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1 Background on stochastic processes

1.1 Background and basics

Definition 1.1. Let (Q, A,P) be a probability space, (S,E) a measurable space, and T C R, T # (.
A family of random variables { Xy, t € T'} defined on the same probability space (2, A, P) with values
in (S,&) is called a stochastic process or a random process. The space (S,E) is called the state
space of the process {X¢,t € T'}. For a fivred w € Q, the function X.(w) : t = Xi(w),t € T, is called
the trajectory of {Xy,t € T'}.

Remark: When T' C Z, we call {X;,t € T} a discrete-time stochastic process (random sequence,
time series). When T is an interval with endpoints a,b with —co < a < b < oo, we call {X;,t € T'}
a continuous-time stochastic process.

Remark: In the following we will consider mostly real-valued processes, i.e. we set (5,&) = (R, B),
where B is the Borel o-algebra on R. However, it will often be useful to consider complex-valued
processes, t0o.

Remark: Finite-dimensional distributions of a real-valued stochastic process {X¢,t € T'} are given by
the system of distribution functions

Fooon(xr, .o xn) =P(Xy, <a1,..., Xy, <zp), neNty, ... t, €T, xq,...,2y € R

Definition 1.2. Let {F;, ;,,n € N,t1,...,t, € T} be a system of functions such that for each
neNandty,....tn €T, Fy, .+, : R" = [0,1] is a distribution function. The system is said to be
consistent if the following properties are fulfilled for each n > 2,t1,...,t, € T, x1,...,x, € R:

Lo Fyytnim) (Tr(1)s > Tr(n)) = Foy,otn (T1, - .-, ) for each permutation 7 on the set {1,...,n},
2. hmanOO Ft1,...,tn (l‘la s 71'71) = Ftl,...,tn_l (xly cee 7$TL71)~
Remark: Any real-valued stochastic process determines a consistent system of distribution functions.
The converse is discussed in the following theorem.

Theorem 1.1 (Daniell-Kolmogorov). Let {F, . ;.,n € N,t1,...,t, € T} be a consistent system of
distribution functions. Then there is a probability space (2, A, P) and a stochastic process {X;,t € T'}
defined on (2, A,P) such that for each n € N ty,... t, € T and x1,...,x, € R it holds that

P(th S Tlye-- ,th S mn) = Ftl,...,tn(xla . .,:L‘n).

Proof. See Stépan (1987, Theorem 1.9.4) or Kallenberg (2002, Theorem 6.16) for a proof of a more
general version of the theorem. O

Ezxample: Using the Daniell-Kolmogorov theorem, we can show the existence of the following random
sequences Or processes:

e the sequence {X;,t € Z} of independent, identically distributed random variables with standard
normal distribution,

e the process {X;,t € R} of independent, identically distributed random variables with standard
normal distribution,

e the Wiener process {W;,t > 0}, also called the Brownian motion, see the Definition 1.8 below.
Note that in this case, in addition to the Daniell-Kolmogorov theorem, we need the Kolmogorov
continuity theorem to construct a continuous modification of the process.



Definition 1.3. A real-valued stochastic process {X;,t € T} is called Gaussian if for any n € N
and t1,...,t, € T the vector (Xy,,..., X, )T has the multivariate normal distribution Ny, (mg, Vi),
where my = (EXy,,...,EX; )T and

var Xy, cov(Xy, Xe,) - cov(Xy, Xy,)
cov Xt ,Xt var Xt e+ COV Xt ,th
Vt = Var(th, N ,th>T = ( ,2 1) . : X ( .2 )
COV(th, th) COV(th, Xt2) te var th

Remark: A random vector Y = (Y3,...,Y,)T has the multivariate normal distribution N, (u,¥) if

there is a vector u € R™ an n x k matrix A and independent random variables Zi, ..., Z; with
the univariate A'(0,1) distribution such that ¥ = AA” and Y = p + AZ, where Z = (Z1,..., Zi)".
Equivalently, Y = (Y7, ...,Y,)? has a multivariate normal distribution if for any ay,...,a, € R the

linear combination a1Y7 + ...+ a,Y, has a univariate normal distribution.

Complex-valued random variables

Complex-valued signals are useful e.g. in the fields of communications, optics, acoustics, and more.
They may contain information about the amplitude and phase of a wave in a single object, making
the analysis and manipulation of such signals more efficient and mathematically convenient.

A complex-valued random variable X is defined as X =Y + iZ, where Y, Z are real-valued random
variables and i = y/—1. Assuming that the expectations EY, EZ exist, we define EX = EY +iEZ.

If the random variables Y and Z have finite second moments, we define

var X = E(X —EX)(X —EX) = E|X — EX|?.
It follows that var X > 0 and hence the variance of a complex variable is a (non-negative) real
number. Similarly, the second moment of X is E|X 2.

Let X1, X5 be complex-valued random variables with finite second moments. Their covariance is
defined as

COV(Xl,XQ) = E(Xl — EXl)(XQ — EXQ).

Daniell-Kolmogorov theorem for complex-valued stochastic processes*

For complex-valued stochastic processes, we need to work with probability measures instead of dis-
tribution functions. There is a version of the Daniell-Kolmogorov theorem which covers this case,
see below. Note that even more general versions of the theorem are also available.

Let {X;,t € T} be a real-valued or complex-valued process. Its finite-dimensional distributions
{Pty...t,,n € Nyty, ... t, € T} are defined by

tn(Bl X .. XB,JZ]P’(XH EBl,...,th EBn)

-----

for n € N,t1,...,t, € T and Borel sets By,..., B, (in R or C). Naturally, this system fulfills the
following properties for each n > 2,t1,...,t, € T and Borel sets By,..., By:

Lo Pt )ty (Br(1) X - - X Br(ny) = Pyy .1, (B1 X ... X By) holds for each permutation 7 on the
set {1,...,n},

2. Pyytn(Bi X ... X Bpoy XxR) =Py, 4, (B X ... X Bp_1).



A system of probability measures {Q¢, . +,,n € N,t1,...,t, € T}, defined on appropriate spaces, is
said to be consistent if it has the two properties given above.

Theorem 1.2 (Daniell-Kolmogorov). Let {Qq,, . .+,,n € N,t1...,t, € T} be a consistent system of
probability measures. Then there is a probability space (2, A,P) and a stochastic process {X;,t € T'}
defined on (2, A,P) such that for each n € N,t1,...,t, € T and Borel sets By,..., By, it holds that

]P)(th S Bl . ,th € Bn) = Qt1,...,tn(Bl X ... X Bn)

Proof. See Stépan (1987, Theorem 1.9.4) or Kallenberg (2002, Theorem 6.16) for a proof of a more
general version of the theorem. O

1.2 Important examples of stochastic processes
Markov processes

Definition 1.4. Let S C Z be a discrete state space. A stochastic process {X:,t € T'} with the state
space (S, ) is Markov if for eachn € N ig, ... i, € S and tg,...,t, €T such thatty < t; < ...<ty
it holds that

P(X:, = in|Xt, | =in—1,-..,Xt, = 10) = P(Xt, = in|Xt, | = in—1).

Independent increment processes

Definition 1.5. A (real-valued or complez-valued) stochastic process {X¢,t € T} has independent
increments if for any n € N and tq,...,t, € T such that t1 < ta < ... < ty, the random variables
Xy — Xty .o, Xy, — X4, are independent.

Definition 1.6. A (real-valued or complex-valued) stochastic process {X;,t € T} has stationary
increments if for any s,t € T, s < t, the distribution of Xy — X5 depends only ont —s. Formally, the
random variables Xy — Xs and Xy, — Xsyn have the same distribution for any s,t € T and h € R
such that s+ h,t+heT.

Definition 1.7. The Poisson process {N;,t > 0} with parameter A > 0 is defined by the following
properties:

e Ng=0 a.s.,
e the process has independent increments,

e for each 0 < s <t the random variable Ny — Ng has the Poisson distribution Po(A(t — s)).

Remark: The last property implies that {/V;,¢ > 0} has stationary increments and (in combination
with the first property) that for each ¢ > 0 we have N; ~ Po(At). Furthermore, the Poisson process
is Markov, but it is not strictly nor weakly stationary, as indicated e.g. by the non-constant mean
and variance. Sample realizations of the Poisson process are given in Figure 1.

Definition 1.8. The Wiener process {W;,t > 0} with parameter o > 0 is defined by the following
properties:

e Wy =0 a.s.,

e the process has continuous trajectories a.s.,
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Figure 1: Sample realizations of the Poisson process with A = 10.
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Figure 2: Sample realizations of the Wiener process with o2 = 1.

e the process has independent increments,

e for each 0 < s < t the random variable Wy — Wy has the normal distribution N'(0,02(t — s)).

Remark: The last property implies that {W;,¢ > 0} has stationary increments and (in combination
with the first property) that for each ¢ > 0 we have W; ~ N(0,02t). The definition also implies that
the Wiener process is Gaussian — this can be easily proved using the fact that a sum of two inde-
pendent Gaussian random variables is also Gaussian. Furthermore, the Wiener process is Markov,
but it is not strictly nor weakly stationary, as indicated e.g. by the non-constant variance. Sample
realizations of the Wiener process are given in Figure 2.

Martingales

Definition 1.9. Let (Q, A, P) be a probability space, T C R, T # (). For anyt €T, let F; C A be a
o-algebra. A system of o-algebras {F;,t € T} such that Fs C F; for each s,t € T, s < t, is called a
filtration.

Definition 1.10. Let {X;,t € T'} be a stochastic process defined on (2, A,P) and let {F,t € T} be a
filtration. We say that {X,t € T} is adapted to {Fy,t € T} if for each t € T, Xy is Fi-measurable.



Remark: In the previous definition, the filtration carries the information about the possible history
of the process. F; contains all the events that could possibly happen up to (and including) time
teTl.

Definition 1.11. Let {X;,t € T} be adapted to {F;,t € T} and E|X;| < oo for each t € T. Then
{Xt,t € T} is said to be Fy-martingale if E[X¢|Fs] = X5 almost surely for each s,t € T,s < t.

Remark: Martingales are useful e.g. for modeling a series of fair games or in survival analysis.

Remark: Wiener process is a martingale.



2 Autocovariance function and stationarity

2.1 Autocovariance and autocorrelation function

Definition 2.1. Let {X;,t € T'} be a real-valued or complez-valued stochastic process. Let p = EX,y
exist for each t € T. The function {u,t € T} defined on T is the mean value of the process
{Xy,t€T}. If e =0 for each t € T, we say that the process is centered.

Definition 2.2. Let {X;,t € T} be a real-valued or complex-valued stochastic process with finite
second moments, i.e. B|X;|? < oo for each t € T. The function R : T x T — C defined as

R(s,t) = cov(Xs, Xi) = E(Xs — ps) (Xt — ), s,t €T,
is called the autocovariance function of the process { Xy, t € T'}.
Remark: As a special case we have R(t,t) = cov(Xy, X¢) = var X; = E|X; — |2, t € T, i.e. R(t,t) is
the variance of the process at time .
Remark: Two different stochastic processes may have the same autocovariance functions.

Definition 2.3. Let {X;,t € T} be a real-valued or complez-valued stochastic process with finite
second moments and positive variances. The autocorrelation function of the process {X;,t € T'} is
defined as

R(s,t) .
VRG )R

r(s,t) = ,teT.

2.2 Strict and weak stationarity

Definition 2.4. A real-valued (or complex-valued) stochastic process { Xy, t € T'} is strictly station-
ary if for any n € N, any Borel subsets By,...,B, of R (or C), any t1,...,t, € T and h € R such
thatty + h,...,t, +h € T it holds that

P(thJrh € By,... 7th+h S Bn) = P(th € By, .. .,th S Bn)

Remark: For a real-valued stochastic process {X;, ¢ € T}, strict stationarity is equivalently de-
fined using the property Fy in  toin(®1,...,2n) = Fiy, 1, (21,...,2y) for each n € Nyz1,... 2, €
R,t1,...,t, € T and h € R such that t; + h,..., t, + heT.

Ezample: Let {X;,t € Z} be a sequence of independent, identically distributed random variables.
The sequence is strictly stationary. The proof follows easily from the definition of strict stationarity,
independence, and the fact that the random variables have the same distribution.

Remark: If a process {X;,t € T} is strictly stationary, all random variables X; have the same
distribution, i.e. their properties do not change over time. This applies to the expectation, variance,
and covariances (provided they exist), but also to all higher-order moments or any other properties.
This can be too restrictive to be useful in many settings.

Definition 2.5. A stochastic process {X;,t € T'} with finite second moments is weakly stationary
or second-order stationary if u; = p for each t € T and its autocovariance function fulfills R(s +
h,t 4+ h) = R(s,t) for each s,t € T and h € R such that s + h,t + h € T. If only the latter property
holds, we call the process covariance stationary.

Remark: Weak stationarity of a stochastic process implies that the first- and second-order moment
properties do not change over time. This is in contrast with strict stationarity which implies that all
finite-dimensional distributions do not change over time.



Ezample: Let {X;,t € Z} be a sequence of uncorrelated random variables with zero mean and finite
positive variance var X; = o2, the same for all t € Z. The sequence is weakly stationary. The
sequence is called the white noise and denoted W N (0,0?), see Definition 7.1. It will serve as an
important example and building block for constructing various models of time series.

Remark: The autocovariance function of a weakly stationary process can be defined as a function
of a single argument: R(t) = R(t,0) = R(t + h, h) for appropriate values of ¢, h. Without the risk
of confusion, we will write R(t) in place of R(t). Similarly, the autocorrelation function is then
r(t) = R(t)/R(0) for t € T — T (the set of differences of elements of T').

Theorem 2.1. Let {X;,t € T'} be a strictly stationary stochastic process with finite second moments.
Then {X:,t € T} is weakly stationary.

Proof. Strict stationarity of {Xy,t € T'} implies that Xy, and X3, have the same distribution for any
ti,ta € T, ie. P(Xy, € B) =P(X,, € B) for any Borel set B. Since the sequence has finite second
moments, EX; exists and is finite for each t € T and it follows that EX;, = EX;, = u for each
ti,to €T.

Similarly, strict stationarity implies that (X¢,, Xs,)” and (X, 44, Xien)? have the same distribution
for each t1,to € T and h € R such that t; + h,t3 + h € T. Let R be the autocovariance function of
{Xt,t € T}. It follows that

R(tl, tQ) = COV(th,th) = COV(thJrh, thJrh) = R(tl + h,ty + h) = R(tl — tg).
O

Remark: The opposite implication does not hold without additional assumptions, see the following
example.

Ezample: Let X be a random variable with P(X = —1/4) = 3/4, P(X = 3/4) = 1/4, and define
Xi = (=1)t- X,t € Z. The sequence {X;,t € Z} is weakly stationary but it is not strictly stationary.

Theorem 2.2. Let {X;,t € T} be a real-valued, weakly stationary Gaussian process. Then {X;,t €
T} is strictly stationary.

Proof. We fixn € N,t1,...,t, € T and h € R such that t; + h,...,t, + h € T. Weak stationarity
implies that

E(tha s ath)T = ]E(th-i-ha s ath-‘rh)T = (Ma s 7:U’)T =M,
var(Xy,, .. . ,th)T = var(X¢ 44, - - - ,th+h)T =X,

where the variance matrix X consists of the elements ¥;; = R(t; — t;). Since the process {X,t €

T} is Gaussian, both vectors (Xy,,..., X¢,)T and (X4 1h, ..., X¢,+n)T have n-dimensional normal
distribution with vector of mean values pu and variance matrix 3, meaning they have the same
distribution. O

Remark: Assuming strict or weak stationarity or some specific form of the mean value function is
a modeling choice. In practice, we observe a realization of a random sequence or process without
knowing its theoretical properties.

