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Abstract

In several estimation methods used in system identification, a first step is
to estimate the covariance functions of the measured inputs and outputs for
a small set of lags. These covariance elements can be set up as a vector. The
report treats the problem of deriving and computing the asymptotic covari-
ance matrix of this vector, when the number of underlying input-output data
is large. The derived algorithm is derived under fairly general assumptions.
It is assumed that the input and output are linked through a linear finite-order
system. Further, the input is assumed to be modelled as an ARMA model
of a fixed, but arbitrary order. Finally, it is allowed that the both the input
and the output are not measured directly, but with some white measurement
noise, thus including typical errors-in-variables situations in the analysis.



1 Introduction

There are many system identification methods where the parameter estimates are
formed by a nonlinear transformation of a finite set of input-output covariance
data. This applies to the least squares estimate, the instrumental variable estimate,
and to several methods applied to errors-in-variables, such as bias-eliminating
least squares, [12], [13], the Frisch scheme, [1], [2], and covariance matching [9],
[4], [11].

Denote the input signal by u(t) and the output signal by y(¢). For the meth-
ods considered, the parameter vector estimate is generally a nonlinear function of
covariance data in the following way,

0 = f() (1)

where the covariance vector r has the form
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Here 7,(7) is the estimated output covariance function
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where NV is the number of data points.
Example 1.1. Consider a first order linear regression model
y(t) +ay(t—1) =bu(t — 1) +e(t) (5)

and let the parameters a and b be estimated using least squares. Then it is the
estimation vector is
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In this case we have apparently

pyzlapu:():plzoazbzl (7)

and the function f(-) is shown in explicit form in (6). O

Using the general form (5) of the estimator, it is straightforward to use lin-
earization to get an expression for the asymptotic covariance matrix of the param-
eter estimates. Linearization leads to

0—0=1 (;F—r) (8)

where f,. denotes the Jacobian matrix %. Introducing the normalized covariance
matrix of the covariance vector as

R= lim NEGF—r)(E—r)" )
N—o00
it follows that the asymptotic normalized covariance matrix of the parameter vec-
tor is .
cov(§) = lim NE (é . 0) (é . 0) — f,Rf? (10)

N—oo

To handle a general case to derive the covariance matrix in (10), it is therefore
needed to find the covariance matrix R, (9), of the covariance data. For methods
like the covariance matching approach for errors-in-variables identification, this is
the feasible way to go, [8]. For several other methods, this very general approach
is possible to use, although more direct methods can also be applied, [3], [6], [10].

In order to be able to handle the general case of estimators of the form (1), we
will in this report derive expressions for the covariance matrix R, that hold under
weak general assumptions.

2 Problem setup and basic assumptions

Consider a linear and single-input single-output (SISO) system given by

Alq™yo(t) = B(g~"uo(t), (11)

where u(t) and yo(t) are the noise-free input and output, respectively. Further,
A(q') and B(q ') are polynomials in the backward shift operator, described as

Alg™) = 14+a ¢+ +a, g™

B(g?) = big 4+ bng™ (12)



In order to be able to easily handle the errors-in-variables problem, [7], we
assume that the measurements are noise-corrupted. Hence, we assume that the
observations are corrupted by additive measurement noises #(t) and (). The
available signals are in discrete-time and of the form

u(t) = wuo(t) +a(t), y(t)=uyo(t)+y(t). (13)
The following assumptions are introduced.

Al. The dynamic system (11) is asymptotically stable, observable and control-
lable.

A2. The polynomial degrees n and m are a priori known.

A3. The true input u((t) is a zero-mean stationary ergodic random signal, that
is persistently exciting of sufficiently high order.

A4. The input noise @ () and the output noise §(¢) are both independent of u(¢)
and mutually independent white noise sequences of zero mean, and vari-
ances A, and \,, respectively. [The extension of the method to cope with
arbitrarily correlated output noise is possible.]

AS. The data are Gaussian distributed (both noise-free data and measurement
noise).

A6. The noise-free input signal, uy(t) is an ARMA process, say

uo(t) = e(t) (14)

D(q™)

where C'(¢!) and D(q ') are polynomials, and e(t) is a white noise se-
quence of zero mean and unit variance.

