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1 Introduction

The autoregressive conditional heteroscedasticity (ARCH) model introduced by Engle (1982)
and its generalisation, the GARCH model introduced by Bollerslev (1986) have become increas-
ingly popular in modelling financial and economic variables (see for example, the surveys of
Berra and Higgins (1992), Bollerslev, Chou and Kroner (1992), Bollerslev, Engle and Nelson
(1994), and for a more detailed description the book by Gourieroux (1997)). Following Engle’s
pathbreaking idea, several formulations of conditionally heteroscedastic models (e.g. Expo-
nential GARCH, Fractional Integrated GARCH, Switching ARCH, Asymmetric Power ARCH,
Component GARCH) have been introduced in the literature, forming an immense ARCH family.

Although the literature on GARCH type models is quite extensive relative fewer papers have
examined the issue of forecasting in models where the conditional volatility is time-dependent.
Engle and Kraft (1983) consider predictions from an ARMA process ARCH errors whereas Engle
and Bollerslev (1986), hereafter EB, and Baillie and Bollerslev (1992), hereafter BB, consider
predictions from an ARMA model with GARCH errors.

One important exclusion from this framework concerns the ARCH in mean model, introduced
by Engle, Lilien and Robins (1987). This model was used to investigate the existence of time
varying term premia in the term structure of interest rates. Such time varying risk premia have
been strongly supported by a huge body of empirical research, in interest rates (Hurn, McDonald
and Moody (1995)), in forward and future prices of commodities (Hall (1991), Moosa and
Loughani (1994)), in GDP (Price (1994)), in industrial production (Caporale and McKierman
(1996)) and especially in stock returns (see Campbell and Hentscel (1992), Glosten, Jagannathan
and Runkle (1993), Black and Fraser (1995), Fraser (1996), Hansson and Hordahl (1997) ,
Elyasiani and Mansur (1998)).

In this paper we focus our attention on predictions from a general ARMA model with
GARCH-in-mean effects. Many alternative expressions are available for the minimum mean
square error (MMSE) predictor of the conditional mean from the univariate ARMA model (see
Section 2 for a detailed discussion). In order to provide an analogy with subsequent material in

Section 2 we present a new method for obtaining multiperiod predictions from the ARMA (r,s)



model. In particular, we derive the optimal multistep predictor in terms of r past observations
and s past errors. The coefficients in our formula are expressed in terms of the roots of the
autoregressive polynomial (AR) and the parameters of the moving average (MA) one. We should
mention that we only examine the case where the roots of the AR polynomial are distinct (the
case of equal roots is left for future research). In Section 3 we use our method to derive the
optimal predictor of future values for the conditional variance from the univariate GARCH
model. Furthermore, in Section 4 of this paper we use our method to derive formulae for the
multiperiod predictions of the ARMA model with GARCH in-mean effects. To point out the
importance of our results we quote BB (1992): “Processes with feedback from the conditional
variance to the conditional mean will considerably complicate the form of the predictor and its
associated MSE. Analysis of such models is consequently left for future research”.

The goal of our method is theoretical purity rather than the production of expressions in-
tended for practical use. However, our method can be employed in the derivation of multistep
predictions from a more complicated model with simultaneous feedback between the conditional
mean and variance, namely the GARCH-M-X model ! (see Christodoulakis, Hatgioannides and
Karanasos,1999). Another value of our method is that it can easily be generalized to multivariate
GARCH and GARCH in-mean models.

In addition to our method for obtaining a closed form expression for the optimal predictor
(and its associated MSE) of the conditional mean from the ARMA(r,s) -GARCH(p,q) in-mean
model, the following 3 substantive problems for which solutions do not exist in the GARCH
literature are solved in this paper: (a) We give the infinite moving average (ima) representa-
tions of the conditional mean and variance (these formulae can be used to obtain alternative
expressions for the MMSE predictors of the conditional mean and variance in terms of infinite
past observations and errors); (b) We give the canonical factorization (cf) of the autocovariance
generating function (agf) of the process and its conditional variance, the covariances between

the squared errors? and the conditional variance, and finally the autocovariances and cross

'The GARCH-M-X model was introduced by Longstaff and Schwartz (1992). and includes the GARCH-X
model of Brenner, Harjes and Kroner (1996) as a special case.

2The autocovariance function of the squared errors for the GARCH(p,q) models is given in the Karanasos
(1999a) and He and Terasvirta (1997).



covariances for the process and its conditional variance; (iii) The MMSE predictor of future
values of the squared conditional variance (which we subsequently use to obtain the conditional
MSE associated with the MMSE predictor of the futures values of the conditional mean for the

ARMA-GARCH in-mean model).

2 ARMA Model

2.1 Forecasting with ARMA Models

In this Section we consider multistep predictions from the ARMA (r,s) model:

L)y = ¢+ O(L)ey, where (L) =—Y ¢;L7 =[](1 - \L), (2. 1)
7=0 j=1
and O(L) = =Y 0,17, ¢ =0y =—1 (2. 1a)
j=0

Assumption 1: All the roots of the autoregressive polynomial [®(L)] and all the roots of
the moving average polynomial [©(L)] lie outside the unit circle (Stationarity and Invertibility
conditions).

