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Abstract

The vector autoregressive model (VAR) is a common choice when study-
ing macroeconomics and natural science. In this thesis, we focus on estimat-
ing the parameters of the VAR model. When estimating without prior knowl-
edge of the parameters, we often apply a non-informative prior, and Jeffreys
prior is one of the most common choices. Komaki (1999) proposed that under
certain conditions, a superharmonic prior exists and outperforms the estima-
tion of the Jeffreys prior. Tanaka (2018) successfully derive the superhar-
monic prior for the autoregressive model. Our research applies this approach
to the VAR model and aims to calculate the superharmonic prior for the VAR
model. In the following thesis, we first introduce the necessary knowledge
to define the superharmonic prior, including spectral density matrix, Fisher
information, and information geometry. We compute the explicit form of the
Riemannian metric of the VAR model manifold and establish the necessary
geometry foundation for further computation. To conclude, we highlight the
significant differences between the AR and VAR models, the obstacles when

calculating the superharmonic prior, and some possible solutions.

Keywords: vector autoregression model, non-informative prior, superhar-
monic prior, information geometry, Fisher information matrix
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Chapter 1 Introduction

1.1 Bayesian Estimation for VAR model

Vector autoregression (VAR) is a linear multivariate statistical model to describe the
joint relations between multiple time series. It provides a framework for data descrip-
tion, forecast, and decision-making. VARs have been applied to different fields, such as
Medicine (Wild et al., 2010), Epidemiology (Langley et al., 2012), Economics (Stock and
Watson, 2001), and Biology (Opgen-Rhein and Strimmer, 2007), to examine the dynamic
relationships between variables that interact with one another. When applying VARs to
Macroeconomic models, Sims (1980) proposed that a Bayesian approach could have im-
proved upon previous frequentist ones in parameter estimation. Also, the number of pa-
rameters to be estimated in VARs increases significantly as time lags and dimension in-
crease. Therefore, various priors for VARs have been studied and applied to different
fields to overcome these difficulties, such as horseshoe priors (Priiser, 2021), shrinkage
priors (Choi and Mullhaupt, 2015), Minnesota-prior (Kadiyala and Karlsson, 1997) and

global-local priors (Cross et al., 2020), each with its advantages and disadvantages.

1.2 Spectral Density and Information Geometry

There are two main approaches for the analysis of physical signals: the time-domain
approach and the frequency-domain approach. The time-domain analysis is based on the
joint density of the observations. In contrast, the frequency-domain analysis is based on

the Fourier transform of the joint density, i.e., the spectral density. Under certain assump-

1
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tions, the two approaches are equivalent. For example, under the stationarity assumption,
the two approaches are equivalent for the VAR model (Klein, 2000). In this thesis, we

follow the frequency-domain approach.

We adopt an information-theoretic point of view to perform statistical inference for
spectral densities. More specifically, we consider the set of all spectral densities, whichis a
submanifold of the Euclidean space, and equip the submanifold with a Riemannian metric.
This approach is called the Information Geometrical approach and will be described in
more detail in Chapter 2. This approach allows us to derive priors using geometric notions.
Jeffreys prior is one example: the volume measure on the submanifold. Another example

is the superharmonic prior, which is the main focus of this thesis.

1.3 Superharmonic Prior for AR model

When selecting a prior for the VAR model, a non-informative prior is often consid-
ered if we only have vague or general information about a parameter. Jeffreys prior is one
of the most common choices for this purpose. Two advantages of Jeffreys prior are (i)
that it is invariant to reparametrization and (ii) it depends only on the model. However,
Komaki (2006) showed that if there exists a positive superharmonic function on the model
manifold of a parametric statistical model for i.i.d. random variables, the corresponding
prior asymptotically dominates the Jeffreys prior when estimating the parameters. Tanaka
and Komaki (2008) continued this idea and calculated the superharmonic prior of the au-

toregressive model with dimension two.

The pth order autoregression model, AR(p), is commonly used in univariate time-

series analysis. It assumes the data {x;} satisfies

p
Ty = — E A;Ti_; + €
=1

where ¢, are i.i.d. Gaussian white noise with mean 0 and variance 0. The estimation of
parameters {a;} is well studied from a frequentist point of view. However, the Bayesian

approach for AR models remains challenging. Komaki (2006) has proved that a superhar-

2
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monic prior asymptotically dominates the Jefferys prior under Kullback-Leibler (KL) loss.
Other studies (Brown, 1971) on the prediction of random Gaussian vectors also showed
that superharmonic prior is a sufficient condition for the resulting estimator to be mini-
max. Last but not least, when studying a higher-dimensional time series, the large number
of parameters is one of the obstacles ahead. We often need some sparse or shrinkage prop-
erties from the prior to reduce the number of significant covariates and better reveal the
relations between each variable. In Tanaka’s work, a superharmonic prior is biased toward

parameters close to zero, so it is an ideal choice when analyzing an AR or VAR model.