For a general random process z(t), we define its covariance function r,(7) as:
re(7) = Ef{z(t+71)z@t)}, 7=0,+1, £2, .... (15)

where E is the expectation operator.
Further, introduce the conventions

1 i=0,
4 = {0 i<0,i>n, (16)
by = 0 i<1l,i>m. (17)



3 General considerations

As the vector T, (2) split up into three parts, its covariance matrix R will naturally
split into corresponding partitions. For simplicity of notation, we consider first
the upper left block of R. We can then write

N
1
I = — ty(t 18
P tz; @(t)y(t) (18)
where
y(t)
o) =| (19)
y(t - py)
Furthermore, we let r denote the true value of r:
Ty(o)
r=Ep(t)y(t) = : (20)
ry(Py)

We now consider the asymptotic normalized covariance matrix R of 1, (9). Using
(18) and (20) we get

R = lim NE[#! —rr’]
N—x
1 N N
= Jim NE [m;§;¢<t>y<t>¢T<s>y<s>—rrT] 1)

Using Assumption AS we can apply the general rule for the product of Gaus-
sian variables

Exix9x3204 = Ex1xo 2324 + Exi23FE 2024 + Ex124 E 003 (22)

Then using the result (22) in (21) leads to

R= lim + 3 5 { [Ee(t)e” ()] [Ey(tu(s)] + [Ee(t)y(s)] [Eo” (s)u(1)] }
(23)

Due to Assumption A6 the covariance function r,(7) decays exponentially
with 7. Therefore we can write

N N
1 1
A Z < I _Z .
H o N _N|T|R¢,(7')ry(7-) I< ]\]fL)IréON — 2rta’ =0 24)
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for some |a| < 1. Using this result, we get

R = Jim 5 30 (V= Irl) [Rolr)ry(r) + 1o (i (-]
= Z [Ro(7)ry(7) + I‘(Py(T)I‘gy(—T)] (25)

In order to proceed one will need a technique for computing sums of the form

> vy ()ry(r + k) (26)

T=—00

where £ is an arbitrary integer. Using Assumption A6 it follows that the noise-free
output is an ARMA process. More details are given in Section 5.

4 A mathematical result

Lemma 4.1. Consider the ARMA processes

xl(t) = Al(qfl)e(t) w?(t) = AQ(q,1>€(t)
(27)
nlt) = o0l = e

where e(?) and v(t) are zero mean white noise sequences, possibly correlated, and
of unit variances. Then it holds that

Z Tf’flfv2(7—)r:v3:v4(7-) = E |:B2(q )Cl(qi

T=—00

y Bl(q_l) Co(g™?
A —

()
mquxqw%“ﬂ (28)

where e((t) is white noise with unit variance.

Proof. The trick, which is given in [10], is to imbed the problem into some-
thing more general. For this purpose, set

o0

Bk = Z Tgy2o (T)rxgzm (T + k) (29)

T=—00



for an arbitrary integer k. (We are interested to determine 3,, but will derive how
to find 5y for any value of £.) Use now the following definition of a spectrum,

pz)= > r(r)z. (30)

Then it holds ) J
10)= 5 § 9% (D)

where the integration is counterclockwise around the unit circle, see, for example,
[5].

Now form

o0 o0 o0

S B = Yt (P (7 + )2

k=—00 k=—o00 T=—00
o) o)

— Z Tz (T)27 Z TI3$4(T+/€)27(HT)

T=—00 k=—00
00 00

= Z Tayas (T)27 Z Tagay(D)277

T=—00 p=—00

7 bugad (2)

from which the result (28) follows after invoking (30). [

S The covariance matrix of r,

Using Assumption A6 it follows that the output signal can be written as

y(t) = wyolt) +u(t)

e(t) + (1) (32)

We can now write the generic element of the upper left partition of R as fol-



lows, using (25), (32) and Assumption A4, (p,v = 0,...,py):

Ry = Y [ry(r+p—v)ry(r)+ry(r = p)ry(r+v)]
= Z [{Tyo (7_ + n—= V) + )\y(STJru—u,O} {Tyo (T) + )\y(ST,O}

+ {Tyo (7 —p) + )‘yéT*u,O} {ryo (r+v)+ )‘y67+u,0}]
= NoOup + Ay [ryo (i — v) + 1y (v = 1) + 7y (14 ) + 1y (—v — )]