Assumption 2: The polynomials ®(L) and O(L) have no common left factors other than
unimodular ones, i.e, if ®(L) = U(L)®,(L) and ©(L) = U(L)O(L), then the common factor
U(L) must be unimodular (Irreducibility condition).

Many alternative expressions are available for the optimal predictor from the above ARMA
model®. By expressing the ARMA (r,s) model in a companion representation form, BB (1992)
derived the optimal multistep predictor in terms of r past observations and s past errors. In the

following Proposition we obtain an expression for the optimal predictor, which is equivalent to the

3Yamamoto (1981) used the infinite order autoregressive representation of the multivariate ARMA model
(which includes the univariate as a special case) to express the MMSE predictor as a function of an infinite
number of past observations and he presented parametric expressions for the prediction weights. His prediction
formula is particular convenient in obtaining the asymptotic prediction mean square error, when the prediction is
formulated with estimated coefficients. Baillie (1980) obtained a formula for the MMSE predictor of an ARMAX
model (which include the simple ARMA as a special case) in terms of an infinite number of past observations
and he also gave parametric expressions for the prediction weights. Alternative prediction formulae, such as
those based upon the Markovian representations of the ARMA model (Akaike, 1974) contain error terms in their
formulae. The relative literature includes, among others, Yamamoto (1980, 1978, 1976), Baillie (1979), Schmidt
(1974), Banshali (1974), Bloomfield (1972), and Davisson (1965).



BB one, by using a new method* for solving a linear homogeneous difference equation together
with a technique for the manipulation of lag polynomials used in Sargent (1979). We believe
that our method gives a useful insight into the treatment of stochastic difference equations. In
what follows we only examine the case where the roots of the AR polynomial are distinct.

Proposition 2.1. Under assumptions 1-2, the minimum MSE predictor of vy; is

s—1 r—1
Ey(yri) = ¢ + Z Zin€t-n t Z TinYt-n, where (2. 2)
n=0 n=0

r min(i+n,s)

r
Zin=—3_ > GoNT"T05, wm = (ivinn Yio=1, and
i=1

=1 j=ntl (2. 2a)
n r=(n=l) n 1 o
yin=EO"TI0 D2 I[]Ow): ko=0, ¢ = 4)[@ —> )
I=1 =k, +1 =1 =1 (2. 2b)
ki#j
)\i'+7‘71 - -
(i = ——, Gji= ﬁ (2. 2¢)
[Ty =) !
i

The proof is given in the Appendix A. =

Lemma 2.1. The i-period forecast error of the optimal predictor®

*We express the rth order difference equation as an AR(1) process with an error term which follows a r-1
difference equation. We obtain y; as a function of r past values and the roots of the associated auxiliary equation.
For an excellent discussion on solutions of linear difference equations see Wei (1989, pp. 27-30) or Brockwell and
Davis (1983, Sect. 3.6).

"Pandit and Wu (1983, pp. 179-198) uses the ima representation of the ARMA (r,s) model in order to obtain
the optimal predictor and its associated prediction error as a function of an infinite number pf past errors. The
coefficients in their formula (which they called Green’s function) are expressed in terms of the roots of the AR
polynomial and the parameters of the MA. In the case of distinct roots these coefficients are given in Pandit and
Wu (1983, pp. 105-106, when s < r) and in Pandit (1973, p. 100, when s 2 r). See also Pandit (1973, pp. 37-41)
and Pandit and Wu (1983, pp. 177-179) for an excellent brief historical review of the prediction theory.

Wei (1989, pp. 23-27, 86-88) uses the ima representation to obtain MMSE forecasts, without giving a specific
form for the prediction weights, and he also gives a recursive form for computing the optimal forecasts (pp. 91, 98).
Brockwell and Davis (1987, Sect. 5.3, 5.5) present recursive methods for computing the best linear predictor and
discuss ways to obtain the MMSE predictor based on the the infinite order ar and ma representations. Nerlove,
Grether and Carvalho (1979, p. 93-94) provide a general scheme for computing least-squares forecasts which has
been called unscrambling (see also Nerlove and Wage, 1964). Other conventional recursive expressions to obtain
the predictor can also be found in Box and Jenkins (1971, pp. 126-132). Additional references on multistep
predictions include the textbooks by Hamilton (1994, Ch 4), Granger and Newbold (1986, Ch 4), and Anderson
(1976, Ch. 10).



