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Some geometric properties of system spaces
of autoregressive process of degree 2

KAZUHIKO TAKANO

1 Introduction

Let {e;} and {z;} be time series of the input signal and the output signal. The input-output relation of
the system can be expressed by

p q
Z Q;Ti—q = Z bigt—it+1 (ap #0),
i=0 i=1

where {g;} is a sequence of independent identically normal distributions with zero mean and variance o2.
If ap = 1, then it is said to be an autoregressive moving average (ARMA) process of degree (p,q). This
process is denoted by ARMA(p, q). When ¢ =1 and by =1 (resp. p = 0 and ag = 1), this model is called
an autoregressive (AR) process of degree p (resp. moving average (MA) process of degree ¢). It is denoted
by AR(p) (resp. MA(q)). In [2], they studied the (p + ¢ + 1)-dimensional system space of ARMA(p, q)
such that ap = 1 with the local coordinate system (p1,...,pp,01,...,04,0%), where p; (i =1,...,p) and
§; (j = 1,...,q) denote the roots of p-degree and g-degree polynomials Y 7 ja;z" = 0 (ap = 1) and
Zgzo bzt = 0 (bg = 1) with respect to z, respectively. They calculated the Riemannian metric and a—
connection. Also, in [4], they studied the (p+ 1)-dimensional system space of AR(p) such that ag = 1 with
the local coordinate system (p1, ..., pp, 02) and sought the sectional curvature. In [3], we study a system
space of the autoregressive process of degree 1. This space is a 2-dimensional a—flat statistical manifold,
we investigate a—geodesics, almost complex structures which are parallel with respect to the a—connection.

In this time, we introduce some geometric properties of the system space of AR(2).

2 Statistical manifolds and system spaces

Let (M, g) and V be a Riemannian manifold and affine connection, respectively. We define another affine
connection V* by

(2.1) Xg(Y,2)=g(VxY,Z)+g(Y,VxZ)

for vector fields X, Y and Z on M. An affine connection V* is called conjugate of V with respect to g.
The triple (M, g, V) is called a statistical manifold if both V and V* are torsion-free. Clearly (V*)* =V
holds. It is easy to see that +(V 4 V*) is a metric connection.

Next, we call a system for which the output z; at time ¢ may be expressed in terms of the previous p
values z;_1,...,%+—p and the current input ¢; as

P
(2.2) Z a;Ti—i = €t (ag #0)
i=0

an autoregressive process of degree p, where ¢, is a normal distribution with zero mean and variance o2.

The power spectrum for this model is
-2

p
E asefzws

s=0

(2.3) S(w;a) = o

where a = (ag,a1,...,a,) are called AR parameters ([1]). Let MPT! be a system space of AR(p) with
the local coordinate system (ag, a1, ...,ap). For the local coordinate system, we define components of the
Fisher metric g by

1 s
(2.4) 9ii = 5 - 0;log S(w; a) 0;log S(w; a) dw,



where 9; = 0/0a;. Moreover we put for a real number «

1 T
(2.5) FE?L =5 / {0;0;1og S(w; a) — a0;log S(w; a) 05 log S(w; a)} Ok log S(w; a) dw
; ).
and define an a—connection V(® by
(2.6) 9(Vi0;,00) =I5

Then the o—connection is torsion-free and V(=) is conjugate of V(® with respect to the Fisher metric.
Thus the triple (M, g, V(O‘)) is a statistical manifold. V() is the Levi-Civita connection with respect to the
Fisher metric and is denoted by V. We call a—flat if the curvature tensor with respect to the a—connection
vanishes identically. The a—geodesic equations on (M ., V(a)) are defined by

d2ak (@) K dai daj

(2.7) dt? Uodt dt

=0 (k=0,1,...,p),

where FZ(.JO.‘) k= Fz(ja)s g*F and g** are components of the inverse matrix of the Fisher metric g. The solution
of (2.7) is called a—geodesic. Especially, the 1-geodesic (resp. (—1)—geodesic) is called an e-geodesic (resp.
m-geodesic). Generally, the O—geodesic is a geodesic.

3 System spaces of the autoregressive process of degree 2

We consider the autoregressive process of degree 2
AT +bTi_1+CTi_o =& (a #0),

where e; is a normal distribution with zero mean and variance 1. Its power spectrum is given by
S(wia,b,c) = (a® + b + % + 2b(a + ¢) cosw + 2accos 2w) ~L. We put

M? = {(a,b,c) eR’|a>0,b*—4dac>0, (a—b+c)(a+b+¢)>0, (a—c)la—b+c)>0}.
Then we get components of the Fisher metric g of M from (2.4)
2(2a® — ab® + 2a%c + b*c — ac® — 3)

a’?(a—c)la—b+c)la+b+c)

2b
(a—c)la—b+c)la+b+c)

Yaa =

)

Gab = Gva = Goc = Geb = —

2(ac — b + ¢2)
ala—c)la=b+c)la+b+c)’

2(a+c)
(a—c)la=b+c)la+b+c)’

Gac = Gca = —

gob = Jec =

Because of (2.5) and (2.6), a—connections are given by
Vga)ﬁa _ 1 14 a(2a® — ab? + 2a%c + b%c — ac® — ¢?) o,
o a (a—c)la—b+c)(a+b+c)
b{a® —b? +ac+c® — a(2a® — b2 + )} ac —b* +c? — a(2ac — b* + 2c%)
ala—c)la—b+c)(a+b+c) b (a—c)a—b+c)(a+b+c)