+ D [y (T4 1= )1y (7) + 1y (T = )1y (7 + )] (33)

Introduce the notations

B (¢H)Clg) Blg")C(qg")
k) = E[ A7) Dlg >(”"’)] [A(M D¢ ) “] 34
(1) C* (™) B*(¢7") C*(¢7")
22 Dq >(”’”} [A?(MD?( )

Then it follows from Lemma 4.1 that the sought matrix element can be computed
as

ao- €| 0] e

R, = )‘12/%,1/ + 2y [ryo (B = v) +ry( + V)] 4 Buov + Byt (36)

In order to compute R, for 0 < p1, v < p,, one will need to compute r,, (k) and
B(k) for k = 0,...,2p,. This can be done in any standard way to compute the
covariance function of an ARMA process, see [5] for examples.

6 The remaining matrix elements of R

The full vector t is partitioned according to (2). The normalized covariance matrix
R has a corresponding partitioning as

Rii Rz Rys
R=| Ry Ra Ros (37)
Rii Rz Rss

The elements in Rq; are given in Section 5. As R is symmetric, it remains to find
the elements of the block matrices R15, R3, Ras, Ro3 and Rys.



The block R can be written as

Ri; = lim NE[#, — ][, — 1"

N—00

= Jm N [% > Z @, (1)y(t)e, (s)u(s) — ryrZ] (38)

t=1 s=1

where ¢, (t) is as given by (19) and

T
e, )= (ul®) ... ult—p.)) (39)
Using Assumptions AS and A6, and proceeding as in Section 3 one obtains

o0

= 3 [Reou () o, (-7)] )

T=—00

compare (25). In contrast to the developments in Section 5, there will in this
case be no contribution for the measurement noise variances, as #(t) and g(s) are
assumed to be uncorrelated for all ¢ and s. A generic element (0 < p < p,, 0 <
v < p,) of the matrix R, can be written as

o0

(RlQ)uu = Z [ryu(T — 4+ V)ryu(T) + 1yu(T — W)ryu(T + )] (41

T=—00

Invoking Lemma 4.1 and defining

@ _ ff?(qr*l)CQ(q*l)6 B(q ') C*(q )
o =F [A@—l) D) (”’”} {A< -

| @

L)
—_
~—
R
—~

>QI
[y
S~—

we can write, (0 < u < p,, 0 <v <p,)

(Ri),, = 8%, + B, (43)

In a similar fashion one obtains for the block R 3

Ri; = ]\ll_fgo NE[t, — 1y][Fy, — ryU]T
T
= g N Z S, OuOe et | @

t=1 s=1

where this time ¢, (t) is given by (19) and it holds

gayu(t) = ( w(t—p1) ... u(t—ps) )T (45)
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This leads, as above, to

o0

R13 - Z |:R‘py‘/’yu (T)Ty(T) + r‘/’yy(T)rgyuy(_T) (46)

T=—00

compare to (25). The generic element of Ry3 (0 < p < p,, p1 < v < py) can be
written as

(R13)W = Aryu(—p +v) + Ayryu(p + v)

+ D [T = i )y (7) 4 1T+ )y (7 = )]

T=—00

= N ryu(—p+v) +rp(p+v)] + 82, + 85, (47)

where

@ _g[Ba) ) .
'“ ‘E[A%ql) D) (”’”] [A<q1>02<q1> (’”] (45)

For the block R, it holds

Ry, = lim NE[f, — 1,][f, — 1"

N—00

= lim N [Ni S ettt (s)uls) - ] (49)

N—o00
t=1 s=1

where ¢, () is as given by (39). Therefore

o0

Ry = 3 [Ro (1)ru(r) +1g,u(r)rh,(—7)] (50)

The generic element (0 < p < p,, 0 < v < p,) of the matrix Ry, becomes,
cf. (36)

o0

(R22)W = Z [(Aubpuyr i+ Tuo (T4 1= 1)) (Audr0 + 7 (T))

T=—00

+ (Aubr 0 + Tuo (T = 1)) (Aud7 00 + Tug (=7 = v))]
= NG + 2 [uo (10— v) + T (1 + )]
+ Z [7"11,0 (7_ +u— V>7nuo (7_) —H”UO(’/" o :LL)TUO(_T o V)]