i—1 r in(n,

FE/(y4i) = anetﬂ n, where s, =— Z ZOAn_ (2. 3)
n=0 :1 :0

With conditionally homoskedastic errors the conditional MSE for the optimal predictor is

identical to the unconditional MSE of the same optimal predictor:

i—1
VI FE(yi+i)] = Vi(yr+i) = VIFE(yr+i)] = E(e?) Z SEL (2. 4)

n=0

The proof is given in the Appendix A. =

We now make a few remarks on the two prediction formulae. BB’s method is not restricted
to the case of distinct roots and is intended for practical computation whereas the goal of our
method is theoretical purity rather than the production of expressions intended for practical
use. The coefficients in BB’s formula are expressed in terms of parameter matrices whereas in
our formula they are expressed in terms of the roots of the AR polynomial and the parameters
of the MA one. In the context of distinct roots the two expressions are equivalent®. While
both methods can be used to derive the optimal predictor of future values for the conditional
variance from the univariate GARCH model (see Section 3 of this paper, and Section 4 of
BB, 1992), the advantage of our method is that it can be used to derive formulae for the
multiperiod predictions from the ARMA model with GARCH-in-mean effects (see Section 4)
and the GARCH-M-X model”(see CHK, 1999). In addition our method can be applied to even
more complicated GARCH models like the Component GARCH, the Asymmetric Power ARCH

and the Switching ARCH®. Another value of our method is that it can easily be generalized to
multivariate GARCH and GARCH-in-mean models®.

6 Algebraic manipulations of equations 16 and 17 in BB’s paper should give the coefficients in our equation (2.
2a).

"The GARCH-M-X model was introduced by Longstaff and Schwartz (1992) as a discretization of their two-
factor short-term interest rate model.

8The component GARCH model was introduced by Ding and Granger (1996),the Asymmetric Power ARCH
was introduced by Ding, Engle and Granger (1992), and the Switching ARCH was introduced by Hamilton and
Susmel (1996).

°The statistical properties of the multivariate GARCH (MGARCH) model have been recently examined by
researchers. For example, Lin (1997) analyses the impulse response function for conditional volatility in various
MGARCH models. For a theoretical and empirical analysis of the multivariate GARCH-in-mean models see Song
(1996).



3 GARCH Model

3.1 Forecasting the Volatility

In this Section we consider multistep prediction from the GARCH(p,q) model:

B(L)hy = w + A(L)el, where (3. 1)
p ) p q )
B(L)=-> L' =] —-fiL), AL)=>_ aL’, fy=-1 (3. 1a)
=0 =1 =1

Corollary 3.1. The ARMA representation of the conditional variance is given by

*

B*(L)hy = w+ A(L)vy, where B*(L)= B(L)— A(L) = lp—[(l — fFL) (3. 2)
i=1
p* = max(p,q) and v; = €2 — hy. The v;’s are uncorrelated but they are not independent and
have a very complicated distribution. It is not difficult to show that under conditional normality
var(vy) = (2/3)E(e}) (see K ,1999a). The fourth moment of the errors are given in Ling (1999),
He and Terasvirta (1997) and Karanasos (1999a). A general condition for the existence of the
2mth moments is given by Ling (1999) (see also Ling and Li, 1997).
Proof. In (3. 1) we add and subtract A(L)h; and we get (3. 2).
Assumption 3: All the roots of the autoregressive polynomial [B*(L)] and all the roots of the
MA polynomial [A(L)] lie outside the unit circle (Stationarity and Invertibility condition).
Assumption 4: The polynomials B*(L) and A(L) are left coprime. In other words the rep-
(L)

resentation Ay 18 irreducible.

BB (1992) show that the squared errors (¢?) correspond to an ARMA (p* ,p) process and
express it in a first-order companion form in order to derive the optimal multistep predictor for
the conditional variance from the GARCH model in terms of p* values of past squared errors and
p values of past conditional variances. In the following Proposition, in analogy to the derivation
of (2. 2), we solve the linear stochastic difference equation (3. 2) in order to obtain the MMSE

predictor for the conditional variance in terms of p* values of past observations and q values



of past squared errors. In what follows we only examine the case where the roots of the AR
polynomial [B*(L)] are distinct.
Proposition 3.1. Under assumptions 3 and 4 the MMSE i-step ahead forecast for the condi-

tional variance from the GARCH(p,q) model is given by

*

g—1 pr—1 P
1 _
Ei(hiyi) = w* + Z NikVi—k + Z Minht—pn, where w*= w[B*—(l) — Z k]
k=1 n=0 =1 (3. 3)
p* min(i+k,q) p*
N = Z Z ST Ty, my, = Zk;ﬂjna mio=1 and
=1 j=k+1 j=1 (3. 3a)
(fr)itr -1 n_ p—(n-) =
ki = p*]ia Tjn = (—1)nH[ Z ]H f)
(fr = f) =1 =k +1 =1
kl;ll J k kl7£]1‘
k#j
k*
ko =0, ky= 1_f* (3. 3b)

where the third term represents the definite solution of the deterministic (and homogeneous)
part of the stochastic difference equation (3. 2), and (fj*), j=1,--- ,maz(p,q) are the inverse
of the roots of the B*(L) polynomial. The proof is similar to that of Proposition 2.1. [ ]

Note that the coefficients in BB’s formula are expressed in terms of parameter matrices
whereas in our formula they are expressed in terms of the roots of the AR polynomial and the
parameters of the MA one.