Note that there are many non-informative priors besides Jeffreys prior and superhar-
monic priors, for example, the reference prior proposed by Berger and Bernardo (1992)
and the probability matching priors proposed by Welch and Peers (1963). For a more
detailed review of various non-informative priors, see Ghosh (2011) and the references
therein. Our work follows Tanaka and Komaki (2008)’s approach toward the superhar-

monic priors of AR models and extends it to VARs.
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Chapter 2 Theoretical Preliminary

In Section 2.1, we recall the basics of VAR models. We also introduce the lag operator
and define the stationary condition for the VAR model. Throughout the rest of this thesis,
we assume that all the models are stationary. In Section 2.2, we follow the frequency ap-
proach and introduce the spectral density of the general time series. The main goal then is
to estimate the spectral density of the model, and we consider the Kullback-Leibler diver-
gence when evaluating the performance. In Section 2.3, we review the general concept of
information geometry and define the model manifold of the VAR model. In Section 2.4,
we introduce the superharmonic function on a model manifold and the resulting superhar-
monic prior. Superharmonic priors have a shrinkage effect that can improve estimation
or prediction. For example, Komaki (2006) showed that for Bayesian prediction, super-
harmonic priors asymptotically outperform the Jeffreys prior. Lastly, in Section 2.5, we
review some results regarding the Fisher information matrix of the spectral density of VAR

models.

2.1 Vector Autoregression Model of Order p

The vector autoregression model of order p is used to describe the discrete n-dimensional

data {y, } and its dependence structure,
Yy = _Clyt—l — ngt_g i prt—p + €, teN (21)

where p is the number of lags, {C; : i = 1,...,p} are n x n real matrix parameters to be
estimated. The error terms ¢; are independent and follow a multivariate Gaussian distri-

bution with mean 0 and a positive semi-definite covariance matrix A. We will refer to the

5
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above model with p lags as a VAR(p) model for the rest of the article. For n =1, we will
refer to the model as an AR(p) model.

A common approach when analyzing regression models is to introduce the lag oper-
ator or back shift operator L, which operates on an element of the time series to produce
the previous element, i.e. Ly; = y;_; for all elements of the model. Then, a VAR(p) model

can be rewritten as
ye + C1 Ly, + Co Ly + ...+ CyLPy; = A(L)y; = ¢, , t€N
where
AZ) =1, + C1z+ Co2? + ...+ Cp2f

is the lag polynomial that follows similar rules as a regular polynomial. The use of this

polynomial will be shown later in the thesis.

For the models in this thesis, we further assume that the model is stationary. A
stochastic process is stationary if the unconditional joint probability distribution is in-
variant when time shifts. In such a case, the data will not have a particular trend and
remain stable over the long term. For a VAR(p) model to be stationary, the zeros of the

corresponding lag polynomial need to be outside the unit circle. That is
V]z] <1, det{A(z)} #0.

An important implication of this assumption is that A(z) ™! exists, and can be written as a

power series of 2 in this case.

A VAR(p) model can also be written as a VAR(1) model by stacking the vectors of p

doi:10.6342/NTU202301697
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consecutive data, that is

Yt c, Cy .- Cpfl Cp Yi—1 E¢
Yi—1 _In On e On On Yg—2 6
ol == 0. 00 Oy L+
| Yepe | | O 0w L 0w | [ W | | O]

— Y, =-CY,_1+¢6, teN

where Y; = vec{ys, Yi—1, ..., Yt—p+1}, and & = vec{e;, 0,... ,6} In this expression, the

model is stationary if the eigenvalues of C' are all inside the unit circle.

2.2 Spectral Density Matrix of Time Series

When analyzing a time series, the probability density function (pdf) of the joint dis-
tribution consists of infinitely many inputs. So it’s useful to consider the spectral density
matrix of the series rather than its pdf. The spectral density matrix of a stationary discrete-
time series is defined as

IS —iwk
=5 Z rxx(k)e ™%, w e [-m 7] (2.2)

k=—o00

S(w)

where rx x (k) = E [X (¢) X (t — k)] is the autocorrelation function of the time series X ().
The function can also be interpreted as the Fourier transform of the autocorrelation func-
tion. Through this definition, the spectral density matrix S(w | 6) of the VAR model (2.1)
is

S(w| @)= (i) AT () AATT (e7), w e [-m,7] (2.3)

27

where A(2) = I, + Ciz + Co2® + ... + CpzP, and 07 = vec (C1,Cy,--- ,C,) is a
n?p x 1 vector representing all the parameters of the model (Den Haan and Levin, 1998).

It is known that a stationary VAR model has a one-to-one correspondence to its spectral

7
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density matrix (Whittle, 1963), so the estimation of a VAR model can be achieved by

estimating its spectral density.

The performance of the estimate S (w) can be evaluated by the Kullback-Leibler di-
vergence,

D (5] 0)I5w)) = /ﬂj—:{%q—log (%)} (2.4)

where S(w | 0) is the true spectral density matrix. With a given prior 7(6), the average

risk is then

ECEX[D(S(w | 8)]|S(w))]

- /d&w(@)/pn (21, 0 | 6) D(S(w | 0)]|S(w))das - - - da.

