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MODERN EMPIRICAL STATISTICAL SPECTRAL ANALYSIS

Emanuel Parzen

Institute of Statistics
Texas A & M University

INTRODUCTION*

This paper has two aims: (1) to provide perspectives on the
diverse paths of analysis which are available in 1980 to estimate
the spectrum of an observed time series; and (2) to describe pro-
posals for optimal statistical spectral estimation procedures
which combine autoregressive spectral estimators and log spectral
estimators. It is proposed that empirical statistical spectral
analysis should be an adaptive procedure for forming an iterative
spectral estimator (an iterative estimator is one composed of
estimators obtained in different steps of the analysis). There
are three parts: I. Basic concepts of time series spectral
analysis; 1II. Entropy distances, autoregressive spectral esti-
mators and log spectral estimators; III. An outline of empirical
spectral analysis ,

I. BASIC CONCEPTS OF TIME SERIES SPECTRAL ANALYSIS

By spectral analysis of a time series Y(t) one means fitting
to the time series a spectral representation of the form

Y() = [e2"r gy

*This research was supported by the Office of Naval Research
(Contract N00014-78-C-0599).
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I Spectral analysis has as its aim the determination of the proper-
' ties of the function Y(2) . Model identification is concerned
with determining the qualitative properties of Y¥()) , and para-
meter estimation is concerned with determining the quantitative
properties of ¥()) . This chapter defines some basic concepts

of spectral representations of time series.

1. DISCRETE PARAMETER AND CONTINUOUS PARAMETER TIME SERIES

- The theory of time series analysis discusses separately dis-
crete parameter time series {Y(t), t =0, +1, ...} and continu-
ous parameter time series { Y(t), =-» < t < =} . This paper dis-
cusses only discrete parameter time series. The range of the
frequency variable A is taken to be -0.5 to 0.5 in the discrete
parameter case, and - to «» in the continuous parameter case. In
many scientific fields, a discrete parameter series Y(n) arises

] by observing a continuous parameter time series Z(t) at equi-

2 spaced times t = nD , so that Y(n) = Z(nD) . One calls D the

sampling interval. We assume a spectral representation

z(v) = | e2mitw ¥, (w) dw
Then

; Y(n) = z(aD) = [ e2"inDY ¥, (W) du

; -0
3 1
F Let A = Do, Then

® A

s Y(n) = f eZninA %'wz(ﬁ) a

Write the integral from -~ to = as the sum of integrals over the
intervals k - 0.5, k + 0.5 for k = 0, + 1, ...; the latter inte-

gral
. k+0.5 0.
o 2nin) 1 A 2rind' 1 A4k
f e Sy, () dr = e Sy, (=) dx' .
k-0.5 D "z’D -0.5 L
Samp!ing Theorem: Y(n) has the spectral representation
0.5
Y(n) = | g2mink b ) dr
-0.5




A+k

1 2]
by = o kj_m ¥y ()

Further, if Z(t) is bandlimited, in the sense that wz(w) =0 for

w| >5sn , then
Jul > 55

by =39, b, =D ey .

Using these formulas one can rewrite the formulas one obtains
for the spectrum of Y(t) , t =0, +1, ... as formulas involving
the spectrum of the sampled time series Z(t), -= < t < o ,

2. SOME TIME SERIES MODEL TYPES

Observed discrete parameter time series often may be regarded
as sums of different types of functions.

Pure harmonics of period p > 2 are functions
Y(t) = A cos %}t + B sin %} t

for which ¥(A) is a function of bounded variation which changes
only in jumps; Y(A+0) - ¥(A-0) = 0 for all A in 0 < X < 0.5
except A = % .

Transients are square summable functions, Z Yz(t) <o

Then Y(A) has a derivative ¢()) = ¥'()) satisfying

[+

[e0]

-2mitA

b = T Y e ,
t==oc
. 0.5
Ye) = [ 2™y an
-0.5

An important example of a transient time series Y(t) is a spike
which is non-zero at only one time to; then

-2nitoA
Y(A) = Y(to) e

and |w(x)|2 = constant for all ) .




The non-deterministic component of a time series is often
assumed to be a covariance stationary time series Y(t) with zero
mean and covariance functiIon G_n the notation of Parzen (1962))

R(v) = E[Y(t) Y(t+v)] , v =0, +1, ... .

The correlation function is

R(v)

p(v) = R(0) = Correlation [Y(t) , Y(t+v)] .

We divide stationary time series into three types, (1) white
noise, (2) short memory, or (3) long memory, whose definitions

are given in the next section.
A pure harmonic of period p obeys the difference equation
Y(t) - 4¥(t-1) + ¥Y(t-2) = O

where ¢ = 2 cos 2 . Consequently if a time series Y(t) is the

sum of harmonics and a stationary time series a useful way to
identify a model for the time series Y(t) is to introduce a
transformed time series

Y(t) = Y(t) - $¥(t-1) + Y(t-2)

and to model Y(t) as a stationary time series. The final model
fitted to the time series Y(t) is called an iterated model
when it has the form

Y(t) > Y(t) — —» e(t) white noise .