Corollary 3.2. The ma representation of hy as a function of infinite values of past v;’s is

given by

p* min(n,q)

where 5"_2 Z k7, 1 (3. 4)
J=

The proof follows immediately from the univariate ARMA representations (3. 2) and the

hiyi

ima representation of an ARMA model which is given in Pandit (1973, p.100) and Pandit and
Wu (1983, p. 105) and Pandit (1983).



The above representation is very useful because it can be used to obtain the forecast error of
the optimal predictor for the conditional variance (see Lema 3.1) and its autocovariance function
(see Proposition 3.2).

Moreover, the cf of the agf of hy is given by

= i S ym(Z™ +27") = Maz (3. 5)

2 B (2B (=)

The 7, are given in Proposition 3.2. The proof follows immediately from the univariate
ARMA representation (3. 2) and the cf of the agf of an ARMA model discussed, for example,
in NGC (1979, p. 39) and Sargent (1979, p. 228). =

In many applications in financial economics the primary interest centres on the forecast for
the future conditional variance. Such instances include option pricing as discussed by Day and
Lewis (1992) and Lamourex and Lastrapes (1990), the efficient determination of the market rate
of return as examined in Chou (1988), and the relationship between stock market volatility and
the business cycle as analysed by Schwert (1989). In these situations it is therefore of interest to
be able to characterise the uncertainty associated with the forecasts for the future conditional
variances also. Some potentially useful results for this purpose are given by Lemma 3.1 and
Theorem 3.1.

Lemma 3.1. The forecast error associated with the i-step-ahead predictor for the conditional

variance from the GARCH(p,q) model is given by

FEt(ht+i) = hyyi— Et ht+7, 25 Vtti—n (3- 6)

In addition, the unconditional and conditional MSE are given by

VIFE;(hiyi)] = wvar(v) 252 (2/3)E(€}) 252 (3. 7)
i—1

Vilheri) = Vi[FE(huyi)) =2 i E(hi i y) (3. 8)
k=1



The proof follows directly from (3. 4). m

Theorem 3.1 The i-period ahead forecast for the squared conditional variance h? is given by
q- p—1 q—1 ,
2 h 4
Ey(hiy ;) Z WSimk€ig + O Wikhij ) ¥ikel
=0 =0 =0

+ Z Z et klet k21/)k1k21 k+zl/)]z kht—j

k1=1ko=k1+1
q—1p-1 p—1 p )
h
+ E E e - ﬂ/)lgz gt E E  hek ek Vr ki (3. 9)
=0 5=0 k1=1 ko=k1+1

where all the v’s are functions of the GARCH parameters and are given, together with the
proof, in the Appendix B. The above expression is very useful because the optimal forecasts of the
squared conditional variance is needed in order to obtain the conditional variance of the forecast
error associated with the optimal forecast for the conditional mean from the ARMA-GARCH
in-mean model (see Section 4, Lemma 4.1). =

In what follows we examine the covariance structure of the GARCH(p,q) model. The auto-
covariance function of the squared errors from the GARCH model is given in K (1999a) and He
and Terasvirta (1997). In many cases it is useful to have the autocovariances of the conditional
variance. These autocovariances can be used, for example, to obtain the autocovariances of the

ARMA process with GARCH in-mean effects. (see Section 4, Theorem 4.1b).

10



Proposition 3.2. The autocovariance function (af) of the conditional variance hy is given by

.
covj(h) =7 = Y €ijtlimin(jq)00, where (3. 10)
=1

(Pt

eij = o = , and (3. 10a)
[T =) IT U= 1)
I=1 k=1
ki

q—1

q J q q—!
MiminGa) = 90 + 9 O aara(F) + )7+ D0 D avara () + (5%

k=1 I=1 k=1 I=j+1k=1
(3. 10b)

The covariances between the squared errors (e?ﬁll) and the conditional variances (hy—;,) can

be derived by using the following equations:
2 2 _ 2 _ 2
E(ei€i—m) = E(he;_y), E(hthi-m) = E(€hi—m)

together with the af of the squared errors and the conditional variances.

The proof is similar to that of Theorem 1 in Karanasos (1999a). Alternatively, one can use
either the ima representation (3. 4) or the cf of the agf (3. 5) to obtain the acf of the conditional
variance (see K, 1999¢). m

3.2 Forecasting with ARMA-GARCH Models

In this subsection we consider the ARMA(r,s)-GARCH(p,q) model given by

O(L)y; = ¢+ O(L)er, (e4]—1) ~ N(0,hy), (3. 11)

B*(L)hy = w+ A(L)vy (3. 11a)

As BB (1992) note, in the absence of GARCH in mean effects, the actual form of the predictor

of the future values of the conditional mean is the same as in the homoskedastic case, but the

11



presence of GARCH changes the MSE of the predictor. The Proposition that follows gives the
associated unconditional and conditional MSE.
Proposition 3.3. The conditional and the unconditional MSE associated with the optimal

forecasts for the mean in the general ARMA (r,s)-GARCH(p,q) class of models are

i—1

VIFE(yi1)] = BE(e)) sh (3. 12)
n=>0
i—1 i—1 q—1 pr—1
*ViFE(yira)] = Vilyers) =Y siBi(begi 1) = > st ni kv i+ Y mi gy 1}
k=0 k=0 1=0 1=0

(3. 13)

(x apart from a constant).