To minimize the average risk under the given prior 7(6), the Bayesian spectral density is
then S, (w) := [ S(w | )7 (0 | )dd. Therefore, our main objective is to find a suitable
prior for the VAR(p) model that outperforms the estimation of the usual noninformative

prior, i.e. the Jeffreys prior.

2.3 Information Geometry and Model Manifold

Information geometry is a method of studying statistical models with modern ge-
ometry. The key observation is that the Fisher information matrix can be regarded as a
Riemannian metric for a parametric family of statistical models. The modern theory of
information geometry is formalized by Shun’ichi Amari. We will briefly review the basic
construction of a statistical manifold and we refer the readers to Amari (2016) for more

details and examples.

Let M be a family of statistical models indexed by the parameter set © C R, i.e.
M = {fs | 0 € ©}. The simplest example is the family of Gaussian distributions M =
{N(,0?) | u € R,0? > 0}. For P € M, we write fp as the parameter corresponding
to P. In other words, 6p can be viewed as the coordinates of PP in M. On such a family,

we can define a divergence, which measures the dissimilarity between two models.

8
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Definition 2.3.1 (Amari (2016)). A function D : M x M — R is called a'divergence if

it satisfies

(i) D(P||Q) > 0forall P,Q € M,
(i) D(PJ|Q) = 0ifand only if P = @), and

(1i1) When P and () are sufficiently close, by denoting their coordinates by 6 and 0 =

Op + df, the Taylor expansion of D is written as

D(PIQ) = 5 " 05(6r)d6:d0, + O(las)*),

and matrix G = (g;;) is positive-definite, depending on 6p.

Note that divergence or its square root is not a distance since it need not be sym-
metric or satisfy the triangle inequality. The most common example of divergence is the
Kullback-Leibler divergence (KL-divergence)

B plz) , p(X)
Drcu(p(o)la(e)) = [ ple)tog 2 3o = B [l0g 255

where p(z) and ¢(z) are two probability density functions. Given a family M of models

and a divergence D(-||-), various geometric structures can be induced on M.

In this thesis, we mainly focus on the Riemannian metric of the model manifold. To
find and define a suitable metric for the model manifold, we consider two distributions
with different parameters, p(z, &) and p(x,&’). The KL-divergence between these two

distributions is then

D(p(e,€) (. € + dE)) =4 [0 logp(x, £)0; log (v, ) d€ e

1 o
=5 Fydg'de’.

Here, F' is the Fisher information matrix of the VAR(p) model. With this expression, it’s
natural to consider the Fisher information matrix to be the Riemannian metric of the model

manifold.

doi:10.6342/NTU202301697
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We know that any stationary VAR(p) model corresponds one to one to its spectral
density matrix S(w|f). So we substitute the pdf of the VAR(p) model with its spectral

density matrix. Then, the spectral density matrix of the parametric family forms a manifold
M:={S(w|0):0c06}

This manifold is referred to as the model manifold of VAR(p). As mentioned earlier, we
naturally choose the Fisher information matrix to be the Riemannian metric on the model

manifold.

With the concept of model manifold, any prior of the model is essentially a proba-
bility distribution function of the parameters §" = vec (Cy, Cs, - - - , C,), which is a pos-
itive function defined on the model manifold. For example, the Jeffreys prior, 7;(f)

| det(F'(6))|, corresponds to the volume element of the manifold. With the above back-
ground knowledge, we are prepared to define the superharmonic prior of the VAR(p)

model.

2.4 Superharmonic Prior

In the Bayesian framework, if the prior knowledge is vague, it is common to choose
a non-informative prior. Jeffreys prior is one of the most common choices in most sce-
narios since it is invariant under reparametrization. However, Komaki (2006) gave suffi-
cient conditions for the existence of shrinkage predictive distributions that asymptotically
dominate the Jeffreys predictive distribution. More specifically, if we can obtain a posi-
tive superharmonic function on the model manifold, we can then define the corresponding
superharmonic prior, which outperforms the Jeffreys prior under the Kullback-Leibler di-

vergence (Komaki, 2006).

A superharmonic prior of a model is defined through the respective model manifold.

For a model manifold M := {S(w | #) | # € O} with a Riemannian metric F'(), the

10
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Laplace-Beltrami operator on the model manifold is,

) 0
A¢ = NG (\/FF’%¢> (2:5)

where ¢ is any scalar function defined on the manifold, and ' is the (4, j) entry of F=1.
Note that we adopt Einstein’s summation convention in the above equation. With the
Laplace-Beltrami operator, any scalar function ¢ defined on the model manifold is called
a superharmonic function if A¢ < 0 for all §. For any given positive superharmonic func-
tion ¢, the corresponding superharmonic prior can then be defined as 7 (0) == 7;(0)(0),

where 7;(0) o< /| det(F'(0))| is the Jeffreys prior of the VAR model.