To estimate the spectrum of a time series, one must identify
the qualitative model types of which the time series is composed
before one can estimate quantitatively their properties. It may
be wisest to carry out in parallel several of the approaches to
time series computations described in Chapter III. I express
this point of view in a motto: "If one can think of two or more
ways of solving the problem, one should solve it in two or more
ways."

3. STATTIONARY TIME SERIES MODEL TYPES

A stationary time serics Y(t) has a spectral representation
in terms of a stochastic integrand ¥()) satisfying




Eldr () |2 = R(0) £(A) dr = R(0) dF())

where £(2) and F()) are spectral density and spectral distribution
functions, respectively, whose definitions are given in this
section.
White noise, or a no memory time series, is a time series
of independent random variables; it satisfies z |R(v)| =0 .
v>0

To introduce the notion of a time series of short memory
type, we consider a stationary time series Y(t) and assume that

@

X |[R(v)| < » . We define the power spectrum of the time series

-0

to be
sy = J e ™MW Ry, -0.5 <A < 0.5 ;
V=_oo
it satisfies
0.5
R(v) = 2™V sy dx , v = 0, +1, .
-9.5

We define the spectral density of the time series by

£(0) z e—Z‘NiV)\

p(v) , -0.5 < X <0.5;

v=-om

It provides a spectral representation of the correlation function,

0.5
o(v) = [
-0.5

2M™VA f ar , v=0, £1, ... .

To define the spectrum of a statlonary time sceries whose
correlation function p(v) is not summable define, for any T > 0,

T oy s
fT(A) - % X e—2n1AJ eZNiAk 0 (j=k) ;
k

it is a non-negative function by the non-negative definite pro-
perty of p(v) . One can write




£.00) = e 2mihv (l-l%l)o(V) ,
v|<T

0.5 .
-y = g ™AV £ () @
T -0.5 T

When p (v) is summable, fT(k) — f(}) > 0 . Otherwise, n(v) is

the limit (as T — ®) of Fourier transforms of non-nepative func-

tions, and therefore there exists a spectral distribution function P
F(}) , -0.5 < A < 0.5 such that 'W

0.5

p(v) = [
-0.5

2™V 4rony i

A
and Fo(3) = f-o 5 £.(w) du = FO)

An important diagnostic tool of the type of a stationary
time series is its spectral log range, defined by

SPLR = 1lim log max fT(X) - log min fT(A)
T~y A A

The memory type of a stationary time series is classified
according to the behavior of its spectral log range:

NO MEMORY SHORT MEMORY LONG MEMORY

SPLR = 0 0 < SPLR < = SPLR = =

A stationary time series has short memory if ) lo(w)] < =
v=—oo
and the spectral density f(A) # O for any A ; then there exist
positive constants C, and C, such that 0 < C, < f(}) < C, <=

for all . For a short memory series, f()\), f_l(k) , and log
f(2) are all integrable over the interval -0.5 < A < 0.5 .
4, STATIONARY FILTER THEOREM

The interpretation of the power spectrum comes from the
following important theorem.

Filter Theorem. 1f Y(*) is stationary with spectral density




b fY(A) , and

1

Z2(t) = ) b(t-s) Y(s) = ) b(s) Y(t-8)

S==0m g§=—®

o an

where X bz(s) <w  B(A) = X b(s) e

g==00 S=-00

2uixs

then Z2(-) is stationary with spectral density and covariance
- function given by

2 By (©

R ) °

£,00 = £,00 [BO)|?

Rz(v)

]

) Rb(S) RY(V+S)

=00
oo

defining Rb(v) = ) b(k) blk+v)
k==

5. WHITENING FILTERS

Another major aim of time series analysis is to obtain
whitening filter representations of Y(t) , t = 0, + 1,
of the form

P q
) a¥(e=3) = ) b (t-k) 1
j=o0 J k=0 i

where {n(t) , t =0, +1, ...} 1is a time series of "simple"
structure; in particular n(t) might be white noise or a series

of impulses. Whitening filter analysis has its aim the deter-
mination of the parameters p,q, a,, a1y wees 3, b., by,...,b , and
series n(t) , especially its specgral represenEation ]

s 0.5
n(t) = [ e2™itA de(A)
-0.5
} The whitening filter is called: an autoregressive, or

AR, filter if q = 0 ; a moving average, or MA, filter if p = 0 ; :
and an autoregressive moving average, or ARMA, filter if p and q ' 4




are both non-zero. The most frequently used filters are AR
filters.

From a whitening fllter representation of Y(t) one may infer
properties of its spectral representation; define

)

- 1 s . .
g (eZW1A) . a.e-2n1JX e2111)\ o 2n1ikA

bk s

0

i ™~1.0

] , h ( ) =
P 550 3 q 5

called respectively the AR and MA transfer function, Then

0.5

i o
f e ﬂltAg (e NlA)dWY(A) - f
-0.5 P -0.5

0.5 2mit ) 21iA
e h (e

q( )de(A)

; ' Consequently (for all AO)
A )

0 g (eZHlA)dWY(A) - f 0 ho(
-0.5 P -0.5 ¢

eZniX)de(A)

Knowing gp, hq’ and Wn, one can solve for WY .