For illustration, consider the simulated random sequence { Xy, ¢ € Z} given in Figure 3. The sequence
clearly contains a periodic component. In the modeling step, the periodic behavior can be attributed
to either the mean value function {p;,t € Z} or the autocovariance function. We may decide to
assume a zero mean, and the resulting estimate of the autocovariance function is given in the left
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Figure 3: Observation of a simulated random sequence. Note that this is a discrete-time sequence,
and the lines joining the corresponding points in the plot are used only for clarity.
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Figure 4: Estimate of the autocovariance function of the random sequence from Figure 3 assuming
a zero mean (left) or assuming an appropriate form of the non-constant mean value function (right).

panel of Figure 4. Alternatively, we may assume that pu; = cos(0.3t),t € Z, and the corresponding
estimate of the autocovariance function of the centered sequence {X; — u;,t € Z} is given in the
right panel of Figure 4. Of course, other modeling choices are also possible. We remark that the
estimation of the autocovariance function will be discussed in Section 11.2.

2.3 Properties of autocovariance functions

Theorem 2.3. Let {X;,t € T} be a stochastic process with finite second moments. Its autocovariance
function satisfies the following properties:

e R(t,t)>0,teT,

o |R(s,t)] < /R(s,8)\/R(t,t), s,t€T.

Proof. For any t € T we have R(t,t) = cov(Xy, X;) = var X; = E|X; — EX;|? > 0. Furthermore, it
follows from the Cauchy-Schwarz inequality that for any s,t € T,

IR(s,t)| = [E(X, — EXJ)(X; — EXp)| < (E|X. — EX,[2)" (B|X, — EX,2)"* = /R(s, s) VRt 1).



O]

Remark: The second property implies that |r(s,t)| < 1,s,t € T. Furthermore, for a weakly stationary
process we have R(0) > 0, |R(t)] < R(0),t € T.

Definition 2.6. Let f be a complez-valued function defined on T x T, T C R. It is positive semidef-
inite if for each n € Nycy,...,¢, € C and ty1,...,t, € T it holds that

Z Z cicr f(t, tg) > 0.

j=1k=1

The inequality above implies that the double sum takes a real value (i.e. its imaginary part is 0).
Furthermore, let g be a complex-valued function defined on T, T C R. It is positive semidefinite if
for eachn € N,c1,...,¢c, € C and ty,...,t, €T it holds that

n n
D cierg(ty —te) > 0.

j=1k=1

Definition 2.7. Let f be a complex-valued function defined on T x T,T C R. It is Hermitian if
it holds that f(s,t) = f(t,s),s,t € T. For a real-valued function f this is the symmetry property:
f(s,t) = f(t,s),s,t € T. Furthermore, let g be a complex-valued function defined on T, T C R. It is
Hermitian if it holds that g(—t) = m, t € T. For a real-valued function g this is again the symmetry

property: g(—t) = g(t),t € T.

Theorem 2.4. Let f be a positive semidefinite function defined on T x T,T C R. Then f is
Hermitian.

Proof. The Hermitian property follows from the positive semidefinite property by choosing n =
l,ec1 =1;n=2,¢1 =1,c0 = 1; and finally n = 2,¢; = 1,¢3 = i. Note that for a complex number u,
u > 0 implies u € R, i.e. the imaginary part of u is 0. O

Theorem 2.5. Assuming {X,t € T} is a stochastic process with finite second moments, its auto-
covariance function is positive semidefinite on T x T'.

Proof. Without loss of generality, assume that {X;,¢ € T'} is centered (changing the mean value does
not change the autocovariance function). In this case R(s,t) = EX; Xy, s,t € T.

We choose n € N, t1,...,t, € T,c1,...,¢, € C. Then

n
E Cthj
j=1

n n

2 n n O\ n n
=K < Z Cthj> ( Z Ckth> = Z Cj@EXt]-Ytk = Z Z Cj@R(ij, tk).
j=1 k=1 '

j=1 k=1 j=1k=1

0<E

O]

Theorem 2.6. Let R be a (complex-valued) positive semidefinite function on T x T. There is a
stochastic process { X, t € T} with finite second moments such that its autocovariance function is R.

Proof. We show the proof for a real-valued function R. For the proof with a complex-valued function
R see e.g. Loeve (1963, Chapter X, §34).

Choose n € N, ty,...,t, € T. Since R is positive semidefinite, the matrix
R(t1,t1) R(ti,t2) ... R(ty,tn)
R(to,t1) R(te,t2) ... R(ta,ty,)
Vi = : . . .
R(tn,t1) R(tn,t2) ... R(tn,tn)



is also positive semidefinite, and hence it is a valid variance matrix. This means that for n €
N,t1,...,t, € T, we can consider the n-dimensional Gaussian distribution N, (0, V¢). From these
we obtain a consistent system of distribution functions. It follows from Theorem 1.2 that there is
a stochastic process { Xy, t € T'} with those finite-dimensional distributions. Clearly, the autocovari-
ance function of {X;,t € T} is R. O

Ezample: The function R(t) = cost,t € R, is positive semidefinite and hence it is the autocovariance
function of a stochastic process. To prove that, we first write R as a function of two variables:
R(t1,t2) = R(t1 —ta) = cos(t; —t2),t1,ta € R. Then, for a givenn € N, ¢1,...,t, € R c1,...,¢, € C,

n n n n

Z Z cjcp cos(ty —ty) = Z Z cjCr(cost; - costy + sint; - sinty)

j=1k=1 j=1 k=1

n

n n n
= Z cj CoSt; (Z Ck COS tk> + Z cjsint; <Z C Sin tk>
j=1 k=1 j=1 k=1

2
n n

2
= chcostj + Zstintj > 0.
J=1 Jj=1

Theorem 2.7. Let f,g be positive semidefinite functions on T x T. Then, the sum f + g is also

positive semidefinite.

Proof. Denote h = f + g and choose n € N, t1,...,t, € T,c1,...,c, € C. Then

n n n n

DN eierhlty ) =) 0> cienf (i tr) + > Y eitrgltsity) > 0.

=1 k=1 j=1k=1 j=1k=1

d

Remark: The previous theorems imply that a sum of two autocovariance functions is the autocovari-
ance function of some stochastic process with finite second moments.
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3 Space L1(92, A, P)

3.1 Hilbert spaces

Definition 3.1. Let H be a complex vector space. Assume that the mapping (-,-) : H x H — C
fulfills the following properties for each x,y,z € H and each o € C:

The mapping is called an inner product and H is called an inner product space.

Definition 3.2. Let H be an inner product space and (-,-) be the corresponding inner product. The

norm of x € H is defined as ||z|| = \/(z,x).

Theorem 3.1. Let H be an inner product space and || - || be the corresponding norm. Then the
following properties hold for each x,y € H and each o € C:

e |z][ =0,

|z]| =0 <= z=0€ H,

laz|| = laf - |||,

|z + vyl < ||zl + |yl ... triangle inequality,

Kz, v)| <|lz] - |yl = V/{z, 2)\/{y,y) ... Cauchy-Schwarz inequality.

Proof. See any textbook on functional analysis, e.g. Rudin (2003, Chapter 4). O

Definition 3.3. Let {z,,n € N} be a sequence of elements of an inner product space H. The
sequence converges in norm to x € H if ||z, — z|| = 0,n — oo.

Definition 3.4. Let {z,,n € N} be a sequence of elements of an inner product space H. The
sequence is Cauchy if ||z, — x| — 0,n,m — oco.

Remark: Note that no limit element is needed for the definition of the Cauchy property.

Definition 3.5. An inner product space H is complete if every Cauchy sequence of its elements
converges in norm to some element of H. A complete inner product space is called a Hilbert space.

Theorem 3.2 (Continuity of the inner product). Let {z,,n € N} and {y,,n € N} be sequences of
elements of an inner product space H. Let x,y € H be such that x, — x,yn, — y,n — 00, in Norm.
Then

o |lznll = llzll, n = oo,

o (zp,yn) = (x,y), n — 0.

11



Proof. From the triangle inequality we get

[zl = [[(z — zn) + zull < [z — 20| + (|24l
[znll = [[(zn — 2) + 2l < |lzn — 2| + (2],
and in combination
|zl = llzll| < llz = 24l = 0, n — oo.

Concerning the second claim, it is proved using the triangle inequality and the Cauchy-Schwarz
inequality:

(Tn =+ 2,00 —y +y) — (z,9)]

(T —2,yn —y) + (20 —2,9) + (2,90 —y) + (2, 9) — (z,9)]

(n — 2,0 — )|+ (@0 — 2, 9)| + [(2, Y0 — v)|

[zn =zl Nlyn =yl + llzn — | - Iyl + 2]l - lyn =yl = 0, n — oco.

’<xnayn> - <m,y>| =

3.2 Construction and properties of Ly(2, A, P)

Let £ be the set of all complex-valued random variables with finite second moment defined on a
probability space (2, A4, P). £ is a complex vector space and the random variable X = 0 is the zero
element.

For X,Y € L we would like to define (X,Y) = EXY and use it as the inner product on £. However,
this is not possible since it does not hold that (X, X) =0 <= X = 0. In fact, any random variable
Y for which Y = 0 almost surely fulfills (Y,Y) = 0.

For the above reason, we first define equivalence classes on £ so that X ~Y <= P(X =Y) = 1.
We call the space of equivalence classes La(2, A, P).

At this point, we define the mapping (X,Y) = EX(Yy, where X,Y € Lo(Q, A, P) are equivalence
classes and Xy € X,Yp € Y are random variables (representants of the equivalence classes). Clearly,
the value (X,Y’) does not depend on the choice of the representants Xy, Yy. In the following we will
work with the equivalence classes and stop distinguishing different representants.

The mapping (-,-) is an inner product on L2(12, A,P). The norm on Ly(2, A, P) is given by ||.X| =
VX, X) = VEXX = (E|X|2)1/2. The convergence on La(12, A, P) is defined as the convergence in
this norm.

Definition 3.6. Let {X,,,n € N} be a sequence of random variables such that E|X,|?> < oo. The
sequence converges in the mean square (or in Lg) to a random variable X if it converges to X in
Ly(Q, A P), de. || X, — X|?=E|X, - X|* = 0,n — .

Remark: The mean square limit X of {X,,,n € N} is sometimes denoted X = Lim. X,, (limit in the
mean).

Theorem 3.3. The space Lo(2, A, P) is complete with respect to the norm defined above. Hence,
Ly(Q, A, P) is a Hilbert space.

Proof. See Brockwell and Davis (2006, Section 2.10) or Rudin (2003, Theorem 3.11). O
Remark: Mean square convergence implies convergence of the first and second moments. Formally,
for X, X1, Xo,... € Ly(Q2, A, P) it holds that X,, — X,n — oo, in the mean square = EX,, —

EX£E|XTL]2 — E|X]?2,n — oco. Ifalso Y,, — Y,n — oo, in the mean square, we have EX, Y, —
EXY,n — oco. All these properties follow from the continuity of the inner product.
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3.3 Hilbert space generated by a stochastic process

Definition 3.7. Let {X;,t € T} be a stochastic process with finite second moments defined on
(Q, A,P). The linear span of {Xy,t € T} is the set of all finite linear combinations of the random
variables:

n
M{X,teT} = {chth,neN,cl,...,cn eC,t1,...,t, ET}.
k=1

Remark: M{X;,t € T} C La(Q2, A, P), and the equivalence classes, inner product, and convergence
are defined as above.

Definition 3.8. The closure M{X;,t € T} of M{X;,t € T} consists of all the elements of
M{X,t € T} and the mean square limits of all Cauchy sequences of elements of M{X;,t € T'}.

Remark: M{X;,t € T} is a closed subset of the complete inner product space Ly(2,.A,P) and thus
it is a complete inner product space. It is called the Hilbert space generated by a stochastic process
{Xy,t € T} and denoted H{X;,t € T}.

3.4 Convergence of processes in Ly(f2, A, P)

Definition 3.9. Let {X}',t € T}uen be a collection of stochastic processes in Lo(Q, A,P). The
processes {X[',t € T}pen converge in the mean square to a process { Xy, t € T} in La(Q2, A, P) as
n — oo, if for each t € T it holds that X* — X;,n — oo, in the mean square, i.e. E|X] — X;|*> —
0,n — oo.

Theorem 3.4. Centered processes {X[',t € T}pen in L2(Q, A, P) converge in the mean square to a
centered process { Xy, t € T} in L2(Q, A, P) as n — oo if and only if

EX; X" — b(t), n,m — oo,
where b(-) is a finite function on T.

If the processes { X[, t € T'}nen converge to a process { Xy, t € T'} in the mean square as n — oo, the
autocovariance functions of the processes {X{',t € T'}nen converge to the autocovariance function of
{X,teT} asn — oo.

Proof. 1) Assume that {X}",t € T},en — {Xt,t € T}, n — o0, in the mean square. Then for each
t,t' € T, X = X4, n — 00, in the mean square, and X;* — Xy, m — oo, in the mean square.
Continuity of the inner product gives

EXTXT = (X2, XI) = (Xi, Xp), nym — oo.

We consider the following special cases:

e For t =t and n,m — oo we have
EX] X" — EX; X; = E|X¢|* = b(t) < o0,
since {Xy,t € T} is in Lo(€2, A, IP). This proves the first part of the first claim.
e For n =m and n — oo we have
EX!'X)} - EX; Xy, t,t' € T.

Since the processes are centered, this means that R, (t,t') — R(t,t'), n — oo, where R,, is the
autocovariance function of the process { X/, ¢ € T'} and R is the autocovariance function of the
process {X;,t € T'}. This proves the second claim.
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2) Assume that {X}',t € T}pen are centered processes in Lo(€2, A, P) for which EX]* X" — b(t) <
00, n,m — 0o, for each t € T'. For any fixed ¢t € T, the sequence {X}'},en has the Cauchy property
since

X7 = X = B(X] - X{)(X7 — X7") = EXPXT - EX]XY — EX'XT + EXPXT —
— b(t) — b(t) — b(t) + b(t) =0, n,m — oo.

The space La(92, A,P) is complete and hence for each ¢ € T there is a random variable X; €
Ly(9Q, A, P) such that X}* — X;, n — oo, in the mean square. Therefore, there is a limiting process
{X,t € T} in La(Q, A, P).

Finally, we prove that {X;,¢ € T} is centered. Fix ¢t € T. Since EX]* = 0, continuity of the inner
product (Theorem 3.2) implies that also EX; = 0, see the remark below Theorem 3.3. This proves
the second part of the first claim. O

Remark: The proof of the previous theorem shows that b(t) = E|X;|? = var X; is the variance of the
limiting process {X;,t € T'}.

Theorem 3.5. Let {X,,,n € N} be a sequence of random variables such that X,, ~ N (un,02) with
pn € Ry02 > 0,n € N. Assume that there is X € Lo(Q, A,P) such that X,, — X,n — oo, in the
mean square. Then X ~ N (u,0?), where p, — p, 02 — 02,n — o0o.

Proof. The existence of the mean square limit and the continuity of the inner product gives

Iu,n:EXnﬁEX,TL—)OO,
2

o, =var X, = var X, n — oo.

We denote 1 = EX, 02 = var X. For a given n € N, the characteristic function of X, is
1
vx, (t) = exp {i,unt - QUitz} ,teR.
For n — oo, we have the pointwise convergence

1
vx, (t) = @(t) = exp {i,ut - 202752} , teR.