With this definition, we then examine the existence of the superharmonic function.
Komaki (2006) proved that for a complete simply connected model manifold endowed
with the Fisher metric, superharmonic functions exist if the model manifold has strictly
negative curvature (d = 2) or has negative curvature (d > 3). Here, the curvature is
considered negative if the sectional curvature is negative for all tangent planes at any point.
This theorem provides us with a sufficient condition for the existence of superharmonic

functions.

It is natural to apply the above sufficient condition to verify whether a superharmonic
function exists on VAR(p) models. However, Tanaka (2003) showed that the sectional
curvature of the autoregressive model manifold (lag > 3) is strictly positive for some
planes and at some point. Then, the above sufficient condition could not be applied to
the autoregressive model. Since the autoregressive model is a sub-model of the VAR(p)
model, the sectional curvature of the VAR(p) model manifold is also unlikely to satisfy
the sufficient condition. The existence of superharmonic functions will have to rely on

other conditions or through our construction.

Tanaka (2018) concluded an all-around result of the autoregressive model and one
of the superharmonic prior of the model. In Tanaka (2018), the Fisher information metric
and the model manifold were established. Also, one of the superharmonic functions of the
autoregressive model is obtained through computation. The result is significant but hard to

be replicated and applied to the VAR(p) model. However, the result for the autoregressive

11
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model gives a hint for predicting and computing the case of the VAR(p) model.

2.5 The Fisher Information Matrix of VAR(p)

To obtain the Riemannian metric of the model manifold, we need to compute the
Fisher information matrix of the VAR(p) model. Generally, the Fisher information matrix

F(0) is defined as

PO =B | (5710 X:0) (55 Toe (X:0)) 19

where f(x;0) is the probability density function. Here, we illustrate two different ap-

proaches to calculating the Fisher information matrix of the VAR(p) model.

Using the lag polynomial, we can rewrite the model as
Et:A(L)yt, tGN

Here, ¢; are identically independent Gaussian distributions with zero mean and covariance
matrix A. The corresponding Fisher information matrix of the Gaussian distribution is

given by

B Oe* , _, O¢
F(6) _E{89TA w} (2.6)

With this expression, the Fisher information of the VAR(p) model is
1 dvecA(zH\", ., _ _ 1y [Ovec A(2)Y dz
F0)=— _ At (zHAAT AT 2 ) =
O=gmf (T e aaTm e (B9 S
(2.7)

Since a stationary VAR(p) model corresponds one-to-one to its spectral density ma-
trix, another approach to calculating the Fisher information matrix is through its spectral

density matrix. The Fisher information matrix of a spectral density matrix is given by

R0 = o [ (%ﬁj%—l(w | e)%&'%*(w | 0)) o

—Tr

12
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This result can also be rewritten as

1 dvec S (zH\" 4 —1 (OvecS(2)) dz
F(Q)_H - <T> (5T(z) ® S(z)) (T) — (23

Klein (2000) has shown that the two methods above agree on the VARMA model, which
consists of the VAR(p) model. We will use the two formulas for different cases in this

thesis.

13
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Chapter 3 Main Results

In Section 3.1, we give a closed-form expression for the Fisher information matrix
for the VAR(1) model. This result is not only a particular case but a helpful result, because
all the autoregression models, including AR(p) and VAR(p), can be reduced to a VAR(1)
model. The closed-form expression is also crucial for calculating the Laplace-Beltrami
operator on the model manifold. Without the closed-form expression, the determinant

and inverse of the Fisher information matrix in the operator can not be obtained.

In Section 3.2, we show how the Fisher information matrix of the VAR(p) model can
be derived from the case of VAR(1). To further simplify the result, Komaki (1999) applied
a change of coordinate when studying the AR(p) model. In Section 3.3, we verify that the
AR(p) model can be derived from our result and our calculation matches with the previous

work from Komaki (1999).

In Section 3.4, we consider the covariance matrix of the white noise, A, as one of
the unknown parameters to be estimated. Then, the model manifold would consist of
additional n? parameters. We compare the AR(p) and VAR(p) models and verify that the

Fisher information matrix in both cases follows the same formula.

Finally, in Section 3.5, we give an example of a VAR(1) model with n = 2 and
calculate the results under different assumptions. These examples show that the multi-
dimensional case model is fundamentally more complex and different from the one-dimensional

case.

15
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3.1 Fisher Matrix for VAR(1) model

To begin with, we first calculate the Fisher information matrix of the VAR(1) model,
Yy =—Cy1+¢, teN

We follow equation 2.7 which is

1 dvecA(z"H\"', |, _, T 1y [Ovec A(2) dz
PO -5 f (T) (A7 (=) AAT(2) @ A )(T) &

Here, A(z) = I, + Cz is the lag polynomial of the VAR(1) model. Since we assume
the VAR models are stationary, the roots of det(A(z)) = det({,, + C'z) = 0 are outside
the unit disc. So the elements of A~!(2) can be written as power series in z for |z| < 1.
On the other hand, the roots of det A(z~!) = 0 are inside the unit circle, which suggests
that A=1(27!) exists and can be written as power series in z for |z| > 1. Therefore, both
A71(z) and A~'(27') can be written as a power series in z on the unit circle |z| = 1