When n(°*) is a stationary time series we define the spectral

‘ density of Y(-) by the filter theorem:

|ﬁg£?2“ix)|2 I
fY(X) = fn(A) eZWiA)IZ On

gp(

=2 " "
{ where On is a "measure'" of Rn(o)/RY(O) , such as
T ) (—)2 - an(t)
n Y2 (t)

The whitening filter is written symbolically in terms of
the lag operator L defined by LY(t) = Y(t-1) . Then

s g (L)
i 8, (LY(E) = b (L) n(e) , n(0) = gP 5o

_R( ;
h (L
q

6. BASIC SAMPLE STATISTICS

To form estimators of parameters, such as R(v) and f(Y),
we can either scek estimators which are optimal according to an

e p——
Y aa i o




estimation criterion such as maximum likelihood or we can form

estimators which seem "natural" and determine their asymptotic
optimality properties. A natural estimator of R(v) = E[Y(t)Y(t+v)]
from a sample {Y(t), t =1, ..., T} is

R(v) =

=

T-v
1Y(t) Y(t+v)
t=1

called the sample covariance function. Note that we divide by
T rather than by T-v in order to obtain a function R(v) which
is positive~definite

n ~
j,E:l CjCkR(J—k) > 0 for all n, Cys evey © v

Then p{(v) is estimated by

T~v
. Y Y(t) Y( thv)
~ _ R(v) _ t=1
O(V) = ﬁ'(o) = .-[‘\ 5 )
YooYt
t=1 ;

called the sample correlation function. These functlions possess
spectral representations

o 0.5 2midv g
R(v) = e“™Y sy ar
-0.5
0.5 N
: b = [ 2V Ry an
b -0.5
in terms of
»
- 1]t ~2mitA|2
- SO = 3 ‘ Lo e l ,
t..




.,

=10~

It should be noted that these functions provide a gencralized
harmonic analysis of Y(-) in the sense of Wiener (1930).

We call S(A) the sample power spectrum and f(') the sample
spectral density. They are natural estimators of S(3) and f(})
respectively, but they are very wiggly functiois and lack most
of the properties of optimal estimators. Thus arises the need

for a sophisticated theory of statistical spectral analysis.

One reason for using 0(v) and f(})) as basic diagnostic
statistics for observed time series is that they possess fast
computation algorithms, using the Fast Fourier transform. Given R |
a sample {Y(t), t = 1, ..., T} one proceeds as follows. '

A. Pre-processing. To analyze a time series sample Y(t), t =1,
..., T , one will proceed in stages which often involve the sub-
traction of or elimination of strong effects in order to see more
clearly weaker patterns in the time series structure.

The aim of pre-processing is to transform Y(:) to a new
time series Y(-) which is short memory (a zero mean stationary
time series whose spectral density has finite log range). The
basic pre-processing operations are memory less transformation
(such as square root and logarithm), detrending, "high pass"
filtering, and differencing. One usually subtracts out the sample

T
mean Y = % X Y(t) ; then the time series actually processed
t=1

is Y(t) - Y . If the mean Y is a large number, it should be sub-
tracted; the variations in Y(t) are then the variations of Y(t)
about its mean. The sample mean Y and sample variance R(0) should
always be recorded.

B. Sample Fourier Transform by Data Windowing, Extending with
Zeroes, and Fast Fourier Transform. The first step in a compre-
hensive analysis of a pre-processed time series sample should
always be the computation of the sample Fourier transform

YAy =
t

Y(t) exp (-2miit)
1

>~

at an equi-spaced grid of frequencies in 0 < A < 1 , of the form
A= g—, k=0, ..., Q-1 . We call Q the spectral computation

number. One should always choose Q > T , and we recommend Q > 2T.

Prior to computing &(X) , one should extend the length of
the time series by adding zeroes to it. Then $I(}) , X = q°




-
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can be computed using the Fast Fourier transform.
In addition, one should compute a sample '"data windowed" j
Fourier transform
~ T ¢
Uy (D) = 1 YWD exp(-2mike)
t=1

To understand the effect of the window, one replaces Y(t) by its
spectral representation

0.5

Y(t) = | exp (2mi)'t) d¥Y(X') ;
-0.5 i
) 0.5 |
then v, = f wp(A-A") d¥(X) i
-0.5 |
T a

where w..(A) = ) W) exp(-2miit)
T t=1 T |

Considerations involved in the choice of data windows are dis-
cussed in Harris (1978)

c. Sample Spectral Density. The sample spectral density E(X)
is obtained essentially by squaring and normalizing the sample
Fourier transform;

fFQA) =

|

(ljl',%)l') — A_—l(§9k=091:'°"q’1'
L1
k=0

Ol

It is a function with period 1, whose domain is taken to be
-0.5 < X < 0.5 (or 0 < X < 1), which integrates to 1 and provides
a spectral representation of p(v).

Db. Sample Correlation Function. The sample correlation function
4]

(v) is computed (using the Fast Fourier Transform) by

1
Q

which holds for 0 < v < Q-T ,

k,

E)(V) = Q ’

Q-1 kK .~
) exp(2mizv) f(
k=0 Q




3
5
)
3

-12-

E.  Sample Spectral Distribution Function.

. A
F(A) =2 [ £(A') d\' , 0< A <0.5;
0

the graph of ?(X) provides qualitative diagnostics of the time
series model type.