The limiting function () is continuous at the origin (in fact, it is continuous everywhere). Lévy’s

continuity theorem gives us that X, LA Z,n — 0o, where Z has the characteristic function ¢, i.e.
Z ~ N (u,0?). On the other hand, we already know that X,, — X,n — oo, in the mean square, and

hence X, A X, n — oo. Uniqueness of the limit implies that X ~ A (u, 0?). O

Remark: The interesting part of the previous theorem is that the normal distribution is preserved by
the mean square convergence.
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4 Mean square continuity

Definition 4.1. Let {X;,t € T'} be a stochastic process with finite second moments, T C R an open
interval. The process {X,t € T'} is mean square continuous (or La-continuous) at point tg € T, if
E|X; — X, |2 — 0,t = tg, i.e. Xy — Xyy,t — to, in the mean square. The process { Xy, t € T} is
mean square continuous if it is mean square continuous at each point of T.

Remark: A stochastic process {Xy,t € T'} with finite second moments which is mean square contin-
uous is also continuous in probability, i.e. X; — X;,,t — to, in probability.

Theorem 4.1. Let {Xy,t € T} be a centered stochastic process with finite second moments, T C R
an open interval. Then {Xy,t € T} is mean square continuous if and only if its autocovariance
function R(s,t) is continuous at points [s,t] € T x T such that s =t (as a function of two variables).

Proof. 1) Let {Xy,t € T} be a centered, mean square continuous process. Since EX; = 0 for each
t € T, we have R(s,t) = EX;X;,s,t € T. For any sg,typ € T and sequences sy, t, € T,n € N, such
that s, — s,t, = t,n — 00, we have

’R(Smtn) - R(So,to)‘ - ’EXSnTtn - EXSoXitO’ - ’<X8nﬂ th> - <X507Xt0>‘ — 0, n — oo,

since by assumption X, — X, Xy, = Xy,,n — 0o, in the mean square, and we use Theorem 3.2
(continuity of the inner product).

2) Let R(s,t) be continuous at points [s,t] € T' x T such that s = t. Then for each ¢ty € T and
sequence t, € T, n € N, such that ¢, — tg,n — 00, we have

E|X:, — Xt0]2 =E(Xy, — X)) (X, — Xip) = EthX7tn — EthTm — IEXtOXitn + EXtOTm
= R(tn,tn) — R(tn,to) — R(to,tn) + R(to,to) — 0, n — oo.

It follows that {X;,¢ € T} is mean square continuous at point ¢ty € T for any ¢ty € T and hence
{X¢,t € T} is mean square continuous. O

Theorem 4.2. Let {Xy,t € T} be a stochastic process with finite second moments, T C R an open
interval, with mean value {u,t € T} and autocovariance function R(s,t),s,t € T. Then {X,t € T}
is mean square continuous if and only if {,t € T} is continuous on T and R(s,t) is continuous at
points [s,t] € T x T such that s =t.

Proof. 1) First, assume that {X;,t € T'} is mean square continuous. From Theorem 3.2 we have:
e, = Eth — EXto = [y, N —> OO0,

for t, — to,n — oo, tg,t, € T,n € N. This means that {u;,t € T} is continuous. Similarly, using
Theorem 3.2 we get for t,,, s,, tg, So € T such that ¢, — tg, s, — sp,n — oc:

EX, X, — EXg, Xt,, n — 00.
It follows that
R(sp,tn) = EX, X; — (EX,, )(EXy,) — IEXSOXit0 — (EXs, ) (EXy,) = R(s0,t0), n — o0.

Note that we have, in fact, shown that R(s,t) is continuous at all points of T x T.

2) Assume now continuity of {y,t € T} and continuity of R(s,t) at points [s,t] € T x T such that
s =t. For tg,t, € T,n € N, such that t,, — tg,n — oo, it holds that

E|Xy, — Xto* = E[(Xs, — b)) — (Xio — bo) + (112, — o) |*-

15



Denote Y; = Xy — g, t € T. The process {Y;,t € T} is a centered stochastic process with the same
autocovariance function R as {X;,t € T'}. It follows by Theorem 4.1 that the process {Y;,t € T} is
mean square continuous. Finally,

]E‘th - Xto|2 = E‘(Ytn - Yto) + (:utn - ﬂto)|2 < QE’Ytn - Yto|2 + 2 |Mtn - ,uto|2 — 0, n— oo,
and hence the process {X;,t € T'} is mean square continuous. O

Theorem 4.3. Let {Xy,t € T} be a weakly stationary stochastic process with the autocovariance
function R(t). Then {X;,t € T} is mean square continuous if and only if R(t) is continuous at
t=0.

Proof. The claim follows from Theorem 4.2 and the fact that for weakly stationary processes the
autocovariance function R(s,t) = R(s — t) is continuous at points [s,t] € T x T such that s =t if
and only if R(¢) is continuous at 0. O

Ezample: Let {X;,t € R} be a centered, weakly stationary stochastic process with the autocovariance
function R(t) = cost,t € R. This process is mean square continuous.

Ezample: Let {X;,t € R} be a process of uncorrelated random variables with zero mean and finite
positive variance var X; = o2, the same for all t € R. We can call this process the continuous-time
white noise. This process is not mean square continuous.

Ezxample: The Wiener process and the Poisson process are both mean square continuous on the
interval (0, c0).

Remark: Mean square continuity is not the same as continuity of trajectories. For example, Wiener
process has continuous trajectories almost surely, Poisson process has piece-wise constant trajectories
with jumps, but both have the same form of the autocovariance function and both are mean square
continuous.

Remark: Related concepts of mean square differentiability and mean square integrability of continuous-
time stochastic processes can be also defined using the mean square limits.
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5 Spectral decomposition of autocovariance functions

Remark: This chapter is not about stochastics at all — it studies properties of positive semidefinite
functions (autocovariance functions) without considering any randomness. The motivation to study
these topics lies e.g. in the field of signal processing, where spectral densities are one of the key
tools. They can be used to find linear filters with the desired properties (for illustration of a simple
low-pass filter, see Figure 16 in Section 7.6).

5.1 Auxiliary results

Lemma 5.1. a) Let pu, v be finite measures on the o-algebra of Borel subsets of the interval [—m, 7).

If for every t € Z it holds that
/ e du(N) :/ e du(N),

then u(B) = v(B) for each Borel set B C (—m,m) and p({—n}U{n}) =v({—7}U{r}).
b) Let p,v be finite measure on (R, B). If for every t € R it holds that

/ e du(N) :/ e du(N),

then pw(B) = v(B) for every B € B.
Proof. See Andél (1976), Section III.1, Theorems 5 and 6. O

Remark: The b) part of the previous lemma is equivalent to saying that a characteristic function
determines uniquely the distribution of a random variable. The a) part says a similar thing for
random variables with bounded support.

Lemma 5.2 (Helly theorem). Let {F,,n € N} be a sequence of non-decreasing, uniformly bounded
functions. Then there is a subsequence {Fy, ,k € N} such that F,,, — F,k — oco,n — 0o, weakly,
i.e. in the points of continuity of F, where F' is a non-decreasing right-continuous function.

Proof. See Rao (1978), Theorem 2c.4, I. O

Lemma 5.3 (Helly-Bray theorem). Let {F,,,n € N} be a sequence of non-decreasing, uniformly
bounded functions that, as n — oo, converges weakly to a non-decreasing, bounded, right-continuous
function F', and limy,_, oo F,(—00) = F(—00), lim,, o0 F(00) = F(00). Let f be a continuous bounded
function. Then

/Z f(z)dE,(z) — /Z F(z)dF(z), n — .

Proof. See Rao (1978), Theorem 2c.4, II. O

Remark: The previous lemmas are traditionally stated for F),, F' being distribution functions. These
results are generalized by the Portmonteau theorem.

Remark: For distribution functions, the assumptions of the Helly-Bray theorem on the limits are
trivially fulfilled. However, they are needed in the general case. Consider e.g., for x € R, F,(x) =
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I(x > ), F(z) = 0, and f(z) = 1. We have F,(z) — F(z),n — oo, for each z € R, but
F(o0) = 1,limy, 00 Fr(00) =1 and F'(c0) = 0. On the other hand,

| 1@ am @) = Fuloo) — Fa(-) =1-0=1= [ f@)ar() -0,

Remark: The integral in the Helly-Bray theorem is the Riemann-Stieltjes integral of a function f
with respect to a function F'. If [a, b] is a bounded interval and F' is right-continuous, we will consider
in the following that

b
/a f@are = [ ware) = [ e,

i.e. possible jump of the function F' at point a does not influence the value of the integral.

5.2 Spectral decomposition of autocovariance functions

Theorem 5.4. A complex-valued function R(t),t € Z, is the autocovariance function of a weakly
stationary random sequence if and only if for any t € Z,

R(t) = / " it dF(\), (5.1)

where F' is a right-continuous, non-decreasing bounded function on [—m, 7] with F(—m) = 0. The
function F is determined uniquely by the formula (5.1) (in the class of functions with the required
properties).

Proof. 1. Assume (5.1) holds for a complex-valued function R defined on Z. Choose n € N,
c1,...,¢p € C,t1,...,t, € Z, and compute:

SN eakl -t =33 e / =N 4 ()

j=1k=1 j=1 k=1
- n n
:/ Zchéke”j)‘e*it’“)‘ dF'(X)
| =1 k=1

2

:/ > e dF(X) =0,
-

because F' is a non-decreasing function on [—m, 7|. Hence R is a positive semidefinite and it is the
autocovariance function of a random sequence, see Theorem 2.6.

2. Let R be the autocovariance function of a weakly stationary random sequence. Then R(t) is
positive semidefinite, i.e.

ZZc]ckR —t) >0 YneNe,...,cp, €City,... t, €Z.
7=1 k=1

Consider the case t; = j and ¢; = e"¥ for a given A € [—m,7]. It follows that for every n € N and
A€ [—m, 7],

%nzzefw’“}z —k)>0.

7=1 k=1
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By substituting x = j — k and changing the order of summation, we get that

n—1
1 —1IKA
PN =5 S R s
r=—n-+1
For n € N we now define
0, r < —m,
F,(z) = fir on(N)dN, z € [-7, 7,
F, (), x> .

Clearly, F,,(—m) = 0 and F,, is a non-decreasing function on [—m, 7| since ¢, (\) > 0. We compute
now the value F),(7):

n—1
T T 1 —iKA
Fn<w>—/_ﬂson(x>dx—/_w [m Y e R(k)(n—|x])| dA
r=—n-+1
1 n—1 T
= _ —iRA _
g X Rk [ e an= RO,
r=—n+1
because for k € Z,
T 9 -0
/ ety = P (5.2)
- 0, x#0.

The sequence {F,,n € N} is a sequence of non-decreasing functions, 0 < F,(z) < R(0) < oo for all

x € R,n € N. Lemma 5.2 gives the existence of a subsequence {F),, } C {F,}, F,, — F weakly (in
the points of continuity of f) as k — oo,n; — 0o, where Fisa non-decreasing, bounded, right-
continuous function and F(z) = 0,2 < —m, and F(z) = R(0),z < 7. Note that also F(r) = R(0)
since F is right-hand continuous.

The function F may have jumps both at points —7 and 7 but since the integrand in (5.1) is 27-
periodic, the jumps have the same effect. For uniqueness of the representation we now define

o) = F(z) — F(-7), =€ [-m,m),
F(z), otherwise.

From Lemma 5.3 we get, for f(r) = e and t € Z,

/ AR, (\) — [ e dF(N\), Kk — oo,np — oo

—Tr —T

On the other hand,

L T ™ 1 el
/ e dF, (\) = / e, (A)dX = / e”)‘ﬁ > e AR(k)(ng — |k]) dA
- - - knz—n;ﬁ—l
1 nE—1 T
o 2 RGm— e [ an
r=—np+1 -

and hence we get using Equation (5.2) that

/Tr "™ dF,, (\) = {R(t) (1 - %) >t <

0, otherwise.

—Tr
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Finally, we get for ¢ € Z:

N : i
klggo 77Te NAE,, (\) = klingo R(t) < b R(t).
We have shown that the integrals [™_e* dF,, converge both to [ e dF(\) and to R(t). We
conclude that R(t) = [7_e"™dF()),t € Z.

To prove uniqueness, suppose that R(t) = [" e™ dG(N\),t € 7Z, where G is a right-continuous,
bounded, non-decreasing function on [—7, 7], and that G(—=n) = 0. Then

™ s

R(t) = / M dup = / ¢ dug, tez,
—T —Tr

where pp, g are finite measures on Borel subsets of the interval [—m, 7] induced by functions F' and

G, respectively. Uniqueness follows from Lemma 5.1: pup(B) = pug(B) for any Borel set B C (—, )

and pup({—mtuU{nr}) = pe({—m}U{r}). In our case we have pr({—7}) = pe({—=}) = 0 and hence

ur = pe and F' = G. O

Remark: The formula (5.1) is called the spectral decomposition of an autocovariance function of
a weakly stationary random sequence and F' is Called the spectral distribution function. If there is
a function f(A) > 0, € [—m, x|, such that F(A f f(z)dz (i.e. if F' is absolutely continuous),
then f is called the spectral density. Clearly, f F ! If the spectral density exists, we write

R(t) = /_ " it fV) AN, teZ.

Remark: If F is piece-wise constant with jumps at points A; of size a; = F()\;) — F(\j—), we have
R(t) = [T ™ dF(\) = Y, aje™, t € Z.

Remark: If F' has both an absolutely continuous part F; and a jump part Fo, F' = F} + F5, we have
R(t) = [T e dF(\) = [T ™ dF(A) + [T e dFy(A) = [T e fi(A)dA + [T e dFp(N).

Remark: For weakly stationary processes with continuous time we can find a similar representation,
but we need to restrict to autocovariance functions continuous at 0. For simplicity of formulation,
this requirement is traditionally formulated as weakly stationary, centered, mean square continuous
process, see below. However, the process being centered does not play any role here.

Theorem 5.5. A complex-valued function R(t),t € R, is the autocovariance function of a weakly
stationary, centered, mean square continuous random process if and only if for any t € R,

R(t) = /_ Tt dR(), (5.3)

where F' is a non-decreasing, right-continuous function on R such that lim,—,_~ F(z) = 0 and
limg o0 F'(x) = R(0) < 00. The function F is determined uniquely by the formula (5.3) (in the class
of functions with the required properties).

Proof. (sketch of proof only)

1) Let R be a complex-valued function on R fulfilling Equation (5.3), where F' is a non-decreasing,
right-continuous function with lim,_,_~ F'(x) = 0 and lim,_, F'(z) = R(0) < co. Then R is positive
semidefinite (similarly as in the proof of Theorem 5.4) and continuous (similarly as in the proof of
the continuity of the characteristic function of a random variable).

According to Theorem 2.6, there is a centered, weakly stationary random process with the autoco-
variance function R. Since R is continuous, specifically continuous at point 0, this process is mean
square continuous by Theorem 4.3.

20



2) Let R be the autocovariance function of a centered, mean square continuous process. It is positive
semidefinite and continuous at point 0. The function F' can be constructed analogously to the proof
of Theorem 5.4. For the proof that R satisfies Equation (5.3), see e.g. Andél (1976), Section IV.2,
Theorem 2. O

Remark: Compare Theorems 5.4 and 5.5: for the representation with discrete time it was enough to
consider F' on a bounded interval, with continuous time it is necessary to consider F' on R.

Remark: The function F' from Equation (5.3) is called the spectral distribution function of a weakly
stationary, mean square continuous stochastic process. If F' is absolutely continuous, its derivative
f is called the spectral density and we can write R(t) = [~ e f(A)d\, t € R.

e
—o0

Remark: Two different stochastic processes may have the same spectral distribution functions.