(Higham, 2008). So on the unit circle |z| = 1, we have the two expansions

AN = (L +C2) =Y (0!
AN = (I + 027 =) (-0

Now we can start simplifying the formula. By arranging the parameters as ' =

vec (C'), the partial derivatives become apparent, since

vec A (z) = vec I,,+ vec(C)z, Ovec A (z) =1,z
007
and
-1
vec A (271) = vec I+ vec(C)z ", %ﬂ(z) = Iz

16
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Therefore,

_ L —-1(.-1 -T —1@
F(0) = 5 M:l[A TYAATT(R) @A
1 —1\— T 1 dZ |
- — I+ Cz") " AL, +C"2) ® A
2 J =1 z
_ L 0o (_Cz_l)iAi( CT )j % ®A_1
211 2l=1 =5 = z
=S (o)A (-c") @A
k=0
= f(6) @ A7
Here, f(0) = Y07, (—C) A (=CT)* = 302, (O) A (CT)
Note that,
N N
CO(@FA(CHCT =S (C)F A (CT)" = OVFIA(CT)NH - A
k=0 k=0

The stationarity of the model ensures that limy_,.. C¥ = 0,,. So f(6) satisfies the fol-

lowing equation
CfOCT - f(O) +A=0

which is the Lyapunov equation (Hammarling, 1982). The solution can be expressed in

matrix form via the vectorization operator

(In2 — C @ C)vee(f(0)) = vec(A)
=vec(f(0)) = (I, — C ® C) ' vec(A). (3.1)

To omit the vectorization operator, we can apply the inverse vectorize operator. For a

n? x 1 vector T,
vee (@) = ((vee 1) @ 1) (1, 9 7).

With the above calculations and expression, we have computed the explicit form of the

Fisher information matrix of the VAR(1) model.
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Theorem 3.1.1. For a stationary VAR(1) model with C' as its parameter
yi = —Cyi1+ 6, teN,
the corresponding Fisher information matrix is

F(0)=f(0) @ A

= { [(VGC L) ® In] I, @ (I —C® Cc)! vec(A))] } QAL

3.2 VAR(p) model as a VAR(1) model

To tackle the Fisher information matrix of VAR(p) models, we rewrite the recursive

equation y; = —Chyi—1 — Coyp—o — ... — Cpyp—p + €; a8
Yt Cy Cy - Op—l Cp Yt—1 &t
Yt-1 —I, 0 0 0 Yi—2 0
. |=—| o -1 0 A P
| yt—p+1 | | 0 O _In 0 1L yt—p | L O ]

Then, it’s obvious that this is a VAR(1) model

Y, = —CY,_, + ¢, with

1

€ =€y QR €, €p =

Here, Y; is a np x 1 vector, and C' is a np X np matrix with only n?p parameters to be

estimated.

However, in this VAR(1) model, the covariance matrix of ¢, is of the form (e,e; ) ® A
which is not of full rank. Essentially, the model (3.2) is a degenerate case of the general

VAR(1) model because only the first np rows of the data contain random variables. As a
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result, the spectral density matrix
1 . _
S(w) = <%) A7 () ((epeg) ®MNAT (e7), we [~m 7]
is not Invertible. To tackle this problem, we need to consider the pseudo inverse of the

spectral density matrix. That is to consider the pseudo inverse of (e,e;) @ A to be (e,e)) ®

AL

Now, we can follow the same procedure as the VAR(1) model to obtain the result for
VAR(p) models. The parameters will be arrange as 6" = vec (Cy,Ca, -+ ,C,), A(z) =
I, + Cz, with

dvec A(z)
007

dvec A (

2O\"
= Zlnp®6p®ln7 < 50T )) :z—llnp®€;£®fn.

So the Fisher information matrix of the VAR(p) model is as follows

FO)= - ¢  (,ecdal) { (L + €2 () @A) (Inp + CT2) 7|

21 J =1,

d
® [(epey) ® A7 } (I ® € & ) —

- (oo L) 3 7{ { (L +C=) 7 (e @A) (I + CT2) |

® [(epe;) ® A] }% (Inp ® e, @ 1)

= (L, ®e, ®1,) [9(0) @ (epey, @ A)] (I ® €, @ 1),

where
900)= 5 7{ Ut O (o) @ 4) (B +CT2) =
- ]{ 0 (@ o) 2 (0T
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Similar to Section 3.1, g(@) satisfies the Lyapunov equation

Cg(0)C" — g(0) + (epe,) @ A =0
= vec(g(0)) = (L2pe —C 2 C)" vee((epe,) @ A))

=g(0) = [(Vec Inp)T ® Inp} {[np ® (In2p2 -0® C)il vee (<€P61T7) ® A)}

Plug in g(0) into the previous equation, and we have the Fisher information matrix

of the VAR(p) model.