= A28, 4+ 20, [rug (i — ) + 1+ )] + B2, + 8L, (51

10



where

2(,—1 2(,—1
(4):E0(q ) C*(q™) )
=€ | Tgrayete + 0] [T Y
The block Ro3 can be written as
R23 = ]\;lilcl)o NE[f‘u — ru][f'yu — I'yu]T
= Jlim N [ ZZ% (g (s)y(s) — rurgu] (53)
t=1 s=1

where ¢, () is as given by (39) and ¢, (t) is defined in (45). Using Assumptions
AS and A6, and proceeding as in Section 4 one obtains

oo

Ros = 3[R, (1) + 14, ()0 (=7)] (54)

T=—00

A generic element (0 < p < p,, p1 < v < po) of the matrix Rog can be written
as

o0

(R23)W = Z [ru(T — 4+ V)ryu(=7) + ryu(=7 + p)ru(T +v)] (55)

T=—00

Invoking Lemma 4.1 and defining

6 _g|Bl) ) (¢
o =F [A<q1> g ) (”’”] [D%ql)

()] (56)
we can write
(Ra3),, = Aulryu(v —p) +ryu(v + p)]
b3 Faalr — 4 917 Fru(— + g )

T=—00

= A [rgu(v — ) + 1y (v + )] + 85, + 85, (57)

Finally, the block R33 can be written as

Ry = ]}l_r)noo NE[fyy — ryu] [Fyu — ryu]”
1 N N
— 1 T
= lim N =533 0 yBen()y(s) —rury, | (58)

t=1 s=1

11



where ¢, , (1) is as given by (45). Proceeding as before one obtains

o0

Ry = > [Rwyu(ﬂry(ﬂ +Tg,,y(T)Tg, 4 (=T) (59)

T=—00

compare (25). A generic element (p; < i < po, p1 < v < po) of the matrix Rgs
can be written as

oo

(R33)W = Z [ru(T — 4 v)ry(7) + ruy (T — p)ryu(T + )]

T=—00

= Ay Aubup + Auryo (B — V) + Ayru, (v — 1)

+ D Iruo(T = )y (1) + 1y (7 = )y (T + )] (60)

T=—00

Invoking Lemma 4.1 and defining

© 'B(q‘1)02(q‘1)6 ((1‘1)02(q‘1)6
o= B A o (“’”] [A<q1> D% ) (”]
(61)
@© _ g[B ) C*(g 1)
= S et | ] ©

we can write

(R33)m/ = )\y)\u(su,u + )‘uryo (:u - V) + )‘yTUO (V - /vb) + B(—ﬁg—l—u + ’Y/(ﬁzu (63)

7 Extensions

The results of Sections 5 and 6 can be somewhat extended.

e First consider the relaxation of Assumption A4 on the measurement noise,
y(t) and () to be white. If these noise sequences instead are autocorre-
lated, and modelled as ARMA processes, but independent of the noise-free
input, one can proceed much along the lines already used. The difference
would be that sums such as (26), will now contain more terms. Writing

y(t) = yo(t) +9(t) (64)

the proper expression for such sums change from

o0 o0

Z ry(T)ry (T + k) = Z [(7yo(T) + )\357,0) (ryo(T + k) + )‘Z(ST-HC,O)]
T=—00 T=—00 65)

12



to the more general result

Yo My k) = Y [y (7) + (1) (ryo (7 + k) + (7 + k)]
- - (66)
The different resulting sums can then be evaluated using Lemma 4.1, as

before.

e Another extension is to relax Assumption A5 of Gaussian distributions.
This assumption was the key to derive the important relation (22. In what
follows we will instead use the fact that the signals depend linearly on noise
sources.

We consider a generic element of the matrix block R; in the nonGaussian
case. Then it holds

(Ri1)w = lim N ]\1,2227; wy(s)y(s —v) —r,(p)ry(v)| (©67)

t=1 s=1

Write the output signal as a weighted sum of a white noise source as

= hie(t — i) (68)
=0

where e(t) is a white noise, of zero mean, and not necessarily Gaussian distibuted.
Set further

2 =Ee*(t), p=Ee'(t) (69)

For future use, introduce the convention that h; = 0 for « < 0. This implies that

we can let the sum in (68) start at i = —oo. In the Gaussian case it holds ;1 = 3\*.
Now using (67) and (68)