5.3 Existence and computation of spectral density

Remark: Below we establish a sufficient (but not necessary) condition for the existence of the spectral
density and an algorithmic way of determining it. We start with an auxiliary lemma.

Lemma 5.6. Let K be a complex-valued function on Z such that > ;2 |K(t)| < co. Then

K(t) = /_7r G PO A, t € Z,

where

FO) == Y e K(t), A€ [-m,7).

Proof. Let K be such that > 5° _|K(t)| < oo and define f(A) = o= >0 e AK(t), A € [-,7].

Since
D>

T k=—00

1 . )
%e’t/\e’k)‘K(k:)‘ d\ < oo

from the summability of K, Fubini theorem gives us that the following “double integral” exists and
we can interchange the order of integration and summation: for a given t € Z,

T T 1 & A
2N _ 12y —ikA
/ e f(N)dA = /_ S E e "MK (k) dA

—T

where we used (5.2) in the last equality. O

Theorem 5.7. Let {X;,t € Z} be a weakly stationary sequence such that its autocovariance func-
tion R fulfills Y po __ |R(k)| < oco. Then the spectral density of {X,t € Z} exists and we have

o0

_ % cR(K), A € [—m, 7). (5.4)

k=—o0

fN)
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Proof. Since Y 2 |R(k)| < oo, it follows from Lemma 5.6 that

R(t) = /7r M F(N) A, t e Z,
where
FO = % TFAR(K), A€ [—, 7).

k=—00

To prove that f is the spectral density, it is enough to show that f(A\) > 0,\ € [—m, 7], and recall
the uniqueness of the spectral decomposition.

We know from the proof of Theorem 5.4 that for every n € N and X\ € [—7, 7],

n—1
1 i
= — e J— > .
) =g 3 PRI =k 20

We will now show that f(A) = limp, 00 Yn(A), A € [—m,7|. For a given n € N and X € [—m, 7], we
have

n—1

_ _ 1 —ikA 1 ik
fO)=en(N) =5 D ™ RE) +5— > e R(K)IK,
|k|>n k=—n+1
and
. 1 ! .
[f(A) —en(N)] < | 5= Z e " R(k)| + Py Z e " R(k)|k|
|k|>n k=—n+1
1 1 n—1
< — - .
S o Z |R(k)| + 5 Z |R(K)] - [kl
|k|>n k=—n+1

We see that |f(A) — ¢n(A)] = 0,n — o0, as the first sum forms the remainder of a convergent series
and the second sum converges to 0 from the Kronecker lemma. As a pointwise limit of non-negative
functions, f is a non-negative function. O

Remark: The formula (5.4) is called the inverse formula for computing the spectral density of a weakly
stationary random sequence. It gives the discrete-time Fourier transform of the autocovariance
function R.

Remark: 1f Y72 |R(k)| = oo, we do not know if the spectral density exists or not. See the exercise

classes for an example of a random sequence with a spectral density but having > 22 |R(k)| = oco.

Theorem 5.8. Let {X;,t € R} be a centered, weakly stationary, mean square continuous random
process such that its autocovariance function R fulfills ffooo |R(t)|dt < co. Then the spectral density
of {Xt,t € R} exists and we have

1

) =5 /_ TR AL A € R, (5.5)

Proof. The proof is analogous to the computation of a probability density function using the inverse
Fourier transform of the characteristic function, see e.g. Stépdn (1987, Theorem IV.5.3). O
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Remark: Equation (5.5) gives the Fourier transform of the autocovariance function R.

Remark: If {X;,t € R} is real-valued, we have R(t) = R(—t),t € R, and from Equation (5.5) we get
f(A) = f(=A), A € R. A similar property holds in the discrete time case.

Ezample: Let {X;,t € Z} be the white noise sequence W N (0, o2). The sequence is weakly stationary,
centered, with the autocovariance function R(t) = o2 - §(t),t € Z, where §(0) = 1 and §(t) = 0 for
t # 0. The summability condition Y ;° _ |R(t)| = 0? < oo is fulfilled, and according to Theorem 5.7,
the spectral density of {Xy,t € Z} exists. Using the inverse formula (5.4) we get

0 2

; 1 o
—ikA _ = _ v _
e R(kz)—2 R(O)—2 , A€ [—m, 7.

1

T o
k=—o00

fN)

This means that all frequencies contribute equally; hence the name white noise. By integration of

f(X\) we obtain

0, A< —m,
FA) =\ +m), Ae[-mm,
o2, A>T,

Ezample: In contrast with the previous example, consider the continuous-time white noise process
{Xi,t € R}, i.e. the process of uncorrelated random variables with zero mean and the same (finite,
positive) variance. It follows that its autocovariance function is R(t) = o? - §(t),t € R. The
process {X;,t € R} is not mean square continuous and therefore no spectral representation of its
autocovariance function exists.

Ezample: Consider a weakly stationary sequence with the autocovariance function R(t) = all t ez,
for some |a| < 1. Later we will see that this is the autocovariance function of a causal autoregressive
sequence of order 1. Since

i [R(t)| = i \allt‘=1+2§:\alt<oo,
t=1

t=—00 t=—00

the spectral density exists and we can use the inverse formula (5.4) to get, for A € [—m, 7],

1 1 (& o .
f(/\) _ 27 Z e—zk)\a\k‘ — 27 (Z e—zk/\ak + Z e—zk)\a—k . 1)
™ ™

k=—o00 k=0 k=—o00
S e VW 1 1 1
:27T<kz—o(ae ) +k§—:o(ae ol o \I—ae® "1 e !
B il—ae“‘%—l—ae‘”— (1 —ae™ —ae ™™ +4a?) 1 1-a
C2n (1 — ae=™)(1 — ae™) 2|1 — ae~ |2
1 1—a?

T 9r1—2acosA+a?

Ezample: Let {X;,t € R} be a centered, weakly stationary, mean square continuous process with the
spectral distribution function

0, A< —1,
FA)=41/2, —-1<)<1,
1, A>1.
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The spectral distribution function F' is not absolutely continuous, therefore the spectral density does
not exist. Using the formula (5.3), we get

it Lo 1 g
R(t) :/ " dF(\) = e " + e = cost, t € R.
oo 2 2

The process is said to have a discrete spectrum with non-zero values at frequencies A\; = —1, Ao = 1.
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6 Spectral representation of a stochastic process

The tools that we develop in this chapter will be useful in various proofs later in the course. However,
the representation of a random sequence or random process in terms of stochastic integrals can be
used e.g. for making predictions in the spectral domain or filtration of signal and noise.

In general, stochastic integration is a key tool for working with stochastic differential equations which
describe systems influenced by randomness. Examples of such systems include financial markets
(modeling of asset prices or interest rates; see e.g. the Black-Scholes model for option pricing),
signals with noise, biological populations, and more.

6.1 Orthogonal increment processes

Definition 6.1. Let T'C R be an interval and {X;,t € T'} be a stochastic process with finite second
moments. The process {X,t € T} is an orthogonal increment process, if for any t1,...,ty € T such
that (t1,t2] N (t3,t4] = O we have

E(th - th)(XitzL - Xits) = 0. (61)

Remark: The formula (6.1) means that the random variables X;, — X;, and X;, — X}, are orthogonal
in the space L2(Q, A, P), i.e. (Xy, — Xp,, Xty — Xig) = 0.

Remark: In the following we will consider only centered, right-mean square continuous processes on

T = [a,b], i.e. processes such that E|X; — Xy |? — 0,t — to+, for any to € [a, b).

Theorem 6.1. Let {Zy, X € [a,b]} be a centered, orthogonal increment, right-mean square continuous
process, [a,b] a bounded interval. Then there is a unique non-decreasing, right-continuous function F
such that F(A) =0 for A <a, F(\) = F(b) for A\ > b and

F()\g) — F()\l) = E‘Z/\Q — Z)\1’2, a< /\1 < )\2 <b. (6.2)

Proof. We start by defining the function F(\) = E|Z) — Z,|?,\ € [a,b], F(A\) = 0,A < a, and
F(\) = F(b),A > b. We will show that this function is non-decreasing, right-continuous, and
satisfies the conditions of the theorem. Clearly, it is enough to consider A € [a, b] only.

Let a < A\ < Ao < b. We have

F()‘2) = E|Z)\2 - le|2 = ]E|(Z)\2 - Z)q) + (Z)q - Za)|2
= E’ZM - Z)\1|2 + E|Z)\1 - Za|2 + E(Z)\z - ZM)(TM - 7(1) + E(ZM - Za)(TAQ - TM)
= E’ZM - Z)\l ’2 + F()‘l)7
since the increments Z,, — Z), and Z), — Z, are orthogonal. We have shown that (6.2) holds.
Furthermore, we have F(\2) — F(\1) = E|Z), — Z),|* > 0, meaning that F' is non-decreasing.

The function F is also right-continuous, since E|Zy, — Zy,|*> — 0, A2 — A1+, due to the right-mean
square continuity of the process {Zy, \ € [a, b]}.

Concerning uniqueness, let G be a non-decreasing, right-continuous function that satisfies the as-
sumptions of the theorem. Then G(a) = 0 = F(a), and for A € (a,b] it holds that G(\) =
G(A\) — G(a) = E|Zy, — Z4|* = F(A\) — F(a) = F(\), meaning that G = F. O

Definition 6.2. The bounded, non-decreasing, right-continuous function F from the previous the-
orem is the distribution function associated with the orthogonal increment process (or associated
distribution function or orthogonal distribution function).
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Ezample: The Wiener process {W;,t € [0,T]} on a bounded interval [0, 7] has independent, stationary
increments. It follows that the process has orthogonal increments. The orthogonal distribution
function is

0, A <0,
FA)=<0o?\, 0<ALT,
a’T, A>T.

Ezample: Let {W,\,A € [—m, |} be the transformation of the Wiener process given by Wy =
Wirgn)j2m A € [=m,7]. The process {W), A € [~7, 7]} is a Gaussian process with orthogonal in-
crements and the orthogonal distribution function

0, A< —m,
F(\) = %(A—i—ﬁ), —m <A<,
a2, A>T

Note that we already know this function is the spectral distribution function of a white noise sequence.
Later in this chapter, we will establish a rigorous connection between these two objects.

6.2 Integral with respect to an orthogonal increment process
Background

Let [a, b] be a bounded interval and B(]a, b]) the Borel sets on [a, b]. Furthermore, let {Z, A € [a, b]}
be a centered, right-mean square continuous process with orthogonal increments, defined on (€2, 4, P),
F its orthogonal distribution function and pup the finite measure induced by F. This means that for
aset B € B([a,b]) we have up(B) = [51dF(u), and as a special case we get pup((c,d]) = F(d)—F(c)
for (¢,d] C [a,].

Let Ly(F) = La([a, b], B([a,b]), pr) be the space of measurable, complex-valued functions f on [a, b]
such that

b b
[ IO dury = [T 10 aE) < e,
We define classes of equivalence on Lo(F') by the relation f ~ g <= f = g pp-almost everywhere,

ie. frg — f: |f(A) — g(\)|?dupr(X) = 0. As before, working with the classes of equivalence
allows us to define a norm and have unique limits of Cauchy sequences.

The inner product on the classes of equivalence on Lo(F') is defined as

b —_—
(9) = [ FOTVAFW), f.g € La(F).
The norm in Ly(F) is then
b 1/2
i1 ={ [ 1roparm]| s e zae)
Convergence in Lo(F) is the convergence in the norm: f, — f in La(F) as n — oo, if || f, — f||> = 0,
n— o0, ie. [P1fa(A) = FPAF(A) —= 0,1 — oco.

The space Lo(F) is complete with respect to the convergence defined above.
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Construction of the integral — simple functions

Let f € Lo(F) be a simple function, i.e. we assume thereisn € N, a =A< A\ <...< A\, =band
Cl,...,cn € Csuch that

= Z kI (1] (A)s A € [a, 0],

where J4(+) is the indicator function. For uniqueness of representation, we assume that ¢ # i1
fork=1,2,....,n—1.

We define

f()‘) dZ<)‘) = ch(z)\k - Z)‘k—l)7

(a,b] b1

which is a random variable in Ls(2, A, P). Instead of f(a 0] f(A)dZ(\) we will write ff fFA)dZ(N).
In the following we will denote I(f) = [ f(\) dZ(A

Theorem 6.2. Let {Zy, ) € [a,b]} be a centered, right-mean square continuous process with orthog-
onal increments and the orthogonal distribution function F. Let f,g be simple functions in Lo(F)
and o, 8 € C constants. Then

1 E [P f(N)dZ()) =0,
2. [Jlaf(N) + BgNV]dZ(N) = a [; FN)AZ(O) + 8 [, g(\) dZ(N),
5. B ([ 10 dZ0) (J7 90 az() = [ F(Ng) dF ().

Proof. 1. To set the notation, let f(\) = Y11 crJor, ;2 (A), A € [a,0]. Then
b n n
E/ FAAZN) =ED er(Zn, — Zn,_,) = Y axB(Z, — Zx,_,) =0,
a k=1 k=1

since the process {Zy, A € [a, ]} is centered.

2. Without loss of generality, we assume that f, g use the same division a = A\g < A1 < ... < Ap, = b,
otherwise we use a common refinement of the two divisions. We use the following notation:

ch‘]% el (A z:dkt]()\,C A, A E [a, b].

Then,

n

b
/ [af () + BgN]AZ(N) = 3 (ack + i) (Za, — Zo )

k=1

n
—OzZCk Z/\k Z>\k ) +Bde Z)\k —Z)\k_l)

—a/f )dZ (A +5/
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3. Let f, g be as above. Using orthogonality of the increments of {Z, A € [a, b]} we get

E </abf(>\) dZ(A)> (/abg(/\) dZ(A)) =E (g k(2 — ZAk_1)> gdj(zxj —Zx;1)

n
= ch@MZ/\k - Z>\k—1|2
k=1

O]

Remark: Property 3. in the theorem above is useful for computing the covariance of I(f) and I(g).
Also, note that

EI(f)I(g) = (I(f),1(9)) o,ap) = (f>9)L,

This means that the mapping I : Lo(F) — L2(92, A,P) is an isometry (see also the analogy of
property 3. for measurable functions in the theorem below).

Construction of the integral — measurable functions

Let f € Lo(F) be a measurable function. The set of simple functions is dense in La(F') and its
closure is Lo(F). Hence, there is a sequence of simple functions f,, € Lo(F') such that f, — f in
Ly(F),n — 0.

The integral I(f,) € L2(©2, A, P) has been defined above. The sequence {I(f,),n € N} is Cauchy in
Ly(92, A, P) since

E|I(fn) - I(fm)|2 = E(I(fn) - (fm))( (fn) - I(fm))
:El(fn_fm) (fn fm)

b R
_ / (FaN) = Fe O TN — T (V) AF(N)

/ | fn(X) — )\2dF( ) — 0, m,n — oc.

This holds because f, — f,n — oo, in La(F') and hence the sequence {f,,n € N} is Cauchy in
Lo(F).

The space LQ (Q, A, P) is complete. Therefore, there is the mean square limit I(f) = lim., oo (fn) =
f fx (A\). The limit is called the integral of f with respect to the orthogonal increment process

{Zx,\ 6 [a b}, or shortly the stochastic integral.

Note that I(f) does not depend on the choice of the approximating sequence { f,,n € N}. To see
that, consider a function f € Lo(F') and let {f,,,n € N}, {gn,n € N} be sequences of simple functions
such that f,, — f,9n — f,n — oo, in Lo(F'). Then I(f,) — I,I(gn) — J in the mean square, as
n — oo.