CH

aab
(a—c)la=b+c)la+b+c)
a? —b? +ac— a(2a® — b? + ac — ¢?)
(a—c)la—b+c)la+b+c)

a

0, = ¥}, = -

b{a—a(a—c)}
(a—c)la—b+c)(la+b+c)

Op +

CH

(@5 _olay _ _ afac = b +c%) B b{c+ a(a—2c)}
Vo 0 = Vo e = b ot b1 T - da—b+atbre "
a(a+c) — a(2a® — b* + 2ac)

(a—c)la—b+c)a+b+c)

CH



(g _ aa(a+c) _ b{c+ a(a—2c)}

Vo = @bt ettt T acoa—broatbra "
(a+c){a—a(a—c)}

(a—c)a=b+c)a+b+c)

CH

aab P (a+c){c+ala—20c)}
(a—c)a—b+c)a+b+c) * (a—c)la—b+c)(at+b+c)

b{a—a(a—c)}
+(a—c)(a—b+c)(a+b+c)

Vo, =V, = - 3y

Cy

v®y — aa(a+c) 5 b{c+a(a—2c)} 5
9 7 (a—c)la—b+c)at+bt+ec) * (a—c)a—b+e)a+b+e) b
ac —b* + c® — a (2ac — b* + 2¢%)

(a—c)la—b+c)a+b+c)

CH

where 9, = 9/0a, O, = 0/0b and J. = 9/0c. The system space (M,g,V(“)) of AR(2) is a statistical
manifold. We define the curvature tensor with respect to the a—connection by

RO(X,Y)Z =Vvz - viviz - VEQY]Z

for X, Y, Z € T,M. Then we obtain

R 00000 =~ gy~ i), 0000 = ~ 50 (g — g

R0 000 = = 5 g~ ) R (00000 = 5 (000~ ),

R(d,,8.)0 = QEC(LQ_)Z;)(chab — gop0c), R(8y,0.)0: = 2?C(la_)l;(gccab — gbc0e),

R (8y,0.)04 = _m(gacab — GabOe), R (8y,0.)0 = _QEE:I—)Z)(Q“@” — g650c),
cla)a

R(a) (aln 80)80 = - ) (gccab - gbcac),

2(a—c

where ¢(a) = (1 — @)(1 + «). Hence we have

LEMMA 1. We find

(1) curvature tensors with respect to a—connection are spanned by O and O..
(2) R = R holds.

(3) REY =0, that is, (M,g,VEY) is £1-flat, respectively.

THEOREM 1. In the statistical manifold (M,g,V(O‘)), we get

ab R\ (9,,0p) = be R (94, 0.) = ca R (0c, D).

Next we obtain components of the Ricci tensor Ric(® and the scalar curvature r(®) with respect to the
a—connection
c(a)(ab® — b%c + ac® + c?)

Ric(® — _
‘Caa ala—c)2(a—b+c)a+b+c)’

c(a) ab
(a—c)?(a—b+c)la+b+c)

Ric!? = Ric{”) = Ric\® = Ric}) =

)

c(a)(ac —b* + c?)
(a—c)2a—-b+c)at+tb+c)’

c(a)ala+c) and o) _ cla)a -
(a—c)2(a—b+c)la+b+c) a—c

Ric(®) = Ric(®) =

Ricég‘) = Ricg‘é‘) =—




Thus we find Ric® is symmetric, moreover, Ric!® = Ric(™® and Ric™*! = 0. Also, if we put

| R > = ghigi*grag, (RS "R and || Ric(® [|2 = gmgP? Ric(%) Ric(?), then we find || R() || = | r(®) |
and || Ric!™ || = % Also, we define the derivative of the Ricci tensor by

(vgg“’Ric(a)) (Y, Z) = X (Ric(a)(Y, Z)) — Ric(® (vgg‘)y, Z) ~ Ric(® (Y, v&?)z)
for X, Y, Z e T, M. If a =0, then we have

LEMMA 2. VxRic = (X log|r|) Ric holds, that is, (M, g) is the Ricci recurrent manifold.

From (2.7), we get 1-geodesic equations

d2a+ a(a+ c) da  db  de 2
dt? (a—c)la=b+c)la+b+c) \ dt dt  dt

2a db ( da dc 2  da dc
- — |+ - =0,
(a—c)la=b+e) dt \ dt  dt a—c dt dt

d?b b da db  dc)® 2 db (da | de

— - — ettt +—— — (= + =) =0,
dt2 (a—=b+c)a+b+c) \ dt dt = dt a—b+c dt \dt =~ dt

d*c cla+c) da db  de\®

a2 (a—c)(a—b+c)(a+b+c) \ dt dt  dt

L b (de de), 2 dade

(a—c)(a=b+c) dt \ dt dt a—c dt dt

Hence we have

THEOREM 2. The 1-geodesic (a(t),b(t),c(t)) of the system space (M,g, V(l)) is given by

1 2
a(t) = {¢A1t+Bl + /Aot + By + \/(¢A1t+Bl + \/A2t+B2> — 16(Ast + Bs) } :

b(t):%(\/Alt+Bl_\/A2t+B2)v

1 2
ct) = 4{\/A1t+31+\/A2t+B2\/(\/A1t+Bl+\/A2t+B2> 16(A3t+33)},

where A;, B; (i =1,2,3) are constants.

COROLLARY. The 1-geodesic of the system space (M,g,V(l)) is given by an intersect curve of two
surfaces Ag{(a+b+c)*> — B} = A1{(a —b+¢)?> — By} and Az{(a+b+c)?> — B1} = A1(ac — B3).
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