(Rip)w = lim [ EZZZZZZ’M Dhje(t = = j)
Xhie(s — k)hee(s —v — L) — Nry(p)ry(v)
) 1
X Ele(t —i)e(t — p—jle(s — k)s(s —v —1)]

- NTy(M)Ty(V)] (70)

13



Next consider the expectation of the product of the noise values at four time in-
stants. As e(t) has zero mean, the contribution can only be nonzero if the time
arguments are either pairwise equal or all equal. Utilizing this principle, we have

Ele(t —i)e(t —p—jle(s — k)s(s — v —0)]
= )\4(5t7i,tﬁufj5sfk,sfufl + )\45t7i,57k5t7u7j,571/71 + )\46t7i,sfufl(ssfk,t7ufj
+(:u - 3)‘4)5t—i,t—u—j5s—k,s—u—65t—i,s—k (71)

Therefore we have

%Egzzzg;mea—z‘)hjeu—u—j)

X hie(s — k)he(s —v — 1)
_ % <Z 3 hu_jh,jv> (Z 3 h,,+gh,4)\2>
t i s l
+% Z Z Z Z [htferkhtfsfquVJrlhkhf)‘ll
t s k l

+hi—stvrehe—sqprnln he)\4]

! % D000 > Mmsrvsthuesimphuihe(n = 30 (72)
t s k ¢

The first term in (72) matches precisely the last term in (70). The second and third
terms in (72) gives precisely the total contribution in the Gaussian case, as detailed
in Section 5, see (36). In the non-Gaussian case we have thus one additional term
that can be written as, cf (24),

N

, 1
(RﬁG)uv = lim (p— 3)\4)N Z (N = |7]) Zhr+u+£h7+u+é—uhu+eh4
¢

N—o00
T=—N

= (M_3)\4) Z Zh7+u+éh7+u+£—uhu+éhé

T=—00 £

= (M - 3)\4) Z b tohe Z h7+u+£h7+u+€—u

T=—00

14
= (0 =3X) Y husehe ) hihiy
4 k

ry () ry (1)
— (M_ 3)\4) y)\2 y)\2
p— 3\

= ) (73)

14



The result (73) can be generalized for the whole matrix R. Assuming that in
the input model (14),

Ee(t) =0, Ee*(t) = 0, Ee*(t)=pu (74)

the expressions for R will, when e(t) is nonGaussian distributed, have an addi-

tional term .
_ k- 30% o

RN¢ —IT (75)

g

8 Numerical illustration

We now illustrate the derived results in some simple examples.

Example 8.1. In a first example, we illustrate R numerically. We considered a
system with the parameters

Alg")=1-08¢"", B(g7')=20¢", Clg")=1,D(¢ ") =1,
Ay=1 A =2 A =1, (76)
Dy =3,Dy=2,p1=—2,p2=4

Compared to the case treated in Sections 5 - 6, the elements 7,(0) and r,(0) were
omitted.

We run M = 1000 Monte-Carlo simulations, each of length N = 1000. The
matrix R was computed according to the expressions derived in Sections 5 - 6.
Denoting the estimated r vector in realization j by t;, we also computed an esti-
mated covariance matrix as

M
R=—> (5-x)(-1) (77)
j=1
The diagonal elements of the matrices R and R are compared below. There are in
total p, + p, — p1 + p2 + 1 = 12 diagonal elements.

15



k 1073Rk,k 1073]?:\{']6,]{}
1 1.1178 1.1359
2 1.0274 1.0459
3 09331 0.9331
4 0.0090 0.0089
5 0.0090 0.0088
6 0.0363 0.0334
7 0.0363 0.0341
8 0.0363 0.0345
9 0.0403 0.0391

10 0.0440 0.0431
11 0.0445 0.0425
12 0.0437 0.0428

The two matrices coincide well, with some small deviations due to both /N and M

being finite.

O

We proceed with a few more examples. In these 6 will be the least squares
estimate, and it is certainly easy to derive the covariance matrix of @ directly, [10].
We rather choose to illustrate that the formalism given by (10) leads to the same

result.