We define the sequence {h,,n € N} = {f1, 91, f2, 92, f3,...}. This is a sequence of simple functions
and h, — f,n — oo, in Lo(F'). It follows that {I(h,),n € N} is Cauchy and there is a limiting
random variable K such that I(h,) — K,n — 0o, in the mean square.

28



The mean square limit is uniquely determined (recall that we consider the classes of equivalence, not
the random variables themselves). Also, each selected subsequence of a convergent sequence has the
same limit. In our case, I(f,) — K,I(g,) — K,n — 00, in the means square, and hence I = J = K.

Theorem 6.3. Let {Z), A € [a,b]} be a centered, right-mean square continuous process with orthogo-
nal increments and the orthogonal distribution function F. Let f,g € Lo(F') and o, B € C constants.
Then
1 EI(f)=E [} f(\)dZ()) =0,
I(af +Bg) = [,[af (V) + BgN]AZ(N) = a [} F(N) dZ(A) + B [} (V) dZ(\) = aI(f) + BI(g),
b b N
5. BI(NI(9) =E (J2 f0)dZ0) ([ 90 dZ(N) = [ FN g dF ().

Furthermore, let {f,,n € N} C Lo(F), f € Lo(F). Then

4o fn— fin La(F),n — 0o < I(f,) = I(f) in L2(Q, A, P),n — oc.

Proof. 1. Let f € Lo(F) and {f,,n € N} be a sequence of simple functions in Lo(F') such that
fo— fin La(F), n — oo. Then I(f) =lim.,—ool(fn), and EI(f) = lim, o EI(f) = 0.

2. Let f,g € Lo(F) and {fn,n € N}, {gn,n € N} be sequences of simple functions in Ly(F') such
that f, — f,gn — g in Lo(F), n — oco. It follows that I(f,) — I(f),I(gn) — I(g) in La(92, A, P) (in

the mean square).

Consider the simple functions h,, = af, + Sgn,n € N. We have h,, — h = af + g in La(F),n — oo,
since

b
[ 1) + 8.0 = (@ () + Ba(N) ()
<2mﬁ/|ﬁ — )2 AF(N) +amﬁ/ﬁ%l )= gMRAF(A) =0, n— oo.
We have

e h, = af, + Bgy is a simple function,

I(hn) = I(afn + Bgn) = al(fn) + BI(gn) by Theorem 6.2,
hp, — hin Lo(F) = I(hy) — I(h) in La(2, A, P) (by construction of the stochastic integral),

h = af + Bg is a measurable function,

I(hy,) = aI(f)+ BI(g) in La(92, A, P) since

Elal(fn) + BI(gn) — (oI (f) + BI(g))[?
=Ela(I(fn) — I(f)) + B (gn) — I(9))I?
< 2alPE|I(fn) — I(f)I* + 2B E[I(gn) — I(g)]* = 0, n — oo.

It follows that I(h,) — I(h),n — oo, but at the same time I(h,) — aI(f) + BI(g),n — oco. The
uniqueness of the limit gives I(h) = oI (f) + BI(g).

3. Let f,g € La(F) and { fn,n € N}, {gn,n € N} be sequences of simple functions in La(F’) such that
fo = fogn — g in La(F), n — oo. Again, it follows that I(f,) — I(f),1(gn) — I(g) in La(R2, A, P).
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Continuity of the inner product in Lo(£2,.4,P) gives
EI(fu)I(gn) = (I(fa), 1(9n)) = (I(f), I(9)) = BI(f)I(g), n — oo.

On the other hand, Theorem 6.2 and continuity of the inner product in Ly(F') give

b
- / Fa N AF(A) = (fo, gn) — / SOV AF(), - 0.

Using the uniqueness of the limit, we see that EI(f)I(g) = ff FA)g(A)dF(N).

4. Let f € Lo(F) and {f,,n € N} be a sequence of simple functions in Lyo(F') such that f, — f in
Ls(F), n — oo. From points 2 and 3 above, we have

B ~ 1P =B~ P = [ 15200~ SOV aroy,
which proves the claim. O

Remark: The construction of the stochastic integral can be extended to unbounded intervals. Let
{Zx, A € R} be a centered, right-mean square continuous process with orthogonal increments. The
function F' defined by

F(X) — F(\) =E|Zy, — Z),|%, —00 < A1 < Ag < 00,

is non-decreasing, right-continuous, and unique (up to an additive constant). If F' is bounded,
it induces a finite measure pp, and for a measurable function f such that [ |f(A)[*dup(X) =

2 IfVFAF(N) < oo, we can define [ f(A)dZ(A) = Lim. f f(N)dZ(\) for a — —o0,b — occ.

6.3 Spectral decomposition of a stochastic process

Under certain assumptions, we can represent a random sequence or a stochastic process using stochas-
tic integrals with respect to an orthogonal increment process.

Theorem 6.4. Let {Z\,\ € [—m,w|} be a centered, right-mean square continuous process with
orthogonal increments and the orthogonal distribution function F. Let X, t € Z, be random variables
defined as

X, = / A AZ(N).

—Tr

Then { Xy, t € Z} is a centered, weakly stationary sequence with the spectral distribution function F.

Proof. The orthogonal distribution function F' of {Zy,\A € [—m, 7]} is bounded, non-decreasing,
right-continuous, with F(A\) = 0 for A < —7 and F(\) = F(xw) for A > 7. For t € Z we define
a function

er(N) = e X e [-m, 7).

Note that this is simply a matter of notation to stress that we treat it as a function of A. Then
et € Lo(F) since

/7r let(V)|2PdF(\) = /7r 1dF()\) = F(r) — F(—7) < .

—T —T
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It follows that X; = [7_e"*dZ()) is a well-defined random variable for each ¢ € Z.

From Theorem 6.3 we have

EXt:E/ dZ(\) =0 VteZ

—T

(the sequence is centered) and

E|X:?=FE ’/ e Az(\)

: =F </7; ettA dZ(A)) (/7; @it dZ(A))

- /_7r emf dF(\) = /_Tr 1dF()\) = F(r) — F(—7) < o0

(constant finite variance). Also, the autocovariance function of {X;,t € Z} is

R(t + h,t) = cov(Xeyp, Xi) = E (/7; eitHh)A dZ(/\)> (/7; eitA dZ(A))
= /_T; " dF(\) = R(h), heZ

(translation invariance of the autocovariance function plus the defining property of the spectral
distribution function).

We conclude that {X;,t € Z} is centered and weakly stationary, and F' has the same properties as
a spectral distribution function, see Theorem 5.4. The uniqueness of the spectral decomposition of
the autocovariance function implies that F' is the spectral distribution function of {X;,t € Z}. O

Remark: The important part of the previous theorem is that the orthogonal distribution function of
{Zx,\ € [=m, 7|} and the spectral distribution function of {X;,¢ € Z} are the same.

Ezample: Let {Wy,A € [—m, 7|} be the transformation of the Wiener process given by Wy =
Wirgn)/2m> A € [=m,m]. Then, the random variables

X, :/ M AW (N), t € Z,

—T

are centered, uncorrelated, with the same variance o2, i.e. they form a white-noise sequence. It

follows from the fact that the spectral distribution function of {X;,t € Z} is the same as the
orthogonal distribution function of {Wy, A € [—m, 7]}, which is the same as the spectral distribution
function of a white noise sequence, see the previous examples.

Theorem 6.5. Let {X;,t € Z} be a centered, weakly stationary sequence with the spectral distribution
function F. Then there is a centered, orthogonal increment process {Zx, A € |[—m,m|} such that

X, = / ¢ AZ(\), t e Z, (6.3)
and
E|Z(A\) = Z(-m)P = F(\), —m <A<
Proof. See Brockwell and Davis (2006, Theorem 4.8.2). O
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Remark: The formula (6.3) is called the spectral decomposition of a weakly stationary random se-
quence. Note that once again, the spectral distribution function of {X;,t € Z} is the same as the
orthogonal distribution function of {Zy, A € [—m,7]}.

Remark: Theorem 6.5 states that all random variables X; from a centered, weakly stationary random
sequence {X;,t € Z} can be approximated, in the mean square limit, by the sums 2?21 eit/\ji/} of
uncorrelated random variables Y}, with varY; = F(\j) —F(\;—1), where F is the spectral distribution
function of {X;,t € Z}. To see this, recall the construction of the stochastic integral as a mean square
limit and set Y; = Z\, — Z,_,. Then we get varY; = E|Zy, — Zy,_,|* = F()\;) — F()j_1), and from
the orthogonal increment property of {Z),\ € [—m, 7]} we get that the random variables Y; are
uncorrelated. Note that the same random variables Y} are used for each t € Z.

Theorem 6.6. Let {X;,t € R} be a centered, weakly stationary, mean square continuous stochastic
process with the spectral distribution function F. Then there is a centered, orthogonal increment
process {Zx, A € R} such that

X, = / Az (\), t € R, (6.4)
and the orthogonal distribution function of {Zx,\ € R} is F.

Proof. See Priestley (1981, Chapter 4.11). O

Remark: The formula (6.4) is called the spectral decomposition of a weakly stationary, mean square
continuous stochastic process.
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7 Linear models

7.1 White noise

Definition 7.1. Let {Y;,t € Z} be a sequence of uncorrelated, centered random variables with finite
positive variance 0. We call this sequence the white noise and denote this model by WN(0,02).

Remark: The white noise sequence {Y;,t € Z} is weakly stationary, R(t) = o26(t),t € Z, i..
R(0) = 0% and R(t) = 0 for t # 0. The spectral den2sity exists and is constant: f(\) = ‘2’—;, A€ [—m, 7],
and the spectral distribution function is F'(A\) = §-(A+7), A € [—7,7]. The spectral decomposition
of the sequence is given by Y; = ["_e*dZ(\), where {Z), A € [—m, 7]} is an orthogonal increment
process. Its orthogonal distribution function is F', i.e. it coincides with the spectral distribution
function of the sequence {Y;,t € Z}. Sample realizations of the white noise sequence are given in

Figure 5, and the autocovariance function and the spectral density are shown in Figure 6.
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Figure 5: Sample realizations of the white noise sequence with o2 = 1. Note that these are discrete-
time sequences, and the lines joining the corresponding points in the plots are used only for clarity.
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Figure 6: Autocovariance function of the white noise sequence with o2 = 1 (left) and the correspond-
ing spectral density (right).
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7.2 Moving average sequences

Definition 7.2. Let {Y;,t € Z} be a white noise sequence WN(0,02) and bg,...,b, € C, where
by # 0,b, # 0. The sequence {Xy,t € Z} given by

Xi=bYi+01Ys1+...+b0,Y 0, t€Z, (7.1)

is called a moving average sequence of order n. We write simply MA(n).

Remark: The name moving average sequence is related to the special case with bg = ... =b, = —
which gives the usual arithmetic mean.

Remark: Sample realizations of simple MA(1) models are given in Figure 7. The corresponding
autocovariance functions and spectral densities are shown in Figures 8 and 9, respectively.

Theorem 7.1. Let {X;,t € Z} be a moving average sequence of order n defined by (7.1). The
sequence is centered, weakly stationary, with the autocovariance function

o2 S0l bebr, 0<t<mn,

Rx(t) = { Rx(—t), —n<t<0,
0, t] > n.
The spectral density of {Xy,t € Z} exists and is given by

2
, A€ [—m, 7.

2 n
g i
Ix(N =5 .
™

bke_
k=0

Proof. 1. EX; = 0,t € Z, from the linearity of expectation.
2. We compute the autocovariance function in the time domain: for ¢,s € Z,t > 0, we have

n

covV( Xyt Xo) = EXeri Xs = E | D b;¥are (Z kask> =D bk EYape Yooy
j=0 k=0 j=0 k=0

N ha s+t ]Yi s—k g l.f S t j S k, 1.€e. lf j t k7 aI](l EYS—‘,—I —jT— .

cov(Xgye, Xg) = {0 fen

For t < 0, we proceed analogously. Since cov(Xs4¢, Xs) depends on ¢ only, weak stationarity follows.

3. Now we compute the autocovariance function in the spectral domain, but first we consider the
spectral decomposition of the white noise sequence {Y;,t € Z}:

Yt:/ e d4zy(N), tez,

where {Zy (\),\ € [-m, 7|} is a centered, orthogonal increment process with the orthogonal distri-
bution function Fy, which is also the spectral distribution function of {Y;,t € Z}. We compute for
teZ:

n

Xy = Z bj}/t_j = ij I:/ ei(t*j))\ dZy()\):| = / Z bjei(tfj))\ dZy()\)
Jj=0 o

j=0 T | 45=0
™

= / e 1> e dZy (M) = / M g(A) dZy (N),

—m j=0 -
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Figure 7: Sample realizations of the MA(1) sequence with by = 1,b; = 1 (left) and by = 1,67 = —1

(right). In both cases 02 = 1. Note that these are discrete-time sequences, and the lines joining the
corresponding points in the plots are used only for clarity.
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Figure 8: Autocovariance functions of the MA (1) sequence with by = 1,b; = 1 (left) and by = 1,1 =

—1 (right). In both cases 02 = 1.
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Figure 9: Spectral densities of the MA(1) sequence with by = 1,b; = 1 (left) and by = 1,b1 = —1

(right). In both cases 02 = 1.
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where g(A) =377, bje~* X € [—m, 7. Clearly, g € Lo(Fy). From the properties of the stochastic
integral we again get EX; = 0,¢ € Z, and we can finally compute the autocovariance function. For
s,t € Z we get

EX X =B ([ e mazy ) ([ enaaz)

—T

_ / ei(s-l—t))\g(/\)e—is)\g()\) dFy(/\)

—T

= [ MR () ax
_ [T 212 _
_/ g - dA = Rx (1),

Uniqueness of the spectral decomposition of the autocovariance function (Theorem 5.4) proves that
% lg(\)|%, X € [—7, 7], is the spectral density of {X;,t € Z}. O

Remark: For real-valued constants by, ...,b, the autocovariance function of the MA(n) sequence
takes the form

25 My t <
Rx(t) _ {J Zk:o kVk+]t| ’ ’— n,

7.3 Linear processes

In this section, we generalize the MA (n) models to MA(co) models. To do that, we first discuss the
summability of white noise sequences, and more generally of weakly stationary sequences (this will
be useful later when discussing linear filters and the AR(co) representation).

Theorem 7.2. Let {Y;,t € Z} be a white noise sequence WN(0,6%) and {c;j,j € No} be a sequence
of complez-valued constants.

1If 3772, lcj|* < oo, the series > j20¢jYi—j converges in the mean square for each t € Z, i.e.
for each t € Z there is a random varitable Xy such that

n
Xt = llmn*)oo E CjYVt,j.
=0

2. If 37720 lejl < oo, the series Y 22 c;Yi—j converges for eacht € Z absolutely with probability 1.
Proof. 1. We will show that the sequence {Z?:O ¢;Yi—j,n € N} is a Cauchy sequence in Lo (2, A, P)

for every t € Z. Without loss of generality, we assume m < n. Random variables {Y;,t € Z} are
uncorrelated, with constant variance o2, and hence

n m 2 n 2 n n
EY oY= Y| =E| Y oYyl = D IGPEY P =0 > |
Jj=0 Jj=0 j=m+1 j=m+1 j=m+1

The right-hand side converges to 0 with m,n — oo, and it follows that there is the mean square
limit of {} 7, ¢;V;—j,n € N}. We denote it X; = > 72 ¢; Y.
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2. Since E|Y;_;| < (E]Y}_j\Q)l/z = V0?2 < 0o by Cauchy-Schwarz inequality, we get
[e.9] (e 9] [e.9]
> Ele;Yi 1 =) [ EYij < Vo2 ) el < oo,
=0 =0 =0

and thus 3 72 |e;Y;—j| < oo almost surely, see Rudin (2003, Theorem 1.38). O

Theorem 7.3. Let {X;,t € Z} be a centered, weakly stationary random sequence with the autocovari-
ance function R. Let {c;j,j € No} be a sequence of complex-valued constants such that 3 72 |c;| < oo.
Then, for each t € Z, the series Z;‘io c;j Xi—; converges in the mean square and also absolutely with
probability 1.