Theorem 3.2.1. For a stationary VAR(p) model with C ... C,, as its parameter
Yy = —Cryp—1 — Copp—o — ... = Cpyp—p + &, tEN,
the corresponding Fisher information matrix is

FO)=fO)@A!
vec f(0) = (L2 —C®C)™" vee((epey) ® A)

where
c, G - Cpr G
-1, 0 0 0
C= 0o -1, 0
0 0 -1, 0

3.3 Relation with AR(p) Model under Change of Coordi-

nate

The main obstacle ahead is that when determining the superharmonicity of a function
¢, we need to apply the Laplace-Beltrami operator (2.5), and the computation becomes
significantly complicated. When computing the Fisher information matrix of the autore-

gressive model, Komaki (1999) presented an approach to apply a change of coordinate on
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the AR(p) parameters, and the results were very promising.

An AR(p) model has exactly p parameters to be estimated and is of the form

teN.

Yo = —01Y—1 — A2Yp—2 — - .. — Apli—p + €,

Komaki (1999) considered the alternative coordinate Z = (21, 2, - - - zp)T, which are the

complex roots of the characteristic polynomial

H(z) = 2PA(z71)

—1 —2
=P 4 a2 F a4+ a.

Then, the Fisher information matrix of the AR(p) model is of the form

B 1
- 1—ZZ'Zj'

F(0);

(3.3)

With this expression, a superharmonic function of the AR(p) model can be obtained more
conveniently. Tanaka (2018) successfully computed the superharmonic function of the
general AR(p) model. From our perspective, an AR(p) model can also be rewritten as a
VAR(1) model, so we apply our result with the change of coordinate to verify that our

approach is indeed correct,

The autoregression model in this case is

Yt a; G2 ap—1 Qp Yt—1 €t
Yi—1 -1 0 0 0 Yo 0
: 0 -1 0 :
| Yt-p+1 | | 00 —1 0 | [ ¥ 0
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T . .
The parameters A = (a1, as, - - - a,) form a companion matrix

aq a9 Tt Ap—1 Qp

-1 0 0 O
C = 0 -1 0

0 O -1 0

Applying our result of the VAR(p) model (3.2.1), the corresponding Fisher information

matrix in vectorized form is

vec F(0) = (I, — C ® C) ™" vec (e,)
= F(0) = ((Vec L) e Ip> (I,® [(I, — C ® C) " vee(e,)])

Note that if we apply the eigenvalue decomposition on C', the eigenvalues are exactly the

roots of the characteristic polynomial (Chen and Louck, 1996), i.e

aq Qg - Ap—1 Qp
-1 0 0 0

C= 0 -1 - 0 :QDQ_lv D:diag<21,22,"' 7Zp)‘
0 0 -1 0

Since the Riemannian metric is a local property on the tangent plane, we can use the

Jacobian matrlx to obtain the Riemannian metric after the change of coordinate.

Here, let F -.=; denotes the (7, 7) entry of the Riemannian metric under the Z coordi-
nate, and £, ,, denotes the (k,[) entry of the Riemannian metric under the A coordinate.
Then, the two metric satisfies the equation

Z (lk (9@1
Z Z5 a ap-*
1<] Z/L azj kal

k=1 l=1
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Consequently,

Fo (24 TF oA . vec(F) = o4 T@ 04)! vee(F).
07 07 PV 07

Using MATLAB, we verify our result indeed coincides with Komaki’s result (3.3). How-
ever, direct proof of equality is still required. Only with more understanding of the choice

of the change of variable can we apply it to the VAR(p) model.

3.4 VAR(p) Model with Unknown Noise Covariance

In Section 3.1 and Section 3.2, the Gaussian white noise covariance A is consid-
ered a known constant. However, this assumption is often impractical in most situa-
tions. For most scenarios, A is one of the unknown parameters to be estimated. In this
section, we will view A as one of the unknown parameters to be estimated. As a re-
sult, the model manifold will now consist of a total of n*(p + 1) coordinates. Namely
6" = vec (A, Cy,Cy, -+ ,C,). Since A is a real symmetric matrix. it actually only con-
tains n(n + 1)/2 free variables. However, we will still consider the model manifold with

n?(p + 1) parameters with n(n — 1)/2 coordinates being extra copies.

The spectral density of the model with unknown A is

1

S(w) = (%) AT ()AL (7)), w e [-m, 7).

To calculate the Fisher information matrix, we follow the formula (2.8)

FO) = 4% » (%)T (57(2) ® ()" (‘%2‘;—6‘3@)) %.

We first calculate the differential of the spectral density by following the differential rule
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dA=!' = —A71(dA)A™!, and note that dA # 0 in this context. Then,

S(z) = (2i> A (AAT (=)

2 dS(2) = — A7 (2)[ dA(2)] AT (2)AATT (27)
+ AN z) dAATT (z’l)

S AT AAT (271 [dAT (7 )]ATT (21

Following the vectorization rule vec(ABC) = (CT ® A) vec(B), we obtain

(2) ‘%‘;"—;@ (A7 () AAT()) @ A ()] 2 V§€f<z)
+ A7 () @A )] Tt
LA (e (A () aaT () A ) ;91@_1)
=27(P(z) + Q(z) + R(z)),
where

P() = —5 (A7 (™) AAT(2)) @ 47 ()] S AE)

Q) = o [ () o a7 (m)) Z0ech

R(z) =~ [47 (=) @ (471 (5 Aa (o)) LoD

The Fisher information matrix F «(#) with unknown A now consists of 4 parts, i.e.