The proof follows immediately from equations (2. 3) and (3. 3). =

4 GARCH in-mean Model

To our knowledge, the analysis of the covariance structure and of the multistep predictions from
a general ARMA model with GARCH errors and in-mean effects has not been considered yet.
This Section attempts to fill this gap in the literature.

In what follows we will consider the ARMA((r,s)-GARCH(p,q)-M(1) process:

O(L)ys = ¢+ dhy + O(L)e;, and (4. 1)

B(L)hy = w+ A(L)é?, or B*(L)hy = w + A(L)v; (4. 1a)

where ®(L) and ©(L) are given by (2. 1), (2. la), and B(L) and B*(L) are given by (3. la)

and (3. 2).

12



Corollary 4.1. The univariate ARMA representation of y; is given by

BX(L)®(L)y, = ¢° + 6A(L)v, + O(L)B*(L)ey, ¢° = ¢B*(1) + dw (4. 2)

Proof. Multiplication of (4. 1) by B*(L) and substitution of (4. la) into (4. 1) gives (4. 2).

|
Assumption 5. The polynomials ®(L) and A(L) are left coprime. In other words the repres-
entation % is irreducible.

In what follows we only examine the case where the roots of the AR polynomials [®(L), B*(L)]

are distinct.

Corollary 4.2. Under assumptions 1-5, the canonical factorization (cf) of the autocovariance

generating function (agf) for yy is given by

SA(2)A(z 1) 0(2)0(z o _ & . {.5 if j =0

9:(y) = D(2)B*(2)®(2 1) B* (2 1) - P(2)®(271) ;fﬂj(zj T2, fi= 0 otherwise

4. 3)

where the v;’s are given in Theorem 4.1b.

Proof. The proof follows immediately from the univariate ARMA representation (4. 2) and
the cf of the agf of an ARMA model given in NCG (1979, pp. 70-78) and Sargent (1979, p.
298).

Under assumptions 1-5, the infinite-order ma representation of y; is given by

¢° = r+p* min(n,q) |
Yp = EIRE0] + Z[égnwri—n + Sn€tti—n], Where gn = Z Z uioy Jaj,
o =1 =t (4. 4)
( t4r4p*—1
o F1=1,2. r
IT (u=23) [T (\=1)
Jj=1 Jj=1
Ol BT (4. 4a)
— (fm)t++:3 1 ifl=r+m, 1<m<p*
T (F5—) 1T (=)
j:1 j=1
\ j#m

13



and y; =N, forl=1,--- ,r,y = fr,forl=r+m, 1 <m <p*and s, is given by (2. 3).

Proof. The proof follows directly from the univariate ARMA representation (4. 2) and the
Wold representation of an ARMA model given in Pandit and Wu (1983, p. 105) and Pandit
(1973). m.

In the following Theorem we present closed form algebraic expressions for the optimal pre-
dictor (and its associated MSE) of future values for the conditional mean from the above model.

Theorem 4.1a. Under assumptions 1-5 the i-step-ahead predictor of yy is readily seen to be

r+p*—1
Ei(yiri) = ¢' +(5szvt n—i—szet n+ Z ZjYt—n, where (4. 5)
n=0 n=0 n=0
r4+p* min(i+n,q) r+4p*
= Z Yo we) T ey, w5 =Y witim, o =1 (4. 5a)
= j=n+1 Jj=1
n e b n My k=1, 7
Yim = (D" ]I TR, ko=0, Af, =90 . .
. };[lkz;lﬂ ll;Il l l [ ki =r4+m, 1<m<p*
ki#j'
(4. 5b)
. e r+p*
-/ J lf]:]_,"',’f‘ l o 1 — _ U;
= ) = _— WUi; y Uy, = —O
’ {m if j=r+m, 1<m<p* i (/)[B*(l)@(l) ; il L=
(4. 5¢)

where uy; is given in (4. 4a) and the z;, and x;, are given in equation (2. 2a).

It is important to note that in the presence of GARCH in mean effects the optimal predictor
for the conditional mean is a function of past values not only of the observations and the errors
(Yt—n, € ) but of the conditional variances and the squared errors (hy_,, €2 ,) as well.

Proof. The proof follows directly from the univariate ARMA representation (4. 2) and the
methodology used in Proposition 2.1. =

Lemma 4.1. The forecast error for the above i-step-ahead predictor is given by

14



i—1
FEt(yt+i) = Z[agnvﬂ»ifn + 3n€t+i7n] (4 6)

n=0

with unconditional and conditional MSE given by

i—1 i—1
VIFEi(yia)] = 0°(2/3)E(e)Y ga+E()  sn (4. 7)
n=1 n=0
i—1 i—1
VilFE(ysi)] = 2% giBy(hiy; ) + > seBi(hugin) (4. 8)
n=1 n=0

where s, is given in (2. 3), and g, is given in (4. 4).