Proof. 1. For m < n we have

2 2
n

n n n
E| Y Xy <E D lgliXegl] = D0 D lejllerl BIXe ] [ Xisl-

j=m+1 j=m-+1 Jj=m+1k=m+1

From the weak stationarity and Cauchy-Schwarz inequality, we get

1/2 1/2
EIX, | 1Xi4] < (BIX %) (BIX2)"* = R(0),
and thus
. 2 . 2
E Z c;Xi—j| < R(0) Z lesl | — 0, m,n— oo.
j=m+1 j=m+1

It follows that {Z;L:O c;Xi—j,n € N} is Cauchy in Ly(£2, A,P) and the mean square limit exists.

2. From the weak stationarity we also get
o0 o0 o0
D Ele Xl = Il BIX— 5| < VR(0)) el < o,
j=0 j=0 j=0
and the rest of the proof follows as in the previous theorem. O

Remark: Theorems 7.2 and 7.3 can be extended to >°22 _¢;Yi—jand 3772 ¢;Xi—j, t € Z, respec-
tively.

Definition 7.3. Let {Y;,t € Z} be a white noise sequence WN(0,0%) and {cj,j € No} be a sequence
of complez-valued constants such that 3772 |c;| < co. The sequence {Xy,t € Z} given by

00
X = ch}/tfj’ teZ, (72)
§=0

is called a causal linear process. We write MA ().

Remark: The causality of {X;,t € Z} with respect to {Y;, ¢ € Z} means that X; depends on Y; for
s <t (present and past values of the white noise), and that X; does not depend on Yy for s > ¢
(future values of the white noise, from the perspective of X3).

o

Remark: A general linear process can be defined as X; = ) j=—o0

¢jYi—j t € Z, for 3722 |ej| < oo

Remark: The weaker condition > 7%, lcj|*> < oo implies only the mean square convergence. We
impose the stronger condition Z;io lcj| < oo so that we are able to prove Theorem 7.5 below.
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Theorem 7.4. Let {X;,t € Z} be a causal linear process defined by (7.2), where {Y;,t € Z} is
a white noise sequence WN(0,0%) and {c;,j € No} is a sequence of complex-valued constants such
that Z;io lcj| < oo. The sequence is centered, weakly stationary, with the autocovariance function

250 Cr, t>0
Rx(t) _ o Zk,() Ck4-tCk, =Y,
Rx(—t), t <0.

The spectral density of {Xy,t € Z} exists and is given by

2

= ;— Z A€ [—m,m].
k=0

Proof. Note that:

o {Xt(n),t € Z}, where Xt(n) = 7_0¢jYi—j, t € Z, is a MA(n) sequence for each n € N;

> 520 lejl < oo implies Xt(n)

— Xy, n — 00, in the mean square, for each ¢ € Z;

{Xt(n), t € Z} is a centered, weakly stationary random sequence with the autocovariance func-
tion given in Theorem 7.1;

EX; = lim,,_ oo IEXt(n) = 0 for each t € Z, since the mean square convergence preserves the first
two moments;

(n)

Theorem 3.4 implies that the autocovariance functions of {X,; ", ¢ € Z} converge to the auto-
covariance function of {X;,t € Z}, and the weak stationarity of {X;,¢t € Z} follows, together
with the formula for its autocovariance function given in this theorem;

the spectral decomposition of {Xt(n),t €Z}is

Xt(n) _ / eitkgn(k) dZY()\)a te Z, gn()\) = Z Cje_ij)\, A€ [—71'771']:
=0

—T

where g, € La(Fy) and Zy is the orthogonal increment process from the spectral decomposition
of the white noise sequence {Y;,t € Z} and Fy is its orthogonal distribution function;

denote g(\) = 3>_72, cje”9A X\ € [~m, 7], and compute:

2

2
[l —gpan = [T 3 ge anm < [ jol] moya

- T j=n+1 - j—n+l
2
T > 2
g
:/ E lej| | =——dA E lejl | — 0, n— oo.
27
T \j=n+1 j=n+1

This means that g, — g,n — 00, in Ly(Fy). Theorem 6.3 implies that
s ™
x™ = / g, (N dZy(N) = [ eg(\)dZy(N), n— oo,
—Tr —T
in the mean square. At the same time, Xt(n) — X¢,n — o0, in the mean square. Uniqueness
of the limit gives that X; = [™_eg(X\) dZy()),t € Z.
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o for s,t € Z:

™ U

EX, X, = Rx(s+t,s) =& / FIAG(N) dZy () - / e*Xg(\) dZy (\)

—T —T

T T 2
= [ Pl AR () = [ MgPg ax
i

—Tr —T
This provides the spectral decomposition of the autocovariance function of {Xy,t € Z} — its
spectral density is fx(\) = %|g(/\)]2, A€ [—m, 7).
O

Ezxample: Let us consider a causal linear process with ¢; = ©l,j =0,1,..., for some ¢ € R with
| < 1. We define X; =372 ¢;Yi—j,t € Z, where {Y3,t € Z} is WN(0,0%). The sequence { X;,t € Z}
is a centered, weakly stationary random sequence. Its autocovariance function is

2 ot
wo-{rie e

R(—t) = R(—t), t<0.

Its spectral density is

0? | & o? 1 o2 1
= — ———s = — , AE |[—m, .
2m Z_; 27r|1 SDe_i’\|2 21 — 2pcos A + 2 (=7l

Note that we can write
= ZSOJYLJ' =Y +Z<Pjytfj =Y +QOZSD]_1Yt7j
; — ‘

oo
=Yit+e) Vi x=Yi+oXi 1, tel
k=0

This means that X; depends linearly on the previous value X;_; and an error term Y;. Hence, we
can call {Xy,t € Z} the autoregressive sequence of order 1. This motivates the following definition.

7.4 Autoregressive sequences

Definition 7.4. Let ¢1,...,¢0n € Ry, # 0, be constants and let {Y;,t € Z} be a white noise
sequence WN(0,02). A random sequence {X;,t € Z} which satisfies

Xi=o1 Xe 1+ ...+ Xpn + Y1, t€Z,

is called an autoregressive sequence of order n. We write AR(n).

Remark: The assumption ¢, # 0 is needed to ensure that the order of the autoregressive sequence is
captured correctly. This will be important when studying the stationarity of autoregressive sequences
in the theorem below.

Remark: Equivalently, X; can be defined by

XitaXea+. . AanXen=> a;X, =Y, teZ, (7.3)
j=0
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Figure 10: Sample realizations of the AR(1) sequence with a; = 0.8 (left) and with a; = —0.8

(right). In both cases 02 = 1. Note that these are discrete-time sequences, and the lines joining the
corresponding points in the plots are used only for clarity.
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Figure 11: Autocovariance functions of the AR(1) sequence with a; = 0.8 (left) and with a; = —0.8
(right). In both cases 0% = 1.
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Figure 12: Spectral densities of the AR(1) sequence with a; = 0.8 (left) and with a; = —0.8 (right).
In both cases 02 = 1.
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where ap = 1. Sample realizations of AR(1) sequences are given in Figure 10. The corresponding
autocovariance functions and spectral densities are shown in Figures 11 and 12, respectively.

Remark: Now we look for conditions under which we can express {X;,t € Z} as a causal linear
process. Such a representation would, among others, imply weak stationarity of the sequence. The
key tool will be the lag operator B defined below.

Let S be the vector space of all random sequences {X;,¢ € Z} defined on the probability space
(Q, A, P), with the addition defined as {Xy,t € Z} +{VY;,t € Z} = { X +Y;, t € Z} and multiplication
by ¢ € C defined as ¢- {X;,t € Z} = {cX¢,t € Z}. The lag operator B : S — S is defined as

B{X,te€Z} ={Xi_1,t € Z}.

More explicitly, we can write B{X;,t € Z} = {)?t,t € Z}, where X, = Xi_1,t € Z. Also, we
define BY to be the identity operator, and B* k € N, is defined iteratively as B*{X;,t € Z} =
B (B*'X,,t € Z}) = {X;_k,t € Z}. Finally, B is invertible and we can write B~ {X;,t € Z} =
{Xt—f—l,t S Z}.

The lag operator B is clearly linear and we can construct polynomial operators such as a(B) =
B+ a1B+ ...a,B", formally identical to the algebraic operator a(z) =1+ a1z +...,a,2", 2z € C.

Remark: Using the lag operator, we may rewrite the model equation (7.3) as a(B){Xy,t € Z} =
{Yi,t € Z}.

Theorem 7.5. Let {X:,t € Z} be an autoregressive sequence of order n defined by (7.3). {X,t € Z}
is a causal linear process if and only if all the roots of the polynomial a(z) =1+ a1z + ...+ axz"™ lie
outside of the unit circle in C, i.e. a(z) #0 for|z| < 1. If {X},t € Z} is a causal linear process, the
coefficients {c;j,j € No} in the representation X; = Z;ﬁo ¢;jYi—j, t € Z, are given by

=~ i 1
c(z) =) ¢z =—, 2| <L
2.9 =

The autocovariance function is

Rx(—t), t <0,

2y T, t>0
RX(t): {U Zk_ock+tck7 - Y,

and the spectral density is

o? 1
A = — T
B = e S pae

A€ [—m,m],
where ag = 1.

Proof. 1. We assume that all the roots of the polynomial a(z) lie outside of the unit circle in C.
Let z1,...,2, € C be the roots of a(z). Let § > 0 be such that min;—; . |2;| > 1+ > 1. Denote
M ={z € C:|z] <1+ 0}, then a(z) # 0 for z € M. Furthermore, ¢(z) = a(lz) is holomorphic on

M, i.e. it has derivative in each point of M, see Rudin (2003, p. 221). It follows that ¢(z) can be
expressed as a power series (Rudin, 2003, Theorem 10.16):

o
c(z) = chzj, z € M.
=0

This series converges absolutely in every closed circle with radius r < 1+ 4, implying Z]o'io lej| < o0
and c¢(z)a(z) = 1,|z| <1, i.e. ¢(z) and a(z) are inverse operators. Thus,

(X,,t € Z} = e(B)a(B){X,,t € Z} = ¢«(B){Y,t € Z}.
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It follows that X; = Z;')io ¢;Yi—j,t € Z, and we have proved that {X;,t € Z} is a causal linear
process that satisfies the assumptions of Theorem 7.4. It follows that {X;,¢ € Z} is centered, weakly
stationary, with the autocovariance function of the given form, and the spectral density

2

. L2 o2 1 o? 1
AU —iA _
cje — ’c(e )‘
0

T amja(e P 2w [ gaje P

A € [—m, 7).

o2
Fx(A) = 2T
j:

2. Now we assume that {X;,t € Z} is a causal linear process, i.e. there is a sequence of constants
{cj,j € No} with 3772 |c;| < oo such that Xy = Y22 ¢;V;—j, t € Z, in other words, {X;,t € Z} =
c(B){Yi,t € Z}.

From the model equation (7.3), we obtain
{Y;,t € Z} = a(B){Xy,t € Z} = a(B)c(B){Y;, t € Z}.

We define
n(z) = a(z)e(z) =Y mal, 2] <1,
=0

and see that
{Yi,t € Z} = a(B)e(B){Yi,t € Z} = n(B){Yi,t € Z},

and hence Y; = Z]O‘io njYi—j,t € Z. Now we compare the coefficients on both sides (formally speaking,
on both sides of the equation, we take the inner product with Y;_j,k = 0,1,2,...) to obtain 7y =
1,me =0,k =1,2,... It follows that n(z) =1, |z| < 1. Since |¢(z)| < oo for |z| < 1, we have a(z) # 0
for |z] <1 and all roots of a(z) lie outside of the unit circle. O

Remark: The coefficients {c;,j € Ng} can be obtained by decomposing c(z) = ﬁ using partial
fractions. Assuming for simplicity that all the roots of the polynomial a(z) are simple, we denote them
Z1,...,%n. We also assume that the roots all lie outside of the unit circle, i.e. |z;| > 145,57 =1,...,n,
for some § > 0. For |z| <1 we get

1 A A A
c(z) = =2 4 2 4 4
a(z) z1—z 29—z Zn — %
for some constants Ay, ..., A,. For |z| <1 and |z;| > 1 we have, for j =1,...,n,

and hence

where
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Since
1 n
ek | < T+ o)t Z | 451,
j=1

we have Y 72 o |cx| < 0o. Also, for |z| <1 it holds that ¢(z)a(z) =1 and we can write
{Xi,t € Z} = ¢(B)a(B){Xt,t € Z} = ¢(B){Ys,t € Z}.
It follows that X; = Z(;io cjYi—j,t € Z.

Remark: Another way of obtaining the values of {cx, k € Ny} is to compare the coefficients with the

same powers of z on both sides of the equation a(z)c(z) = 1, where ag = 1 and ay, ..., a, are known
while ¢, c1, ... are to be determined:
co = 1,

c1+ aicyg =0,

co 4+ aijcy + ascyg =0,

cpFaicy—1+...+apncp—p, =0, p=n,n+1,... (7.4)

Formally, this procedure is equivalent to plugging X; = Z;}io ¢;Y;—; into Equation (7.3) and compar-
ing the coefficients with the same Y;_;. To find the coefficients, we need to solve the homogeneous
difference equation (7.4) with constant coefficients and initial conditions for ¢, c1,...,¢,—1. The
initial conditions can be determined from the first n equations above.

Remark: If z1, ..., z, are the roots of the polynomial a(z) =14+ a1z +...4+ayz", then \; = 1/z;,i =
1,...,n, are the roots of the polynomial L(z) = 2" +a12" ' +...+a,. It is easy to prove this directly.
Hence, an AR(n) sequence is a causal linear process if and only if all the roots of the polynomial
L(z) lie inside of the unit circle in C, i.e. || <1,i=1,...,n.

Remark: In general, it is difficult to find the roots of the polynomials a(z) or L(z). There are
interesting results concerning the localization of the roots of polynomials inside/outside of the unit
circle in C without determining the actual roots, see e.g. the Schur-Cohn criterion.

Yule-Walker equations

While Theorem 7.5 provides an expression for the autocovariance function of the autoregressive
sequence, it relies on the knowledge of the coefficients {c;, j € No}. A different way of computing the
autocovariance function is provided by the so-called Yule- Walker equations. For clarity, we write in
the following simply R in place of Rx for the autocovariance function of the autoregressive sequence.

Let the sequence {X;,t € Z} satisfy
Xe+arXe1+...+apn X =Y, t€Z, (7.5)

this time with ay,...,a, € R and {Y},t € Z} being a real-valued white noise sequence WN(0,0?).
Assume that the sequence {Xy,t € Z} satisfies the conditions of Theorem 7.5. Hence, {Xy,t € Z}
is a real-valued causal linear process, meaning the sequence is centered, weakly stationary and its
autocovariance function is symmetric: R(—t) = R(t),t € Z. We also have the representation X; =
Z(;io CjY%fj, teZ.