The foregoing basic statistics are the building blocks of
the smooth spectral estimators whose theory is discussed in the
rest of this paper.

II. ENTROPY DISTANCES, AUTOREGRESSIVE SPECTRAL ESTIMATORS, AND
LOG SPECTRAL ESTIMATORS

The theory of statistical spectral analysis in 1980 should
be based, in my opinion, on the role in statistical inference of
entropy and information numbers. The crcdit for emphasizing
this perspective should be given to the two pioneering develop-
ments of MEM (maximum entropy method) of Burg (1967) and AIC
(information criterion) of Akaike (1974).

Given a sample Y(t), t =1, 2, ..., T of a discrete para-
meter time series Y(t), t = 0,+ 1, ..., the general problem of
statistical inference is to infer the probability distribution
of the ubserved random variables. A probability model whose
goodness of fit to the data is an ever-present hypothesis is
that Y(t), t = 0, + 1, ... is a zero mean Gaussian stationary
time series with covariance function R(v) = E{Y(t) Y(t+v)] ,
v=20,+, ..., and correlation function p(v) = R(v)/R(0)

When discussing statistical inference, it is usual to assume that
the process is ergodic which requires us to make an assumption
such as R(v) is absolutely summable: XlR(v)| < o , The power
spectrum S(}) and spectral density function f(A) are defined (in
Section 1.3) as the Fourier transforms of R(v) and p(v) respec-
tively.

1. QPPROXIMATE LIKELIHOOD FUNCTION OF STATIONARY GAUSSIAN TIME
ERIES

One approach to forming optimal estimators of statistical
parameters is to obtain a formula for the likelihood or joint
probability density function of Y(1), ..., Y(T), which we denote
by f0 (Y(1), ..., Y(T)) ; the subscript 0 indicates that it is a
function of the unknown parameters 6 , log i{s natural logarithm,
* i{s complex conjugate transpose. Then

~2log f_(Y(1), ..., Y(T)) = log{(2m)T *ol
0 (T)) og{(21) " det KO} + YTKO Y.
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where Y* (Y(1), ..., Y(T)) and Kg = EY Y is a covariance
matrix with (s,t) - element cqual to R (s-?) . The subscript
f on Re(v), Py (v), S (A), and f (X) indicate that they are
functions of unknown parameters 6 (which are to be estimated).

The covariance matrix K is a Toeplitz matrix; asymptotically,
as T tends to ©, all T by T Toeplitz matrices have the same
eigenvectors exp(-2mit j/T) , §j =0, 1, ..., T-1 . The eigen-~
values of K9 are Se(j/T)

We prefer to express the likelihood in terms of f,(j/T)
Therefore,we assume that the time series Y(t) has been divided
by {R(0)}? so that it can be considered to have variance 1, and
its covariance function equals its correlation function. Then
one can show that approximately, for large values of T,

0.5 E
log2m + | {logf ) + (
-0. 9

2 )
-2 log £,(Y(1),...,¥(D) Xy dr

log2m + H(E;fe)

. I 2 . v 2
where £(A) =| ) Y(t) exp-2mi|® 3+ } Y°(v)
t=1 =

is the sample spectral density, and the entropy number H is
defined by

0.5

H(f;g) = f {log g(A) + £(\)

===} dA
-0.5 g(})

2. MINIMUM ENTROPY DISTANCE ESTIMATION

The maximum likelihood estimator 8 is equivalent to the
estimator § minimizing over ©

H(E;E,) = IO'S {log £,(1) + ;i—l } ax
'I'n 0.5 g (

In order to regard H(f;f;) as a measure of "distance" or "fit"
between the data (with representing function f(1)) and the model
(with representing function fj; (X)), we define the entropy
distance
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0.5
1(£38) = | {ég—:—g- - log

-El% - 1}d) = H(f;g) - H(f;f)
-0.5

f
g(X
Since u - log u -1 » 0 for all u, I has two of the properties

of a distance, namely T1(f;g) >0, I(f;f) = 0 . However I does
not satisfy the triangle inequality. Since

I(f;fe) = H(E;fe) - H(f;f) ,

minimizing H(f;f)) with respect to 6 is equivalent to minimizing
I(E;f.). Minimum entropy distance estimators *} are shown to be
consistent (as the sample size T tends to infinity) by showing
that the sequence I(f;f,) converges to zero, where f is the true
spectral density function. If f = f6 for some 00 , then one

0

can infer that the sequence & converges to 60.

3. L., DISTANCES BETWEEN SPECTRAL DENSITIES

2
One can relate entropy distance to the L2 log spectral density
distance
0.5 2
L,L(f,g) = ] {log £(3) - log g(M)1}° da
-0.5

Since u = exp (log u) = 1 + log u + 1/2 (log u)2 , for "neighboring'
f and g, I(f,g) = L(f,g)/2 and minimizing TI(f;f ) could be re-
garded as asymptotically equivalent to minimizing L, L(f;f )

An extensive discussion of these distances is given by Gray, Buzo,
Gray, and Matsuyama (1980).