Note that in the presence of GARCH in mean effects the conditional MSE is a function not
only of the forecasts of the future values of the conditional variance (eq. 3. 3) but of the squared
conditional variance (eq. 3. 9) as well. When we don’t have GARCH in mean effects (6 = 0)
equations (4. 5), and (4. 6)-(4. 8) reduces to the equivalent expressions in Section 3. The proof
follows immediately from the infinite-order ma representation (eq. 4. 4). ®

In the following Theorem we give a formula for the covariance structure of the ARMA-
GARCH in-mean model which include several simpler models as special cases.

Theorem 4.1b. Under Assumptions 1-5 the autocovariance function of the above process is

given by
r r+p*
¥ = covi(ye) = > €ijZimin(s)var(er) + > Tijdy min(igvar(ve), where
i=1 i=1 (4. 9)
)\j‘H"fl
€ij = & ¢ P (4. 9a)
[T =) IT (N = Ag)
=1 k=1
ki
( j+r4+p*—1
- - /\g p* — lf’Lzl,ar
ITA=Xx) IT (a—2e) TT (1=Aaf7) TT (Ai—fy)
1=1 kel 1=1 k=1
I ki
Tij = NG p*
. = (fn)JJF 4;13 1 - if’L:T‘—’—’rL, 1§n§p~k (4 9())
[T =20 TT(=F3 070 T1 (Fa=2e) T1 (FA—=13)
1=1 1=1 k=1 k1
\ ki

15



s 7 s—1 s s—1

_ 1—247
Zimin(j,s) = Z 0p + Z Z Ok 1 (X +271) + Z Z OkOr+1(N; + N ) (4. 9c)
k=0

1=1 k=0 I=j+1 k=0
q J gl q q-l ‘
BiminGa) = D an + 3 O akarr[(X) + (A T+ Y- ) apar[(X) + (A7) ]
k=1 I=1 k=1 I=j+1k=1
(4. 9d)
and X = \; ,fore=1,--- v, ) =fr fori=r+n,1<n<p*

Observe that the above general formula incorporates the following results as special cases:

(a) the acf for the white noise process with GARCH(1,1) in mean effects given in Hong
(1991), (b) the acf for the ARMA(r,s) model given in Zinde-Walsh (1988), and Karanasos (1998,
1999b), and (c) the acf of the conditional variance for the GARCH(p,q) model given in Section
3 (Proposition 3.2).

Proof. The covariance structure can be derived by using the following three alternative
methods: (i) the one used in Karanasos (1999a), (ii) the one based on the cf of the agf (4. 3)
and (iii) one based on the infinite-order ma representation'® (4. 4).

|

Theorem 4.1c. The cf of the agf between y; and hy (g,(yh)) is given by

ad z 271
) = Y e = g ) o (4. 10)

m=—00

The proof follows directly from the univariate ARMA representations (4. la), (4. 2) and
the cf of the agf of ARMA processes given in Sargent (1979, p. 228).

Moreover, the cross covariances (yp,) are given by

105ee Karanasos (1999c) for the use of methods (i) and (iii) in the context of univariate and multivariate
GARCH models.
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<
+

p*

Z 6;\m* z)\mmmq + Ze{m* zfm if m>0
Ym = cov(ys, hy—m) = ; ! , and
Zlezmzzjimzn m,q) + Z 6;\;1* z)\m ifm<0 (4 ]_1)
2 =1
A° o\r+p*—1+m
A i o _ (A9
Cim = o € = (4. 11a)
[T =X/) IT (A7 =A%)
k=1 k=1
ki
f *\p*—14+m q q—l
€ (fF)P _
e{;’:%, e{m:p*li’ Zz'j:m: Z ZakakJrl(f;)l 2m
kH (1= f£A3) 1= 1) I=m+1k=1 (4. 11b)
=1 —
i
q q q-! m gl
7, ;min(m,q Z a% + Z Z a’kak+l l + Z Z akak+l (4 IIC)
I=1 k=1 I=1 k=1

Proof. The cross covariances (7,,) can be obtained by using either the cf of the agf (4. 10)
or the infinite-order ma representations of the process and its conditional variance (4. 4), (3. 4)
together with the techniques given in K(1999c ). m

Corollary 4.3. The bivariate ARMA representation of the GARCH-in-mean model is given

by

r* s* * n
B(L)g = Ao +O(L)&, where B(L) = -3 L), 6(L) =3 614, {' ~ ma(r,p")
=0 1=0 s :ma’x(57Q)
(4. 12)
¢ 0] o -6 0] - 18 4 [1o
(Dl - |:0 IB*I 9 6 0 a; 9 ¢0 - 0 1 9 60 - 0 0 (4 12@)

0 ifl>r’ 0 ifl>p*’ 0 ifl>gq
(4. 12b)

(/),_{@ if1<r *,_{ﬁl*’ if 1 < p* 0,_{@ if1<s a,_{al itl1<gq
I — . = . = . » YT .