Since the sequence {Y;,t € Z} consists of uncorrelated random variables, continuity of the inner
product implies for s < t,s,t € Z, that

EX,Y; = (X,,V;) = lim <chys_j,y;5> = 0.

n— o0 -
j=0
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Now we multiply both sides of Equation (7.5) by ¥; and take expectation:
EX,Y; + aiEX; 1Y; + ... + EX; Y, = BY? = o2

This means that EX;Y; = 02,¢ € Z. Similarly, we multiply both sides of Equation (7.5) by X; &,
k € Ny, and take expectation:

EX: X, g+ aBX; 1 Xy p+ . +EXy Xy s =EYiX, 4, k=0,1,2, ...
The sequence {X;,t € Z} is centered and real-valued, and we can write R(s,t) = EX;X;,s,t € Z.

Also, weak stationarity means that we can work with the function of a single argument R(¢) only. It
follows that

R(0) + a1 R(1) + ...+ a,R(n) = o%, (k=0) (7.6)
Rk)+aiR(k—1)+...4a,R(k—n)=0, k=1,2,... (7.7)
These are called the Yule-Walker equations. Note that the coefficients a1, ...,a, are known here,

and the values of R are to be computed. This means that we need to solve the difference equation
(7.7) with the initial conditions obtained by solving the set of equations for £k =0,1,...,n — 1.

For autoregressive sequences, we can use a trick to reduce the size of the set of equations needed to
find the initial conditions for the difference equation. Instead of working with the autocovariance
function R, we work with the autocorrelation function r, using the relation r(t) = R(t)/R(0),t € Z.
We divide both sides of Equation (7.7) by R(0) and we get, using r(0) = 1 and the symmetry
r(—t) =r(t),t € Z,

r(1) + a1 + aor(1) +asr(2) + ...+ apr(n — 1) =0,

r(2) +a1r(l) +az +asr(l) + ...+ apr(n —2) =0,

r(n—1)4+ar(n—2)+... 4+ a,r(1) =0.

We solve this system of equations to find the values of r(1),...,r7(n — 1). This is enough since we
already know that r(0) = 1. Together, these values serve as the initial conditions for the difference
equation

r(k)+air(k—1)+...+r(k—n)=0, k> n.
The characteristic polynomial corresponding to this difference equation is
N+ NP+t a_i A ta, = L(X\), A e C.

Solving the difference equation, we find the values r(k), k € Ny.
Finally, we plug in R(k) = r(k)R(0),k € Z, into Equation (7.6) to get

R(0) (1 4+ a1r(1) + ... +anr(n)) = o2,

and hence

0_2

T +air(1)+ ...+ apr(n)

R(0)

In this way, all the values of R(k),k € Z, are now determined.

Ezample: Let {X;,t € Z} be an AR(1) sequence following the model X; + aX;—1 = Vi, t € Z,
for some a € R with |a| < 1, where {Y;,t € Z} is a real-valued white noise sequence WN(0,0?).
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The polynomial a(z) = 1+ az has root —1/a which lies outside of the unit circle. It follows that
{X¢,t € Z} is a centered, weakly stationary, causal linear process. Using the procedure described
above, we obtain the equations

In this case, the initial condition is very simple: r(0) = 1. It follows that
T‘(l) = —a,
r(2) = —ar(l) = (—a)?,
r(k) = —ar(k—1) = (—a)*, k=0,1,2,...

The value of the variance R(0) is determined from the only equation containing o

2 2
o o
R(0) = = .
(©) I+ar(l) 1-—a?
In conclusion, R(k) = 02%, k=0,1,2,... Note that this is the same result as in the example at

the end of Section 7.3.

Remark: Consider an AR(1) sequence X;+aX;_1 =Yy, t € Z, with |a| > 1. This sequence is not causal
but we can still investigate its properties. To do that, we rewrite the model as X; = ¢ X;_1+Y;,t € Z,
where ¢ = —a. We can write X1 = ¢ X; + Yi41 and hence X; = cp_lXt+1 — go_li/}+1. Iteratively
plugging in the corresponding formulas we obtain

Xe=—¢ Wi+ (07 X2 — 07 Wign) = =0 W1 — ¢ o + ¢ 2 X =

In this way we obtain the representation X; = —> 727, go_kYtJrk,t € 7Z, using the future values of
the white noise sequence. The coefficients in the representation are summable in the appropriate
way, L.e. > po !cp"“ < 00, and hence X; is a well-defined random variable for each ¢ € Z. From this
representation, we get that {X;,t € Z} is a centered, weakly stationary sequence, see Section 7.6 on
linear filters.

7.5 ARMA sequences

Trying to generalize the concept of autoregressive sequences, we might consider the case where
the innovations {Y;,t € Z} are not uncorrelated (white noise), but instead have some correlation
structure. In the following, we assume that the innovations have the structure of an MA(n) sequence,
resulting in a more flexible model. The same class of models is obtained if we take moving averages
from an autoregressive sequence.

Definition 7.5. Let ai,...,am € R,by,...,b, € R ay, # 0,b, # 0, be constants and let {Y;,t € Z}
be a white noise sequence WN(0,0%). A random sequence {Xy,t € Z} which satisfies

Xe+arXei+ .o AanXiem =Y+ 1Y+ ...+ 0Yp, t €Z, (7.8)
is called an ARMA sequence of order m and n. We write ARMA(m,n).
Remark: Both the MA(n) and AR(m) models are special cases of ARMA models. Sample realizations

of ARMA(1,1) sequences are given in Figure 13. The corresponding autocovariance functions and
spectral densities are shown in Figures 14 and 15, respectively.

Remark: Let us define the following polynomials: a(z) =1+ a1z + ...+ anz™ and b(z) =1+ b1z +
..+ bp2", z € C. Then, we can write a(B){X;,t € Z} = b(B){Y:,t € Z}.
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Figure 13: Sample realizations of the ARMA(1,1) sequence with a; = 0.8,b7 = 1 (left) and with
a1 = —0.8,b; = 1 (right). In both cases 02 = 1. Note that these are discrete-time sequences, and
the lines joining the corresponding points in the plots are used only for clarity.
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Figure 14: Autocovariance functions of the ARMA(1,1) sequence with a3 = 0.8,b1 = 1 (left) and
with a; = —0.8,b; = 1 (right). In both cases 0% = 1.
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Figure 15: Spectral densities of the ARMA(1,1) sequence with a; = 0.8,b; = 1 (left) and with
a1 = —0.8,b; = 1 (right). In both cases 02 = 1.
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Causality of ARMA sequences

Theorem 7.6. Let {X;,t € Z} be an ARMA(m,n) sequence defined by (7.8) and assume that the
polynomials a(z) = 1+ a1z 4+ ...+ apz™ and b(z) = 1+ biz + ... + by2™ have no common roots.
{Xi,t € Z} is a causal linear process if and only if all the roots of the polynomial a(z) lie outside of
the unit circle in C, i.e. a(z) # 0 for |z| < 1.

If {Xi,t € Z} is a causal linear process, the coefficients {c;,j € No} in the representation X; =
> 50 ¢iYi—j, t € Z, are given by

c(z) = chzj = 222, |z| <1,
§=0

the autocovariance function is

Rx(t) = 0?30 kil >0,
Rx (), t<0,

and the spectral density is

_ 072 1250 bje A
- 2m | g awe R

fx(\) A€ [—m, 7],

where ag = by = 1.
Proof. Similar to the proof of Theorem 7.5. 0

Remark: If the polynomials a(z), b(z) have common roots which lie outside of the unit circle, then the
rational function ¢(z) = ZE?),

an ARMA (p, ¢) model with p < m,q < n. If at least one of the common roots lies in the unit circle,
there may be more than one weakly stationary solution (Brockwell and Davis, 2006, p. 86).

after canceling the terms corresponding to the common roots, defines

Yule-Walker equations

Assuming the ARMA sequence {Xy,t € Z} from Theorem 7.6 is a causal linear process, we multiply
the representation X; = Z;’;O c;Yi_j, t € Z, by Y;_j, k € Z, and by taking expectation of both sides
we obtain EX;Y;_ = cxo? for k > 0, and EX;Y;_; = 0 otherwise (causality implies that EX,Y; = 0
for each s < t).

Now we multiply both sides of Equation (7.8) by X;_x, k € Ny, and take expectation:
m n
EX, X, ) + Z a;EXy i X ) = BEY; X; p + Z bEY; i Xi p, k=0,1,2,...
j=1 j=1

As in Section 7.4, we assume that {Y;,t € Z} is real-valued, meaning that {X;,t € Z} is real-valued
and its autocovariance function is symmetric: R(—k) = R(k),k € Z. It follows that

R(k)+ > ajR(k—j) =0 bjcj_, (k<n) (7.9)
j=1 j=k

R(k) + iajR(k —7) =0, (k>n) (7.10)
j=1
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where by = 1. For k > n + 1 (to have 0 on the right-hand side) and k& > m (so that on the left-hand
side we avoid the restrictions such as R(—1) = R(1)) we solve the difference equation (7.10) with
the initial conditions obtained from the system of linear equations with & < max(m,n + 1).

Ezxample: Consider an ARMA(1,1) sequence following the model X; + aX;—1 = Y; + bY;_1,t € Z,
where a # b,a # 0,b # 0,]a|] < 1, and {Y;,t € Z} is a real-valued white noise sequence WN(0,02).
The sequence {Xy,t € Z} is causal, and hence EX;Y; = 0 for s > ¢.

Multiplying the model equation by Y; and taking the expectation, we obtain, for each ¢t € Z,
EX,Y; = o2
Similarly, we multiply the model equation by Y;_; and take the expectation to get
EX;Y;1 + aEX¢1 Yoy = bo?,

EX,Y;_1 + ao? = bo?,
EX,Y; 1 = o?(b—a).

Furthermore, we multiply by X;:
EX? + aEX; X, 1 = EX,Y; + bEX,Y; 1,
R(0) + aR(1) = 0 + bo*(b — a) = o*(1 + b(b — a)).
Next, we multiply by X;_1:
R(1) + aR(0) = 0 + bo.
Finally, we multiply by X;_j for k > 2:
R(k) 4+ aR(k—1) =0.

This is a homogeneous difference equation of order 1. Its general solution is R(k) = (—a)*¥"1R(1),

k > 1. The initial condition is obtained by solving the system of two linear equations above containing
R(0), R(1) and o2. The solution is

R(0) = ﬁ [0%(1 — 2ab+b?)],

1

rU=1"2

[0%(b—a)(1 — ab)] .

Invertibility of ARMA sequences

We have seen that under certain conditions an ARMA sequence is causal, i.e. it is possible to express
it as Xy = Z}io c;Yi—j,t € Z. Now we will investigate if it is possible to invert such representation,
i.e. to write Y; = Z;io d;X;_j,t € Z. This would be useful when making predictions, see Section 9.3.

Definition 7.6. Let {X;,t € Z} be an ARMA(m,n) sequence defined by Equation (7.8), where
{Y;,t € Z} is a white noise sequence WN(0,02). The sequence {X;,t € Z} is called invertible, if
there is a sequence of constants {dj,j € No} such that >°72 |d;| < oo and Yy = 3772 d; Xi—j,t € Z.

Remark: If {X;,t € Z} is weakly stationary, e.g. under causality, the definition is correct since
by Theorem 7.3 we obtain that Z?io d; X;—; converges almost surely for any ¢ € Z provided that

> oo ldj] < oo.
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Theorem 7.7. Let {X;,t € Z} be a weakly stationary ARMA(m,n) sequence defined by (7.8). Let
the polynomials a(z) and b(z) have no common roots. {Xy,t € Z} is invertible if and only if all the
roots of the polynomial b(z) lie outside of the unit circle in C, i.e. b(z) # 0 for |z| < 1.

If {Xt,t € Z} is invertible, the coefficients {d;,j € No} in the representation Yy = > 22, d;X;—j,
t € Z, are given by

Zdzj—ﬁ lz| < 1.
(2)

Proof. Similar to the proof of Theorem 7.5. O

Remark: By taking z = 0 we see that d(0) = a(0)/b(0) and hence dy = 1. It follows that X; +
> i1 djXi—j = Yi,t € Z. We call this the AR(c0) representation of an invertible, weakly stationary
ARMA (m,n) sequence.

7.6 Linear filters

Definition 7.7. Let {Y;,t € Z} be a centered, weakly stationary random sequence. Let {c;,j € Z} be
a sequence of complex-valued constants such that ZJ__OO lcj| < co. We say that a random sequence
{Xi,t € Z} is obtained by filtration of the sequence {Y;,t € Z}, if

oo

X = Z CjY%_j, teZ.

The sequence {c;j,j € Z} is called a time-invariant linear filter. Provided that c; = 0 for each j < 0,
the filter is called causal.

Remark: The sum in the definition above is absolutely convergent almost surely, see Theorem 7.3
and the remark below it.

Remark: Linear filters are one of the key tools in the field of signal processing. For illustration,
consider a simple low-pass filter (which removes high frequencies) applied to a noisy signal, see
Figure 16. While not perfectly reconstructing the original periodic signal, the filtering successfully
removes the noise component of the observed sequence.

Remark: Finding the coefficients of a linear filter with the desired properties (transfer function) is
not a trivial task, but established methods are available, see e.g. the Parks-McClellan algorithm.

Remark: The linear process MA(co) is obtained by causal filtration of a white-noise sequence. This
means that Theorem 7.4 is a special case of the following theorem.

Theorem 7.8. Let {Y;,t € Z} be a centered, weakly stationary random sequence with the auto-
covariance function Ry and the spectral density fy. Let {c;,j € Z} be a linear filter such that
Y e oo lejl < o0o. Then the sequence {X¢,t € Z} defined as Xy = 3772 ¢;Yy—j,t € Z, is a cen-
tered, weakly stationary sequence with the autocovariance function

= > Y c@Ry(t—j+k) te,

Jj=—00 k=—00

and the spectral density

fxO\) = [T Pfy(N\), X € [—m, 7],

where W(\) =Y 22 cre R N € [—m, 7], is called the transfer function of the linear filter.
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Figure 16: Top left: a periodic signal. Top right: observation {Y;,t € Z} of the periodic signal with
additive noise. Bottom left: coefficients of the low-pass filter {c;,j € Z}, only the non-zero values
are shown. Bottom right: the resulting sequence {X;,t € Z}. Note that these are discrete-time
sequences, and the lines joining the corresponding points in the plots are used only for clarity.

Proof. The proof is analogous to the proof of Theorem 7.4, starting with X; = Li.m. Xt(n), where
Xt(n) = Z?:—n CjY%_j, teZ. O
Ezample: Let {Y;,t € Z} be a white noise sequence, and define {Xy,t € Z} by X; = o X;_1+Y;,t € Z,
for |¢| > 1. We have shown before that the sequence {X;,t € Z} is not causal, but we can write
Xy ==Y, ¢ "Y1kt € Z. This means that {X;,¢ € Z} is obtained from {Y;,t € Z} by linear
filtration with coefficients
{0, k>0,
cr =

-k k<o.

Since these coefficients are absolutely summable, it follows by Theorem 7.8 that {X;,t € Z} is
a weakly stationary sequence, i.e. the behavior of the sequence is nice. The autocovariance function
of {Xy,t € Z} can be easily determined from Theorem 7.8, too.

Remark: Note that causality is a property of the pair ({X;, ¢t € Z}, {Y;,t € Z}), not the sequence
{Xi,t € Z} alone. In fact, it can be shown that any non-causal AR(1) sequence (X; = ¢X;—1 +
Y, t € Z, with [p| > 1) is a causal AR(1) sequence with respect to a different white noise sequence
{Yi,t € Z}.
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8 Ergodicity

Definition 8.1. Let the random sequence {Xy,t € Z} be weakly stationary with mean value p. The
sequence is mean square ergodic or satisfies the law of large numbers in Ly (92, A, P), if

1 n
—g Xy — p, n— o0,
n

t=1

i the mean square.

