.28)

An excerpt from the table of values found in Abramowitz and Stegun (1965,
p835) is given in Table C.1. From row 4 (n = 4) of this table, there are seven
ways of grouping four elements into 2 sets, six ways of grouping four elements into
3 sets, and one way of grouping four elements into 4 sets. Thus, in total, there
are 14 possible ways of grouping 4 elements. A property of the table that closely
parallels that for Pascal’s triangle of Binomial coefficients is best given by example.
For instance, the number 7 in the column for m = 2 and row n = 4, is given by
7 =1+ (2 x 3), where the number 1 is the number above and to the left of 7, 3 is
the number above 7, and 2 is the column number (m) (PlanetMath, 2007).
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Table C.1: Stirling numbers of the second kind, S(n,m) forn =0,...,9,

m=20,...,9.

Please see print copy for Table C1
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Appendix D

Derivations for Chapter 6

D.1 Diffuse Log-likelihood

In order to define w; in the second term of the diffuse log-likelihood, given in (6.1):

TK 1< 1 «
In Ly(Ys59) = ——In(@2m) = 5> w =5 <1n|Ft\ + tht_lyt) , (D.1)
t=1 t=d+1

it is also necessary to write down the recursions for the exact initial Kalman filter.

In Durbin and Koopman (2001, Section 7.2.2), w; is defined as the following:

In|Fo ], if Foo s is positive definite,
In|F, | + vV F L, if Fay = 0,

where the formula for F,; and F,; are given by the recursions for the exact initial

Kalman filter.

D.1.1 Exact Initial Kalman Filter

In Section 3.5.1, the initial mean squared error matrix P; was given in equation

(3.50). Similarly, the matrix P; has the decomposition:
Pt = RPw7t+P*7t+O(K_1)7 t = 27...,T7 (DS)

where P, ; and P, ; do not depend on x. The term O(x™!) denotes a function f(k)

of k such that the limit of kf(x) as K — oo is finite. For t =1...d, Py, # 0 but
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fort > d, Py =0. Fort =d+1,...,T, the Kalman filter as defined in Sections
3.5.1 and 3.5.2 applies with P; = Py;_; = P, ;.

The decomposition (D.3) is defined by the exact initial Kalman filter, for which
details can be found in Durbin and Koopman (2001, Section 5.2.1). The relevant
formula are repeated here for convenience. Analogously to (D.3), decomposition

formula may be written for F; and M,;, with

Foy = ZPo,Z, M., = Po,Z,
/ / (D.4)
F*,t = ZP*ytZ + H, M*,t — P*7tZ y
where t = 1...d. Other required formula for the calculation of w, are:
W =y Za AP =a o
W0 Z _za® Al — g
The updating equations for P ;, P, and a§°+>1 are:
Poo,tJrl = TPoo,tLEO)la
P, =TP, LY + TP, L" + GQG',
A%, = Tal® + KOO, D)

where

LY =T1-K"z, L =-k"zZ,
K" = 1™ F", K" =1M, F"+TM, F?, (D.7)
FY =F! FY = —FLF. Fl,

00,t)
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D.2 Derivations for Section 6.2.1

Using formula in Section D.1, log-likelihood equation (6.2) for the univariate local
level seasonal model is derived in this section. Since F,; and F, are scalar quantities

here, and since K = 1, equation (D.1) may be rewritten as:

d T
T 1 1 ,
In Ly(Yi9) = —S(2m) =33 wi—5 > <lnFt + I/tFt_lut>
t=1 t=d+1
d T T
T 1 1 1 &
t=1 t=d+1 t=d+1

D.2.1 Calculation of w;

The system matrices Z, T and G for the local level seasonal model are given in (4.8).
Here, Po1 = I and P,; = 04,4. Applying the recursions given in the previous
section, it is found that for ¢ = 1...4, P, # 04x4. This implies that d = 4, and
hence the values of w; for t = 1...4 are required.

The calculations of the exact initial Kalman filter have been carried out using
MAPLE. The MAPLE code has been included in Appendix E (the CD enclosed
with this thesis). The following results were found:

3
Foo,l = 27 Foo,2 = 47 FOO,3 = 57 FOO,4 = g (D9)

Since InF,; # 0 for t = 1...4, the constant terms w;,...w, are calculated by

w; = InF; and hence

4
3 4
Zwt =In2+1n4 +In- + In—-
— 2 3
= Inl6
= 41ln2.