We can use the above bivariate ARMA representation and the techniques in Yamamoto

17



(1981) to obtain expressions for the optimal predictors and their MSE in computationally con-

venient algorithmic forms.
5 Concluding Remarks

Despite the extensive literature on GARCH and related models, relatively little attention has
been given to the issue of forecasting in models where time-dependent conditional heterosce-
dasticity is present.

In this paper we focused on the prediction from an ARMA model with GARCH in mean
effects. We showed that for processes with feedback from the conditional variance to the con-
ditional mean the forms of the optimal predictor of the process and its MSE are considerably
complicated. In addition, we gave the Wold representations of the conditional mean and vari-
ance of the process. These formulae can be used to obtain alternative expressions for the MMSE
predictors of the process and its conditional variance in terms of an infinite number of past
observations and errors. Moreover, we gave the cf of the agf for the process and its conditional
variance which we subsequently used to obtain their autocovariances. We also obtained the co-
variances between the squared errors and the conditional variance, and the covariances between
the process and its conditional variance. Furthermore, we gave expressions for the MMSE pre-
dictors of future values of both the conditional variance and the squared conditional variance.
These optimal predictors were subsequently used to obtain the conditional MSE associated with
the optimal predictor of the future values of the conditional mean. Finally, we gave the bivariate
ARMA representation of the process and its conditional variance. This representation can be
used in conjunction with the methodology in Yamamoto (1981) to obtain expressions for the
MMSE predictors and their variances in computationally convenient algorithmic forms.

Note that this study only examined the case where the roots of the autoregressive polynomials
of the processes are distinct. Thus one potentially important issue not addressed in this paper
relates to the effect of equal roots. The potential generalisations of the simple ARMA-GARCH
in mean model are numerous. To state a few: (a) The ARMA-Asymmetric Power GARCH
in mean model, (b) The ARMA-GARCH-M-X model, (¢) The ARMA-Component GARCH in
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mean model, (d) The Multivariate GARCH in mean model''(MGARCH-M).
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Appendix
A Proofs of Proposition 2.1, Lemma 2.1

Let gy, follow an ARMA (r,s) process

r S
yo= b+ bwei— Y b (A. 1)

We will first give the definite solution of the homogeneous deterministic component (y{)
of the ARMA(r,s) process (y;) and we will subsequently use a technique provided in Sargent
(1987), together with the definite solution (y{), in order to derive the optimal predictor and the
associated MSE of y;.

The definite solution of the r order deterministic difference equation ®(L)y;4; = 0 is

r—1
Ytt+i = Zajinytfn (A 2)
n=0

We will prove the above by induction. If we assume that (A. 2) holds for a (r — 1) order
difference equation then it will be sufficient to prove that it holds for an r order difference
equation.

Y1 can be expressed as an AR(1) process with an error term which follows a (r — 1) order

difference equation

r

Yt4r = MYt4r—1 + Teyr, where H(l —AiL)zp, =0 (A.3)
i=2

Using backward substitution in the above equation, we get

t
Yt4r—1 = Z AﬁilxtJrrfi + Atlyrfl (A 4)

=1

Since z follows a (r — 1) order difference equation we have

24



r—2 r )\t—l—l—r—?
_ } :} : r 1. .r—1 r—1 __ J
xt+7"*1*l - xr—l—n t l’y‘]n 9 whe""e ]t_l - H’!‘ (}\ _ )\ )
k=2,k#j\"\j k

n=0j=2 (A. 5)
n (T‘*l)*(’l’b*l) n
vt =DM ITIOw), where ko=1, ~igt=1
I=1 kyj=k;_1+1,k#j 1=1 (A. 5a)
Substituting (A. 5) into (A. 4) and after some algebra, we get
r—2 r >\t+r71
err—1 = Y > w1l = Mo ) + Myr-1, where (= T Oy =)
i=0 j=2 k=1,k#j k
(A. 6)
Finally, substituting sequentially in the above equation
Tr—k = Yr—k — Alyr,k,l, k= 1, e, T — 1 (A 7)
and using
1= ¢ = (oo Y, Govjemt = (oY1, for k=2 (A. 8)
=2 7j=2
where 77, is given by (A. 5a) with kg = 0, we get equation (A. 2). =
Using Sargent (1987) technique and (A. 2) we express y; as
. : ¢ Zj 0 bi€t—;
y=90¢+)> biyi—i— ) biej =+ - (A.9)
2 s = 2 i = LR T T (- A D)
r _ S r r S r
=dY Co— D> Oie—iBilly = b Cotis—1 — Y > Oier—iBis—1l + v
i=1 §=0 i=1 i=1 §=0 i=1
where
1 . ATt . r
P = , Gio= , (y=—"—, and A. 9a
B 1_— )\zL CzO H;:LJ;&Z()‘Z _ )\]) CzO 1— >\Z ( )
t—1 1 =1
. = N A. 9b
/Bz,t 1 1_ )\ iy Gjt—1 1— Mg i ( )
J:0 ’ j=0
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and y) is given by (A. 2).