The notation L,L is chosen to emphasize the distinction
between that distance and the L2 spectral density distance

. 0.5 _ 2
L(E,5) = [ {EO) - £,001° 4
-0.5

This distance has been used for spectral estimation but it seems
not to be justifiable in general.

However in the case of smoothing prewhiten~d sample spectral
densities, when f_()) may be expected to have a small log-range,
L (f,fo) may be a justifiable distance. It then may approximate

2
0.5 f0) - £.(N))2
0
I'°'5{ £, } da
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which is also a useful "distance".

4. MINIMUM DISTANCE FORMULATION OF OPTIMAL ESTIMATION

I1. summary, one approach to forming "optimal" estimators
f()) of the spectral density f(}) of a _stationary time series is
to view f()) as a function closest to f{)) in a "distance" between
spectral density functions, such as

H.(f;f)' = ?(‘)55 log f()\) + f(”}d)\

.2y _ (0.5 [£)) EO)
I(f3f) = 05T log ??XT-{} = H(f; ) - H(E3 D)

L,L(f,f) = f?éss{log E() - log £ dx .

The class of functions from which f(}) is chosen can be specified
or constrained either parametrically or non-parametrically. A
parametric constraint is to choose f()) from a family of functions
f,(1) indexed by a finite number of parameters 6. A non-parametric
constraint is to impose a smoothness measure on f such as the
square integral of second derivatives:

" 0. - "
Sslf (A)l2 dx or f_o?sl(log FEON"| 2

One then seeks to choose f to maximize smoothness while minimizing
a measure of distance of £ from [ .

Nonparametric approaches to spectral estimation may work best
for estimation of the log spectral density using an approach in-
troduced by Wahba (1980). Motivated by the estimation distance

fo {1og £()) - log f(k)} dax + Kfo 5|(log f(k))"|

where K is a penaltv parameter to be determined adaptively by the
data, she considers estimators of the form

-]

log £\ = z w(ﬁ) Y(v) exp (-2niv})

V==

where Y(v), which T call cepstral-correlations, are defined by

Y(v) = 1?6?5 log [(}) exp (2miv}) d) ,

— o

and the weights w(v) are of the form

w(v) = u—li; , r=2o0r4b.
1+v i
We call M the "half-power' lag. Tn Section 7 we discuss how one |

might choose M and r to minimize an estimator of
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J(£,§) = E f?é?s {log f(}) - log t12 ar

assuming log f(A) has finite range and therefore has a represen-
tation

o

log £(A) = )} Y(v) exp (-2miv})

V==

5. PARAMETRIC SPECTRAL ESTIMATORS, BIAS, AND VARIANCE

A spectral density estimator is called parametric if it is
based on a representation of the spectral density as a function
of m parameters 6., ..., 8, which we denote f \)
1 m 61, . em
We call m the order, and it is also often a parameter to be esti-
mated. The problem of model identification, or model approximation,
is to estimate m, and also to estimate which parameters 61, ey Gm
are "significantly" different from zero.
The true_spectral density is denoted by f or f . A best ap-
proximation f = f- 3 can be determined for each order
_l’ cees B
ey em minimizes H(f;f

m where 8 ). An estimator

P 6, _ i
Om minimizes H(f;f0 gens ).
1

1!

of f is f = f6 s D where 61, cees
1 m

The optimal estimator f minimizes R(E) = FI(f f)
When using approximating parametric densities the criterion R(f)
is replaced by an order determining criterion C(m) to determine
the order m of the parametric density. One can write

C(m) = B(m) + V(m,T) , .
where B(m) = I(f_;f) , V(m T) = EI(f;f)

6

’0
m

the parameter estlmatlon “error (or varlance) As m —_
B(m) = 0 and V(m,T) = « . Consequently C(m) has a minimum.
AIC introduced by Akaike (1974) may be regarded as corresponding

to

5 ~ ) - H(f;f) = log 52 - log 02
s seey O
1 m

v(m,T) = 2m/T
Other order determining criteria may be regarded as corresponding
to different formulas for V(m,T):

V(m,T) = (m/T) log log T, Hannan and Quinn (1979);

V(m,T) = (m/T) log T, Schwarz (1978)

CAT(criterion autoregressive transfer function) is an order

B(m) = H(f;f

determining criterion for autoregressive spectral estimators
introduced by Parzen (1974), (1977); one version is

CAT(m) = % j{l 2j-2 - Gm_z , 3;2 - (1-%) 532




-17-

We would like to emphasize that it is also of the general form
B(m) + V(m,T) , defining

m
B(m) = _”;2 + a2t Vim,) =% §oeTt .

j=1

AUTOREGRESSIVE SPECTRAL ESTIMATORS

The most convenient parametric estimators are autoregressive
spectral estimators of the form