Example 8.2. Consider a first order autoregressive model
y(t) +ay(t — 1) = eo(t), Eeg(t) =AN*
The least square estimate of a is

(1)

a=—=
74(0)
It is well known that the asympotic normalized variance of the estimate is
lim NE(a—a)® = \? L e
N—00 Ty (O)

Using the formalism of this report, we have in this example

Hence,

(78)

(79)

(80)

(81)

(82)



Following (36) we have

260 26
R = 83
( 26, Bo+ o > ®9
The 3 coefficients, cf (35), are given by
A2 A2
=E|—e(t+ k)| | m———el(t 84
b= & [t )] [ ) Y
and can be found to be
14+a* ,
=\ 85
—2a
=——\ 86
a’(3 —a?) 4
= — 87
b =0 ey (87)
Applying (10) leads to
. . 2 (1—a*)? A
g NE(@—a) = == (e 1) 5= ap
o2t 2a? —4a a
—4a 1+ 4a® —a* 1
= 7= [2a°(1 4+ @®) + (1 + 4a® — a*) — 8a®]
1
= el =1-a (88)
—a
which coincides with the previous finding, (80). 0
Example 8.3. Consider the system
y(t) = byu(t — 1) + bou(t — 2) + eo(t) (89)

where e4(t) is white noise of variance \?. The least squares estimate of the pa-

rameters is

o— (1) = (0 ) ()
S e
72(0) — 72(1) \ —7u(1)7yu(1)



Using standard theory, [10], the asymptotic normalized covariance matrix of 0 is

found to be 22 (0) W
CZ@@—@@(—%m m%>> =

In this example we have obviously

(92)

T Tyu(1)

Tyuy(2)

The Jacobian f; is found by straightforward differentiation:

[rQ(O)—rQ(l)Pfr:(r2(0)—r2(1))(:Zzgg :Zzg; _7“;5((?) 7"(8))

_ 70 (0)7ry (1) — 7o (1)7yu(2) . oy
(oot ) (@ —2ny 0 0) 09
As it holds

Tyu(1) = 017y (0) 4+ bory (1),  74u(2) = biry(1) 4 bory,(0) (94)

one gets after some simplifications and calculations

(ra(0) = ru(1) £

_ ( =017 (0) + bory (1) byry (1) — bary (0) 7, (0)  —ry(1) >
biry(1) — bory,(0)  —byry(0) + bory (1) —ry(1)  r,(0)

B ~b —by 10 by b 0 —1
- ru(0)<_b2 b o 1)+ru(1)<b1 b -1 0 ) 95)

To proceed, we need to determine the matrix R. It holds in this example

2600 24" 26;” 265

R | 28 A +p R B + 65
26 67+ 57 Nr(0) + 5+ B+l
207 87 +87 A+ N0+ 57+

(96)

18



The next step is to evaluate the different components of the matrix elements. Us-
ing the definitions, we find (below we drop in all the relations a common factor
r,(0) for convenience)

B = ru(0), 8" =r.(1), =ru<2>
B = E[(big + bag 2)ut+k] )] = byry(k — 1) + bory (k — 2)
B8 = biry (1) + bary(2)
B = bir,(0) + bary(1)
B = bira(1) + bary (0)
B = biry(2) + bory(1)
5;&6) = E[(blq + baq?) t+k)] [bqul—i‘qufQ) (t)]
= by (k) 4 bory (k) + bibory(k + 1) 4 bybory (k — 1)
B = (B} + 03)ru(0) + 2b1bory (1)
B = (B + 03)ru(1) + babory(0) + bibar (2)
W = E (g + bag D) ?ul(t + k)] [u(t)]
= D2ry(k — 2) 4 2b1byry (k — 3) + b2ry(k — 4)
756) = bir,(0) + 2b1bor, (1) + 37, (2)
fyz(f) = b2r,(1) + 2b1bor, (0) + b3y (1)
A = B2r,(2) 4 2b1bory (1) 4 b2r, (0)

We next find that the matrix R can be written as

0 0 0 0

S B
R="21 00 rn0) ra(1)
0 0 ru(1) 7,0)

by
by
1
0
—|—27"12L(O> bl (1 0 b1 bg)
by
0 1
10 0 1\/0 1 b b
+2ru(Dr(0) |y (1 o><1 0 b b2> 7
by bo



When multiplying R from the left by f,., it turns out that all terms except the first
in (97) cancel. Hence,

0
f.Rf = Nf, 8
0

o O OO

() e e

which is the same result as obtained before, (91). [
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