From (A. 9) after some algebra we get

r t—1 min(i,s) r s—1 min(t+i,s)

y = qs[q%(l)_zgt DD DID DI /T S SR A G P
T =1

=1 =0 45=0 =1 i=0 j=i+1
(A. 10)

Taking the conditional expectation of (A. 10), as of time 0, we get the t-period optimal

predictor of y. In addition, using (A. 10), we get the t period forecast error. m
B Proof of Theorem 3.1

Let h; follow a GARCH(p,q) process (for simplicity we will assume that p > ¢.)

B(L)h;y = w + A(L)€? (B.1)
From the above equation we get
7 P
Witp—i = WPryp—i + Z i\ ip—i + Z Bjcjt+p—i, where (B.2)
i—(p—q)
w=[w+ Zﬁp irjhi—j + Z agj€r 51 (B.2a)
7=0 7=0

Njti = OPtip—i—j + (3aj + Bj)wiip—i—j

Jj—1 P —j
+Z ak + Bre)Nj—kitp—i—k + Z Aot Nk ttp—i—j F BrtjChittp—i—j)
k=1 k=1 (B.2b)

Cj i = WPpyp—ij + (aj + Bj)wirp—i—j
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Jj—1 P —j
+ Y (ak + Be)Ci—kpip—ioh + O (@hijMeapiog + BrtsChitp—img), and
k=1 k=1 (B.2¢)

Wip—i = Ey(hi i), brap—i = Ee(hisp—i),  Njprp—i = B(€lypi€iipi_i);
(B.2d)

Cjt+p—i = Et(ht-i-p—ia ht-l—p—i—j)a and ap =0, fO’f' k> q*a Br =0, fO’f' k> p*a
(B.2¢)

where, ¢* = ¢ — maz[0,i — (p — q) + 1], p* = p — maz(0,i + 1) and
where i can be any negative number and a positive number less than p — 2.
The expressions of Xj;i,—; and ¢j;4p—; (eq B.2b and B.2c) can be written in a VAR

(p* + ¢*,p* — 1) form

p*—1
Mipmi = D AL iy + iy = AL Ny = Wiipyy  where (B.3)
j=1
p*—1
A(L) = (1= AjL) (B.3a)
j=1

Alpp—i is a ((p* + ¢*) x 1) vector matrix. It’s jlth element is X5 = Aj 14, for j < ¢* and
N1 = Choipi for § > ¢* +k, (1 <k <p¥).
wiip—i is a (p* + ¢*) x 1) vector matrix. It’s jlth element is w¥ = wrip-ij + (3a; +

Bj)wiyp—i—j for j < q* and wf) = woip ik + (A + Be)wirp ik for j > g +k, (1 <k <p*).
j

As is a ((p* + ¢*) x (p* + ¢*)) matrix. It consists of four submatrices
Al A
e [ ] 5
Ag)\ Agc
Ai/\ is a (¢* x ¢*) matrix. It’s ijth element is given by a;; = 0, for i < 0, as; = a5, for

i =0, (aj45 = 0for j+6 > q*), ajj = as + G5, for j > 6, j =i —6, and a;; = 0, for i > 4,
j#i—90.
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Aic is a (¢* x p*) matrix. It’s ijth element is given by §;; = 0, for i 2 6, fs5; = Bj4s, for
i=0, (Bjys =0, for j + 9 > p*).

Ai/\ is a (p* x ¢*) matrix. It’s ijth element is given by a;; = 0, for i 2 d, as; = a5, for
i=0, (aj45 =0, for 7 +6 > g*).

A%, is a (p* x p*) matrix. It’s ijth element is given by Bij = 0, for i < 4§, Bs; = Bjts, for
i =0, and (Bj45 =0, for j+6 > p*), Bij = B5s + as, for i > 0, and j =i — §, and B;; = 0, for
i>d,and j #1— 6.

After solving the above VAR(p* + ¢*, p* — 1) model and substituting the solution into (B.2)

we get

W(Dwrspi = EL)prapi, where (B.5)

2pk_1 2p*_1 * q*
L)= Z pil = H (1- N;L) =(L) - Z{Z [ajvik (L) + Bivg+4k(L)]
§=0 j=1 =1 k=1
p*
3ak + ﬂk + Z a57%4,q* —I—k + /8]'Yq *+7,0* -Hc(L)](ak + ﬂk)}Lk (B.5a)
k=1
2p*—1 p* ¢
Z &L = o{y(L) + {Z ajYjk(L) + Bjvgr+in(L)]
Jj=0 j=1 k=1
p*
+ Y [a%qr k(L) + B+ (DI LFY, - and (B.5b)
k=1

7ij(L) is the ijth element of , (L) = [A(L)]™" and (L) is the determinant of A(L).

The solution of the above system of difference equations is given by (3. 9). =
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