=2nix =2niim -2
e 1”2 .
m

. £ () = 02|1 + o + ... +aq

6,m 1€
2

The parameters are ¢ , 0., ..., 0 as well as the order m. The

subscript 8,m is merely Symbolic %o indicaie that f(X) is a

function of m parameters (in addition to o7) .
Estimators of these parameters can be found by solving "normal

equations"
m -~ ~
) o KRG, =0, j=1,...,m ;
k=0

~13

4, R(0,k) = @
k=0 ¥ m

where i(j,k) is an estimator of Kk{(j,k) = E[Y(t-j) Y(t-k)] . The

normal equations are called stationary if ﬁ(j,k) is chosen to be
a function of (j-k)

Stationary estimators @ys «ees O mAy be found by minimizing
1e-2"iA +...+ a

Zrooar

~ 0.5 -2nim)
J(al,...,am) = I-O.S |1 + a n rim l

Since H(f;fe) = log 02 + 12 j(al, N am) .
! 1 ~2m1A
R yinggxezused the important fact that f logll + q e +...
+a e |“dx = 0 under the assumption that the characteristic
pol?nomial g(z) =1+a,z+ ... +0a z™ has all its roots in the
complex z-plane outside the unit circle.

Differentiating H(f;fe) with respect to o2 one obtains

A2 -~ N

a” = J(ul, ey nm)

. The problem of minimizing J(4,, ..., ) can be viewed as a

problem of projection in the Hilbert space of functions on the
unit circle with the inner product

0.5 2ni)
(gl,gz)i = f—o.s gy (™) {gy(
! J(& s cees &m) is the norm snuared of ths best approximation of 1
by a linear combination of e“” s sesy € mimA . The coefficients

*
e2niA }

Y} £(A) dA .
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A, ..., a_ are determined by the condition that g (z) = 1 + a,z
1 ~m_m O 2miA . om 1
+ ...+ a2z, z=e¢ , 1is orthogonal to zJ, j =1, ..., m.

Thus
_ (0.5 - 2midx,  ~2nidj :
0 = I-O.S gm(e ) e £(1) dA
m ~
5 kp(k-_]) , j=1, ..., m, where ay = 1.
k=0

These are the celebrated sample Yule-Walker equations, 'or Toeplitz
normal equations for the autoregressive coefficients. The estimator
of 02 is 52 , called the residual variance or prediction error

variance, given by

m
= (Lgy, = ) o pik)
f k=0
It cannot be too strongly emphasized that there are several
ways to form estimators of parameters to form an autoregressive

spectral density

£ (L) = 62|1 + q e2n1k + ... +ne
m m m

Zﬂilml—z
1

Various approaches are outlined in section 9. When the coefficients
are computed by the Yule-Walker equations f_1is called the Yule-
Walker autoregressive spectral estimator, and it satisfies

.2y _ (0.5 5 £()) _ ~2
H(f,fm) = _0.5{103 fm(X) + ?;kA)} dx = log o_

since ]?655 log fm(A) dx = log Ai ,

0.5 £(N) Coa2p0a g2 _ 1 s
IOS? oy 9 = oqllegl T2 (l'gm)f'l
m

Akaike's AIC (to be minimized to determine significant
orders m) is

AIC(m) = B(m) + V(m,T) = H(f;fm) + %? = log o ‘2 + %? .

An important consequence of our derivation is Lhat one can
evaluate a similar criterion for other ways of computing an auto-
regressive spectral estimator fm(k) H

*2
0.5 W . _m
f -0.5 F (X) dA vm ¢ , usually)
*2 0.5 A 2WiX ~  2midm;2;
defining SR f—O 5 1 + ae +ootae [“E(x) d

Consequently an order determining criterion could be
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2w nt 2 2
m m ~ m
H(f,fm) + T —g§—+ log Gm + T °
m

if the criterion one uses for the match of model to data is one
based on the spectral matching of f to f (although f is estimated
using non-stationary autoregressive models).

7. LOG SPECTRAL SMOOTHING AND CEPSTRAL CORRELATIONS

The problem of estimation of the spectral density of a time
series Y(:) can be regarded in theory as determining a smooth
function £ (}) which optlmally fits a sample spectral density
f (2) . Noto that to compute f, (1) one may have used a data
window). We believe that the best fit is often obtained by an
iterated spectral estimator which uses an autoregressive estimator

to match the large scale excursions of f_,(}) , and then uses log

spectral smoothing to match the smaller excursions. The autore-

gressive filter often has the effect of reducing the log-range of
the spectrum, without following fine structure which is present.

The fine structure which is left in the residual process is esti-
mated by the log spectral smoothing estimator.

For long memory time series, the iterated spectral estimator
combines (1) an order 1 or 2 autoregression to transform to a
short memory time series, (2) an autoregression to prewhiten,

(3) log-spectral smoothing.

Autoregressive spectral estimation phase. Using an order
determining criterion, and either stationary or non-stationary
estimators of coefficients, one determines an autoregressive fil-
ter gm(L) , autoregressive residual variance 8; , and autoregressive
spectral density estimator

2 s 2miN =2
f 09 a Igm(e )| .
The residual time series Y(t) is defined by _
¥(t) = ém(L) Y(t) . A

Autoregressive spectral estimators are superior to other spectral
estimators when the length of the observed segment of a time
series is short compared to the (long) memory of the correlation
function of the time serfes.