Fac(6) =1 ]{ L PEDHQE REN TR 2 56) T PO 6 + R(:)Z
-~ PE R RE (S @ SE) T PE) + RE)E
T QE) (TR esE)” Q)%
+ﬁ » [Pz +R(z)] (S"(2) @ S(2)) Q@)%
T eE (SR esE) e + R(:E.
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The first line of the equation corresponds to the result in Section 3.2 where A'is

considered a known constant. The second line can be further simplified as

ﬁ Jo=1 Q=) (S"() @ 5(2))” Q(Z)d,:
i 1= 1<a§ZiA (AT @ AT ()] [(A7 (=) AAT() @ (A (2)AA T (27)]
A7) @ A7) (aZf;CTA) B
1 dvee A ovec A\ dz
R |z[=1 ( o ) A @A ( 097 ) B
L enatea) (@)t
T |z|=1 o

1 AP AT Opznzy

Onszn2 Onsznzp

For the third and fourth lines of the equation, we briefly demonstrate that both of

them are equal to zero. The first part of line three can be simplified as

=t PEN TR esE] RS

470 J 2= z

1 dvecA(zH\ ', ., . 1\ OvecAdz
A =1 ( 00T ) (A (Z ) ® A ) 00T

1 d
=P T (@ ©L) (AT () @A) () ® L) =

:47TZ |z|=1
(L@ ® 1) if A () E) ea| (T e 1)
P p " 47y |z|=1 z p n
Within the equation, we substitute z with i As a result,
1 1 dz -1 —dw 1
_ A () 22— AL = — A Y w)dw = 0.
47 \z|=1Z (Z ) z 47 |w|:1w <w)w UJQ 47 |w|=1 (w> v
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The other parts of the third and fourth lines follow similar computations. Combining

the result of the first and second lines, the final result is

11 ® At Op25n2 1At QAL O,25n2
FA,C(Q) — 2 p _ 2 p ;
i On2p><n2 FC(0> ()112}7><n2 f(e) ® A~
[ o |
| Oupn 1(6)

Here, F (6) denotes the Fisher information matrix with unknown A, and F-(#) denotes

the Fisher information matrix with known A in Section 3.2.

By Komaki (1999), the Fisher information matrix g(6) of an autoregressive model

(AR) with unknown variance o2 is

Goo | *°* Joi
Joo = 5,2
gr; = | with § e =gi0=0 -
gio | *  Gij 1
. gij = 1—2;2;

Here, goo denotes the Fisher information within the parameter o2, and gi; 1s the Fisher
information matrix within the parameters z;, which is a change of coordinate from the
parameters a;. Since the AR model is the one-dimensional case of the VAR(p) model, the
similarity of the Information matrix is apparent. In both the AR and VAR cases, the Fisher
information within the covariance A are both of the form A~ @ A~'. In addition, the
Fisher information between the white noise covariance A and the regressive parameters
C; are all zero. This suggests that the two sets of parameters are information orthogonal
parameters, which suggests that their maximal likelihood estimators are asymptotically

uncorrelated.

However, the Fisher information matrix within the lag parameters is fundamentally
different. In the AR(p) model, the information matrix is independent of o, so when con-
sidering the superharmonic functions, we only need to consider a function with the lag
parameters as the input. In contrast, the information matrix in the VAR(p) model consists

of parameters from both C; and A. So the corresponding superharmonic function must take
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both A and C as inputs. In Section 3.5, we will provide some examples to demonstrate

the difference between the AR(p) and VAR(p) models.

3.5 Example: VAR(1) Model with Dimension Two

To demonstrate our results, we consider the simplest case: VAR(1) withn = 2

Cin C _ €
Yia _ 11 12 Yi—1,1 i t,1 ’ ewN(O,A).

Yt,2 Co1 Oy Yt—1,2 €t,2

Since the Fisher information matrix of A remains the same in all cases, it will be considered

a known parameter for the following examples.

The simplest case to consider is when C' and A are diagonal matrices. Then the model

reduces to two independent AR(1) models, i.e.

Y = Ciith—1,1 + €1

Yro = Coolh—12 + €12

1
—eg 0
The Fisher information matrix is simply F'(§) = | 1~ ) . The superharmonic
0 1
1-C22?

function, in this case, is
¢=(1- C'11)%(1 — C’gg)%, with A¢ = —2¢.

This case shows that for a VAR model that reduces to an AR model, the Fisher information

matrix is independent of A, and therefore the superharmonic function is independent of A.