Substituting into (D.8) and noting d = 4, In Ly(Y; ) becomes

T 1 o 1 V7
In Ly(Y;9) = —Eln(Zﬂ) —2In2 — 3 ZlnFt ~3 Ftt, (D.10)
=5 t=5

which is given as equation (6.2).
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D.2.2 Concentrated Diffuse Log-likelihood

When F, = of, (Fy (6.5), is substituted into (D.10) above, the concentrated dif-
fuse log-likelihood function for the univariate model is derived. Detailed steps are

provided here:

T 1 o 1L 2
In Ly = —Eln(27r) —2In2 — 3 Zln (o3 FF) — 5 Z t

2 c
t=5 =5 U et
T T
T 1 ) ) 1 V2
= —5In(2r) — 22 — 5 > (o7 . +InFy) - 37 7o
t=5 » € t=5H
T T
T (T—4), , , 1 o1 V2
= —Eln(27r) — 21n2 — 5 ln(aa 8) — 5 ; lnFt — F%’S 25 Ftc

This result is given in (6.6).

D.3 Derivations for Section 6.2.2

In this section the result for In L, . given in (6.15) is derived using formula in

Section D.1 for the multivariate local level seasonal model.

D.3.1 Calculation of w;

The system matrices Z, T and G for the multivariate local level seasonal model are
given in (4.11). Here, the P, ; matrix (with dimensions 10 x 10) is such that the
lower right 2 x 2 block diagonal of a 10 x 10 identity matrix is replaced by a 2 x 2
zero matrix. The P, ; matrix, which holds the variance of the stationary part of oy,
is no longer a zero matrix, but now includes the X, . covariance matrix (6.11) in
the lower right 2 x 2 block diagonal. All other elements of the P, ; matrix are zero.

Applying the recursions given in Section D.1, and recalling that H = 05,5 here
since the measurement error is placed within the state vector, it is found that for
t=1...4, Pst # 010x10. This implies that d = 4, and hence the values wy, ... w,

are required.
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The calculations of the exact initial Kalman filter have been carried out using
MAPLE. The MAPLE code has been included in Appendix E. The following results

were found:

20 40 20 30
00,1 — ) 00,2 — ) 00,3 — 9 Foo,4—
02 04 032 03

(D.12)

Since InF o ; # 0342 for ¢ = 1...4, the constant terms wy,...w, are calculated by
wy = In|Fy,|. Note that since each of the matrices in (D.12) are diagonal, the
determinant of each is easily calculated as the product of the diagonal elements.

Hence,

d
9 16
Z wy = In4 + In16 + lnzl +In—
t=1

9

9 16
=In(4x16x—x —
n(x ><4><9>

= 2In16.

= &In2.

Substituting into (D.1) and noting that d = 4 and K = 2, the diffuse log-
likelihood for the untransformed multivariate model is denoted by In L) q(Y; ).
It is given by

T
1 ,
In Lia(Y59) = ~Tn(2m) = 4ln2 = = >~ (I|F gyl + vF) 1) - (D13)

t=5
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D.3.2 Concentrated Diffuse Log-likelihood

When F,); = crgF‘(zm%t given in (6.14), is substituted into (D.13) above, the concen-
trated diffuse log-likelihood function for the univariate model is derived. Detailed

steps are provided here:

T
1
In Ly g = —Tn(27) — 4In2 — 5 Z <1n|agFfm)7t| + I/t [ F(m) t] - I/t)
t=5
1 T
= —Tln(2r) — dln2 — > (nfo?IF, )
t=>5
e -
—5 m)t K
1 1 o
= —TIn(27) — 42 — - > (In|o?L)) -5 > (m[F;,,
t=5 t=5
1 T
/ c —1
T 902 2 v [Flme]  we
¢ t=5
1 T
— _TIn(27) — 4In2 — ~(T — 4)1n[ } 5> ([F,,),)
t=>5

t=>5

1 T
= —Tln(2r) — 4ln2 — (T — 4)ln (o -5 > (W[Fg,,,l)

t=>5

T

]_ / c —1
oy Z v, [F(m)’t} V. (D.14)
¢ t=5

This result is given in (6.15).
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Program Files

The enclosed CD contains the source code of the programs used in the calculation of
theoretical and simulation results. The files have been organised into folders which
are named with the relevant chapter and/or section of the thesis. If the program
output provides results for a particular table and /or figure in the thesis, the table and
figure are referred to by number. Typically, there is a main (run) program which
calls other secondary programs such as model specifications. If the program is a
secondary program, the main program is cited. Some of these secondary programs
are used to obtain results in more than one chapter or section of a chapter. These
have been listed each time so that the program list for each chapter stands alone.
The program files have been created using the following software: S-PLUS (Ver-
sion 7.0 for Windows with S+FinMetrics module), Maple (Version 9.01) and Mi-
crosoft Excel (Microsoft Office Professional Edition 2003). The S-PLUS programs
(.ssc) may be opened with a text editor such as Wordpad or Notepad. The Maple
files have been saved as both a Maple file (.mw) and a text file (.txt) without out-
put. The corresponding text file is not listed here, although it appears on the CD.

Parameter input files are saved in Microsoft Excel spreadsheets.
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