If Y were regarded as white noise, one would regard f )
as the estimated spectral density of the time series. To compen-
sate for the fact that Y may not be white noise, and to ease the
burden of requiring Y(t) to be white noise, we estimate its spectral
density

Residual log spectral estimation phase. Between the sample

spectral densities of Y(t) and Y(t) there exists a basic relation:
< *_
fY(A) =0

2 2mix, 2 ;
g, (e” "7 £, 0
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where %2 0.5 ~ , 2uiA\ |2 ;
o = f—O.S lgm(e ) | fY(A) dx .
This relation can bg written:
*2 £,(0)
B0 = Y
2 [ 3NEY)
o m
m
~2

log Eg(x) log * - log fm(k) + log EY(X)

2
m

Assuming that f (}) has been prewhltened" in the sense of
having moderate log range, we smooth log f3(A) to form an estimator
{log £5(A)}" . Then as a final estimator of the true log spectral
density f(1) we take, up to a normalizing constant,

{log fY(A)}A = {log fq(k)}A + log ?m(k)

To smooth a log spectral density, compute cepstral correlations

1 &L k -k
Y(v) = 3 kZO exp (-2mive) log £y @)
for v=0,1, ..., T. Define, following Wahba (1980),
{log £5(0)}" = .57721 + exp (21ivd) Y(v) 1 o
«T 1+ (v/M)

where r is an iateger > 2 ; usually one takes r = 4 orr=2,
and M is a real number chosen in practice to be an integer satis-

fying 2 <M < 12 . One calls M the half power point of the estimate.

To introduce a criterion for the choice of M, define g(})

= log f5(3) , g(2) = log f§(l) , Y(V) = I—O.S exp (2miiv)g(A)dx,
éM(X) = {log f;()\)} " defined above. A measure of the goodness of
an estimator is

R, = E [3]g,(0) - g |%ar = & { E(g, ¢ - g’
j—

Following Wahba (1980), to minimize RM one minimizes RM = B(M)
+ V(M,T) , defining
1 2 4 2
B == ] e PV a+ it
M |v]<T/2
2 2r.~1

VIM,T) = = — &f u”) T du .
One evalues iM for various values of M (and r); one chooses for
these parameters the values minimizing R, . The iterated spectral

estimator is data adaptive, since the parameters m and M required
to compute the estimator are chosen adaptively through order-deter-
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mining (or model selection) criteria.

8. MAXIMUM ENTROPY SPLECTRAL ESTIMATION

To discuss the philosophical basis of the
method of spectral estimation introduced by Burg (1967), we
need to discuss further the role of information numbers in statis-
tics. To a sample {Y(t) , t =1, ..., T} there is a true pro-
bability density f(Y(1), ..., Y(T)) ; we denote by {_(¥Y(1),...,Y(T))
a probability density function which is a function o? parameters
and which represents a model for the true probability density.
A measure of the discrepancy between f and f; is the Kullback-
Liebler information number or directed divergence

I.[.(f;fo)

1 . f

T h[ {log ‘f‘]

0
f(yl,...,yT)

1 0
towr e L0y logrr T

dyl...dyT .

Pinsker (1963) shows that in the limit as T —

ey L 0 fEQD o £()
21, (£3£,) = I‘O'S{}e(x) 1 - log fe(xi} dx

H(f;fe) - H(f;f)

1]

We can distinguish two ways to use this formula, (1) a stat-
istical or data analysis approach, and (2) a probability approach.
A data analysis approach to parameter estimation is to use a raw
estimator f of f (which, while a wiggly estimator of f, is satis-
factory when only used as an integrand) to form an estimator
L (E5£) of 1.(£3£,)

In contrast to the data based approach which minimizes H(E;E)
over 0, is the probability approach which maximizes H(f;f) over
all functions f satisfying a set of constraints

0.5 ~
2675 JNCORICH L R R P

for specified functions ¢,()) . An example of a set of constraints
is to require the first m)correlations of f£()) to equal sample
correlations n(j)

f?éss 2" foy = h(3) . G =0, 41, oo, tm.

Since  H(£36) = [O0°. {1+ log £} &) ,

the optimal function f()) is called a maximum entropy estimator
of f£(1) . It is well known that f()) has the form of an auto-
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regressive spectral density:

f(x) = 02 1 + a e2n1A + ... +ao eZn1Am|-2
m 1 m

The maximum entropy principle provides a motivation or justi-
fication for the use of autoregressive spectral estimators. However
the maximum entropy principle provides no insight into how to
identify an optimal order m, or even what are the . effects of dif-
ferent methods of estimating the parameters 0%, a oy
It provides no guidance for how to learn from the data whether
the time series is non-stationary (long memory) or stationary
(short memory), or whether the best time series model is AR, MA,
or ARMA. 1TIn my view it is a principle for deriving probability
models, rather than statistically fitting models to data.

It should be realized that the maximum entropy principle justi-
fies autoregressive estimators only for short memory time series
(for whom log f(}) is integrable). Autoregressive estimators are
justified for long memory time series by the fact that a pure har-

monic Y(t) = A cos %gt + B sin %}t satisfies Y(t)-¢Y(t~-1)+Y(t-2)=0
where ¢ = 2 cos %? .