, T
However, in a similar case when C' is diagonal, but with A = b . The FIM
r,oq
becomes
1 pgﬂ 1 (;TQC 1
F(9) = n TuE —— 3.4
() —r2 pq det(A) 34)

1-C11C92 170222
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Although the model is very similar to the previous case, we can see that the Fisher
information matrix now contains the white noise parameters p, r, q. The dependence be-
tween €, ; and €, 5 reflexes on the information matrix, resulting in the non-diagonal entries

being non-zero. From (Tanaka, 2018), we know that for a metric of the form

1 1
_ 1-C? 1-C11Ca2
F(0) = X 11 X
1-C11Co2 1—0222

the superharmonic function could be 1 — C'};C5. However, in (3.4), the superharmonic

function must also include p, ¢, r as inputs, so its form is still unknown.

For the general case of the VAR(1) model with dimension two, the Fisher information

matrix is as follows

pD11 + qD1y + r(Di2 + Dig), pDsi 4+ qDss + r(Dsa + Ds3)

F(0) =
PDa1 + qDos + 1(Dag + Daz), pDai + qDas + 1(Dag + Dyg)
-1
p, T
&®
r, g

where D = (I, - C® C)_l. This case shows that to compute and obtain the superhar-
monic function of the general model, we must further simplify the metric or change to
another appropriate coordinate. For our current explicit form of the matrix, the possible

superharmonic function remains too complicated to predict.

The last case we like to highlight is the special case when A = ¢2I,, the Fisher

information matrix is

F(6) = f(6) ® A~
—{[(vee )" @ L] [ @ (I~ C2 0) " vee(n))] } @ A~
_ { [(Vec L)' ® 12} [L® (I — C® C) " vee(Iy))] } ® I

Di1 + Dyy, D3+ D3y
Doy + Doy, Dy + Dy

®I27

where D = (I, —C® C)_l. Note that the FIM is independent of A, which differs from
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all the above cases. Only when the white noise in each dimension is independent and iden-
tically distributed following N (0, 0), the matrix will be independent of A which is more
similar to the AR(p) case. This phenomenon stays true for all dimensions of the VAR(p)
model, so it is indeed an important case. With this special case, the superharmonic func-
tion could be independent of A and can be derived following a similar method according

to Tanaka (2018).
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Chapter 4 Conclusion and Outlooks

4.1 Conclusion

We started this research to calculate the superharmonic prior of a VAR(p) model, and
we have computed the explicit Fisher information matrices to describe the model man-
ifold. However, the calculation of the explicit form of Jeffreys prior and the Laplacian
of superharmonic functions remains an obstacle. The main difference between the AR(p)
models and the VAR(p) models is that for the general VAR(p) model, the Fisher metric
of the model manifold contains the parameter A. As a result, the corresponding superhar-
monic function is unlikely to be independent of A, and it is difficult to predict its possible
forms. However, we study a special case when A = ¢21,,. In this case, the Fisher metric
is independent of A, so it will likely be a good first step for predicting and calculating the
superharmonic function. Also, according to Tanaka (2018), a change of coordinate on the
model manifold is essential to simplify the computation. Hence, we have several future

directions to take.

4.2 Future Directions

A viable change of variable of the AR(p) model is to consider the eigenvalue de-
composition of the parameter matrix C' and use the eigenvalues to construct a one-to-one

relation with the original parameters. However, the parameter matrix, in this case, is a
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companion matrix of the form

as, CLQ, Ty ap*h (Ip
~1 0 0 0

C=|0 -1 0 | =QDQ, D =diag(z1, 20,y 2p)
0 0 1 0

Because there are p parameters to be estimated in the companion matrix C', and there are
also p parameters on the diagonal entries of D, the relation between the transformation is

clear. However, for a general parameter matrix of a VAR(1) model

the number of parameters is n2, which exceeds the number of its eigenvalues, so the above

method can not apply.

A possible choice is to consider the singular value decomposition of C' = UXV .
Here, U and V are unitary matrices, and ¥ is a diagonal matrix. We need to define n? pa-
rameters from these three matrices. Since we assume stationarity for our model, the eigen-
values { z;} of matrix C' are inside the unit circle. Therefore, when it comes to determining
the superharmonic function, the possible candidate could be ¢(0) = [],_; (1 — z;2;) just
like the one from an AR(p) model. This function not only ensures that it will be positive
but also suggests that Ap = —@qﬁ in the AR(p) setting (Tanaka, 2018). So we hope
this function’s property will be preserved in the VAR(p) setting.

Another future direction is to establish the existence of the superharmonic functions
on the VAR(p) model manifold. Komaki (2006) pointed out that when the sectional curva-
ture of the model manifold is negative everywhere, the superharmonic function must exist.
So with the Fisher metric of the VAR(p) model we derived, we can use it to calculate the
sectional curvature of the model manifold and verify the existence of the superharmonic

function,
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Last but not least, the Fisher information matrix of the VAR(p) model is of the form
F(0) = f(0) ® A~', which suggests that although the matrix has size n’p x n?p, its
property is mainly determined by f(#), a np x np matrix. Note that the VAR model is
a sub-model of the vector autoregressive moving-average (VARMA) model, so if we can
extend our work to compute the Fisher information matrix of the VARMA model, the

intrinsic relations between the parameters could be further examined and discussed.
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