A justification of autoregressive estimators for short memory
time series that I prefer is the existence of the infinite auto-
regressive scheme representation for a stationary time series satis-
fying: spectral density f(A) is continuous and differentiable;
f()) is bounded above and below; f'()) is square integrable.

Then f(\) has an infinite autoregressive representation

2

o | 00

£ = (eZHiX)I-Z

m

where g_ (z) =1+ al w2t .t am,w z + ... .

9. PARAMETRIZATION OF AUTOREGRESSIVE SPECTRAL ESTIMATORS

There are many approaches for forming autoregressive spectral
estimators, because there are four equivalent ways of parametrizing
them: (A) autoregressive coefficients, (B) correlations, (C) par-
tial correlations, and (D) residual variances.

seeey O

A. Consider autoregressive coefficients 0 < 02 <1l, o
m — 1,m m,m

z+ ... +a_ 2" satisfies g(z) # O for

such thatz(z) =1 + a
1,m m,m

complex z such that |z| <1 . Thus g(z) is a minimum phase filter
transfer function. These coefficients define the autoregressive




2 2ni)
m By (e )

spectral estimator f (A) =1

B.Consider correlation cocificients p (1), p(2), ..., n(m)

which are positive definite. The correlation coefficients deter-
mine autoregressive coefficients by solving the Yule Walker
equation (with o = 1)

. O,m

v 2
N Gj,mO(J‘k) =0, k=1, ..., m =0, k=0.
=0

The autoregressive coefficients determine the correlation coef-
ficients by

p(j) = f?é?s exp (2mirj) fm(A) dx .

C. Consider coefficients TN(1), ..., N(m) satisfying

|ﬂ(1)| <1, v.., [H(m)l < 1 . They represent partial correlation
coefficients defined theoretically by: N(j) = partial correlation
between Y(t) and Y(t-j), conditioned on Y(t-1), ..., Y(t-j+1)

D. Consider coefficients oi, ey ai , sign M(1), ..., sign NI(m)
. satisfying 1 > Oi > og > .. > 00> 0 . They represent residual
variances-defined by: ¢, = mean square prediction error 05 Y(t)

given Y(t-1), ..., Y(t-]) , expressed in units of E[lY(t)| |

Partial correlation coefficients determine autoregressive
coefficients and residual variances by the Levinson recursion
(see Makhoul (1977)):

Nk = -~ (k) ,

s,

Ok = aj’k_l-n(k) g, k-1’

2 2 2

W S0 (1 -1} .

" Residual variances determine partial correlation coefficients
by a formula due to Dickenson (1978)

X

2

a

Io
RN

M(k) = sign 1(k) 1 -
k-1

Autoregressive coefficients determine partial correlations
by the recursion (Barndorf-Nielsen and Schon (1973))

1

.

- 2 -
My k-1 T {1-n1"(k)} {“j,k + li(k) uk—j,k} .

: In summary, to form f (A) one can specify any one of the four
‘parametrizations. Given correlations, to solve the Yule-Walker
cquations one has many approaches: (1) SWEEP, (2) Cholesky decom-
position, (3) Levinson-Durbin recursion, which computes partial
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correlation coefficients by
k-1
-m(k) = ) a, ok=3)/ o2_, ,
§=0 j. k-1 k-1
and (4) Levinson-Whittle-Robinson recursion which computes T(k)
using forward and backward prediction error coefficients (see
Kailath (1974)).

III. AN OUTLINE OF EMPIRICAL SPECTRAL ANALYSIS

Successive stages of analysis whose outputs are combined to
form estimators of the spectrum of a single time serles are:

Data Transformation and Detrending
Data Windowing
Extend with Zeroes
Fourier Transform
Average Short-time Segment Spectral Density Estimators
Sample Spectral Density, Sample Spectral Distributions
Spectral Average Direct Spectral Density Estimators
Sample Correlations
Indirect Lag Window Spectral Density Estimators
Autoregressive Coefficients, Yule Walker Equatioms
Autoregressive Spectral Density Estimators
Autoregressive Order Determination AIC CAT
Memory Identification, ARMA Identification
Autoregressive Coefficients: Nonstationary Least Squares,
Lattice Algorithms. Kalman Filterine
Autoregressive Transformation of Y to Y
If Y long memory, either seek Y short memory and return to
data transformation stage or go to long memory mixed or band-
limited methods listed below.
If Y short memory, seek whitening filters
Log Spectral Density Estimators of Y, via cepstral correlations
Iterated Adaptive Spectral Density Estimators of Y
Subset ARMA Identification
S-Array ARMA Identification
ARMA Spectral Density Estimator of Y
Other spectral analysis procedures:
Robust Autoregressive Transformation of Y to Y
Mixed Spectral Estimation (Long Memory)
Bandlimited Noise Spectral Estimation (Long Memory)
New techniques under research:
Nonparametric Data Modeling of Sample Spectral Density
Spectral De-whitening
A good description of techniques for reliably estimating the
spectrum is in Thomson (1977). We must conclude our outline
here due to space limitations.

e - e
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