Remark: If {X;,t € Z} is a mean square ergodic sequence, then %Z?:l X; — p,n — 0o, in proba-
bility, i.e. {Xy,t € Z} satisfies the weak law of large numbers for weakly stationary sequences, and
%Z?:l X, is a weakly consistent estimator of p.

Theorem 8.1. Let the random sequence {Xy,t € Z} be weakly stationary with mean value p and
autocovariance function R. The sequence is mean square ergodic if and only if

1 n
EZR(t) — 0, n — oo.
t=1

Proof. We assume that p = 0, otherwise we consider the centered version of the sequence )?t =
X; — p,t € Z, which has the same autocovariance function as the original sequence {Xy,t € Z}.

First, consider the spectral decomposition
™ .
X, = / " AZ(N), t e Z,
-

where {Z, A € [—m, 7]} is a centered, orthogonal increment process with the orthogonal distribution
function F', which is the same as the spectral distribution function of {Xy,¢ € Z}, see Theorem 6.5.
Then

Iy I [T i T (I 7

HZ}Q = HZ/_ﬂe dZ(\) = /_7r (nZe dZ(\) = g hn(N) dZ(N),
t=1 t=1 t=1
where
i\ iAn

1N Lel=e) = N £0
hn A)=— elt/\ =" 1—et ’ ’
w=rxe - )

Furthermore, consider the function

A
h(\) = 0, A#Q0,
1, A=0,

and define the random variable Zy = ["_h(X) dZ(\).

Clearly, h,(A) — h()\),n — oo, for any A € [—m,«]. It follows that |h,(\) — h(N)|?> — 0,n — oo,
A € [-m,7]. Also, hy, — h,n — oo, in Ly(F), since |h,(A\) — h())|> < 1, and using the Lebesgue
dominated convergence theorem we get

/7r |hn(N) — R(N)[2AF(N) = 0, n — oo.

—T
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Theorem 6.3 implies that

™

~ th / 2N AZN) = [ AN dAZ(N) = Zy, n — oo,

—T

in the mean square. Now, it suffices to show that
1 n
Zp=0as. <— — R(t) —» 0, n — oo.
: D0

From Theorem 6.3 we have EZy = 0, and it follows that Zg = 0 a.s. <= E|Zy|?> = 0. From the same
theorem we get

2 = /7r |h(\)PdF(N).

—Tr

E|Zo|? = E V:; h(X)dZ(N)

From the spectral decomposition of the autocovariance function and the Lebesgue dominated con-
vergence theorem we obtain that

—ZR Z(/_T; Z”dF(A) / ( Ze”’\> dF (X /Wh () dF(X)

t=1

Ny h(A) dEF(X) = /7r |h(N)|?AF()\) = E|Zo|?, n — oo.

—T —T

O

Remark: Note that E|Zo|* = [ _|h(X)|*dF(X) = F(0) — F(0—), meaning the condition Zy = 0 a.s.
(and also L 3% | R(t) — 0,n — o) is fulfilled if and only if the spectral distribution function of
{X},t € Z} is continuous at 0.

Ezample: Let us consider the AR(1) sequence following the model X; = ¢X;_1 + Y;,t € Z, where
{Y;,t € Z} is a white noise sequence WN(0,02) and |¢| < 1. We know that R(t) =
Obviously,

RS o p(l-¢")
— R(t — 0, n — oo,
n; ®) Tnl-o 22%0 nl—¢? 1—o noree

implying that the sequence {X;,t € Z} is mean square ergodic.

Ezample: Let {X;,t € Z} be a sequence of independent, identically distributed random variables with
finite second moments. Since R(0) = ¢ and R(k) = 0 for each k # 0, the summability condition
in Theorem 8.1 is satisfied and the sequence {X;,t € Z} is mean square ergodic. In this way, we
recover the weak law of large numbers known from the i.i.d. setting.

Ezxample: Let {X;,t € Z} be a weakly stationary, mean square ergodic random sequence with ex-
pected value p and autocovariance function Rx. We define {Z;,t € Z} as Z; = Xy + Y, t € Z, where
EY =0, varY = 02 € (0,00), and Y is uncorrelated with {X;,¢ € Z}. It follows that EZ; = p,t € Z,
and the autocovariance function of the sequence {Z;,t € Z} is Rz(t) = Rx(t) + 0%, t € Z. The
sequence is weakly stationary. However, it is not mean square ergodic:

1 n

— R R 0,

nz z(t) Z x(t) +0% =02 >0, n— oco.
Also,

1 & 1 &
=N Z == Xi+Y 5 p+Y, n— oo,
nt:l nt:l

in the mean square, and the sample means do not converge to any constant.
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Theorem 8.2. Let {X;,t € Z} be a real-valued, weakly stationary random sequence with mean value
p and autocovariance function R such that >~ |R(t)| < oco. Then

1. %Zzzl X — u,n — 00, in the mean square,

2. nvar (1370 X)) = 300 R(k),n — .

Proof. 1. The assumption y ;> |R(t)| < oo implies that

1 n

~ > R(K)
k=1

meaning that 1 >3 | R(k) — 0, n — co. The first claim then follows from Theorem 8.1.

1
n

1 n o0
< — <
< 2 IR < 53D IRGE) 0, 0 oo

2. It is easy to see that

n

n
var (; ZXk) = % Zvaer + ZZ cov(X;, Xi)
k=1 k

=1 1<j#k<n
1 .
=5 [ nRO) + S>> R(i-k) .
1<j#k<n

We assume that {Xy,¢ € Z} is real-valued and hence R(j — k) = R(k — j). We can write

n—1 n n—1
DD RG-K) =23 Y R(G-k=2) (n-DR0),
=1

1<j#k<n 5=1 k=j+1

where in the last equality we changed the order of summation and noticed that some of the terms
have the same value. We now proceed with computing the variance:

1 n 1 n—1 1 n—1 l
var (n Zxk> == (m—‘a(o) +2) (n— l)R(l)) == (R(O) +2) (1 - n) R(l))
k=1 I=1 =1
LS (bl
== Al '
v > (-,
j=—n+1
where we used again the symmetry of the autocovariance function. We conclude that
1 n n—1 9 n—1 'S
n var <n Z)@) = > RG)= =D GRG) > D R(), n— oo,
k=1 j=—n+1 Jj=1 Jj=—00
since the second term converges to 0 with increasing n by the Kronecker lemma. O

Remark: Theorem 8.2 also implies that nvar (2 Y} X3) = Y02 R(k) = 27f(0),n — oo (recall
the inverse formula for computing the spectral density in Theorem 5.7).
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9 Prediction in the time domain

9.1 Projections in Hilbert spaces
Definition 9.1. Let H be a Hilbert space with the inner product (-,-) and the norm ||z| = /(z, ),
x € H. We say that two elements x,y € H are orthogonal if (x,y) =0. We write x L y.

Let M C H be a subset of H. We say that an element x € H is orthogonal to M, if it is orthogonal
to each element of M, i.e. (x,y) =0 for eachy € M. We write x L M.

The set M+ = {y € H :y L M} is called the orthogonal complement of the set M.
Theorem 9.1. Let H be a Hilbert space and M C H be any subset of H. Then M~ is a closed
subset of H.

Proof. Denote the null element in H by o. Since (0,z) = 0 for each 2 € M, we have o € M*.
Linearity of the inner product implies that any linear combination of elements of M~ is an element
of M+, and hence M~ is a subspace of H. Continuity of the inner product implies that any limit of
a sequence of elements of M is an element of M+ and hence M~ is a closed subspace. O

Theorem 9.2 (projection theorem). Let M be a closed subspace of a Hilbert space H. Then for
every element x € H there is a unique decomposition © = T+ (x—2) such thatx € M andx—7= L M.
Furthermore,

=l = mi = = .

2] = 12l + ll= -z, (9-1)
Proof. See Rudin (2003, Theorem 4.11) or Brockwell and Davis (2006, Theorem 2.3.1). O

Remark: The element T € M is called the orthogonal projection of x onto the subspace M. The
mapping Py : H — M such that 2 = Pyw € M and z — 2 = (I — Py)x € M+, where I is the
identity mapping, is called the projection mapping. Obviously, for any x € H we have a unique
decomposition

r = Pyx+ (v — Pyx) = Pyx + (I — Py) . (9.2)

Theorem 9.3 (properties of the projection mapping). Let H be a Hilbert space and let Py be the
projection mapping onto a closed subspace M. It holds that:

1. for every x,y € H and o, 8 € C, Py(ax + By) = aPyx + Py,
if t € M, then Pyx = x,

if z € M+, then Py = o,

e e

if My, My are closed subspaces of H such that My C My, then Pyrx = Py, (Pap,x) for every
€ H,

5. if xp,x € H are elements of H such that ||z, — z|| = 0,n — oo, then ||Pyxyn, — Pyz| — 0,
n — 00.

Proof. 1. We see that

ax + By = a(Pyz + (x — Pyx)) + B(Puy + (y — Puy))
= (aPya + BPyy) + (oa(w — Pyz) + By — Puy)).
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Obviously, aPyz + SPyy € M and oz — Pyx) + B(y — Pyy) € M+, since M and M+ are linear
subspaces. From this decomposition we get Py(ax + By) = aPyx + BPyry.

2. The claim follows directly from the uniqueness of decomposition (9.2), since = x + o, where
zeMandoe M*.

3. Similarly as above, we have = 0 + z, where 0 € M and z € M*.

4. We have © = Pyr,x + (v — Pypyx), Py,x € Ma, © — Py,x € M-, and thus, using linearity from the

point 1 above, Py, x = Pur, (Par,x) + Por, (€ — Pu,x). 1t follows from the definition of the projection

mapping that Py, (Py,z) € M. Also, from M- C Mi- we get Py, (z — Py,x) = o using the point 3

above. It follows that Py, x = Py, P(p,x) + o for each x € H.

5. Using the linearity of the projection mapping and Equation (9.1) we get
len = 2* = | Pa (@ = 2)|* + (@0 — 2) = Par(wn — )|

Since both terms on the right-hand side are non-negative, we obtain

| Prrn, — PMach2 = ||Py(zp, — :1;)”2 < |lxn — tz — 0, n — oo.

9.2 Prediction based on finite history
Consider the following problem: we observe random variables X1, ..., X,, with zero mean and finite
second moments, and we want to predict (forecast) the value of X,y with h € N.

We would like to approximate (estimate) X, 1, by a measurable function g(Xi,..., X)) of the ob-
servations X1, ..., X, which minimizes the mean square error E|X,, 1, — g(X1,..., X,)[%. It is well
known that the solution is given by the conditional expectation:

9(X1,..., X)) = E[Xpunl Xy, ..., X0l

Indeed, let us consider for simplicity only real-valued random variables and denote X,, = (X1,..., X,,)%.
Then,

E(Xnn — Q(Xn))2 = E(Xntn — E [XpnXo] + E [Xn4nlXn] — Q(Xn))2
= E(Xn-‘rh —E [Xn+h|Xn])2 + E(E [Xn+h|Xn] - g(Xn))2
+ 2E(Xn4h — E [Xoin[Xa]) (B [Xnin [ Xa] — 9(Xn)).

The last term equals

2E [E[(Xnth — B [Xnn [ Xn]) (B [XngnXn] = 9(Xn)) X ]]
=2E [(E [Xn-i-h‘xn] - g(Xn))E[Xn-‘rh —E [Xn+h|Xn] |XHH

9

since (E[X,11|X,] — ¢9(X,,)) is measurable with respect to the o-algebra generated by X, and
E[Xpin — E[Xp41]X,] |X] = 0 a.s. It follows that

E(Xnth = 9(Xn))? = E(Xpth — E[Xnin[Xn])? + E(E [Xnin[Xn] — 9(X5))
> B(Xpin — E [Xnn|Xn))?,

with equality for ¢(X,,) = E[X,,41,|X,,] as.

Finding the conditional expectation is usually not possible (only for Gaussian processes, where the
conditional expectation is a linear combination of Xi,...,X,). In the following, we restrict our
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attention to linear functions of X7i,...,X,. In this way, we will not find the best possible solution
to the minimization problem, but we will find a solution achievable in practice.

The problem of finding the best linear approximation of X,y can be solved by using the projection
method in a Hilbert space. The best linear prediction of X, 5 based on Xy,..., X, will be denoted

by Xn+h (n) :

Let H=H{X1,...,Xn,..., Xpntn} be the Hilbert space generated by the centered random variables
X1,..., Xpyn and H = H{X;,..., X, } be the Hilbert space generated by Xi,...,X,. Note that
H7T is a subspace of H.

The best linear prediction of X, is the random variable

n
Xoptn(n) = Z cp Xy € HY, (9.3)
k=1

such that the prediction error E| X, ) — )?n+h(n)]2 = || Xptn — X’n+h(n)||2 takes the minimum value
with respect to all linear combinations of X1,...,X,,. It means that

)?n-i-h(n) = Py (Xn+n) € HY,

Xogh — Xn+h(n) 1 H{L7

and the element X,, 5 (n) is determined uniquely, see Theorem 9.2 (projection theorem).

The space H{ is linear, generated by finitely many random variables Xy, ..., X,,, meaning that

~ ~

Xnih — Xpgpn(n) L HY <= Xpyon — Xppn(n) L X5, j=1,...,n
— E (Xn+h — )?n_i_h(n)) Yj =0,7=1,...,n.

The constants ¢y, ..., ¢, in Equation (9.3) can be determined by solving the equations
n
E (XnJrh - ZCka> Xj = 07 j = 1,... ,n.
k=1
If X1,...,Xn4n form a real-valued, centered, weakly stationary sequence with the autocovariance

function R, the previous system of equations can be written as
n
k=1

or more explicitly as

aaR(0)+caR(1)+ ...+ c,R(n—1)=R(n+h—1),
caR(1) 4+ c2R(0)+ ...+ c,R(n—2) = R(n+ h —2),

ciR(n—1)+coR(n—2)+ ...+ c,R(0) = R(h).

Note that under the assumption of real-valued sequence, the autocovariance function is symmetric,
i.e. R(—t) = R(t),t € Z. Furthermore, the system of equations can be written in the matrix form

Fncn = Tnh>

56



where ¢, = (c1,...,¢0)L, Yan = (R(n+h —1),..., R(h))T and

R(0) R(1) -+« R(n—1)
R(1) R(0) -+ R(n—2)
R(n—1) R(n—2) ---  R(0)
If the inverse matrix F;l exists, we get ¢, = F;lfynh. Denoting X,, = (X1, ... ,Xn)T, we can further

write

n
Xntn(n) = chXk =cI'X, =45 T 1X,,.
k=1

Clearly, I',, is the variance matrix of (X1,...,X,)7, ie. I', = varX,, = IEXnXg

The prediction error is
~ 2 ~ 2
0% = E[Xoin = Zoen()| = | Xotn = Znin(m)|

From the Theorem 9.2 (projection theorem) we get

2

)

~ 2 ~
H‘Xn—i-hH2 = HXn+h(n)H + HXn-‘rh - Xn—i—h(n)‘

and hence
2 2 S 2
0 = | Xnial> = | Znianm)| -

For a real-valued, centered, weakly stationary sequence such that T, is regular (meaning that T';!
exists), we have:

5 = 1%l — [Buenn)]|” = B X~ [ Zin(m)]
= R(0) - E (c!X,))* = R(0) — ¢"E (X, X7) c,
= R(0) = ¢y Tnen = R(0) = %L Tl
= R(0) = 4L Y-
Theorem 9.4. Let {X;,t € Z} be a real-valued, centered, weakly stationary sequence with the

autocovariance function R such that R(0) > 0 and R(k) — 0,k — oo. Then the matriz I'), =
var(Xy, ..., Xp) is reqular for every n € N.

Proof. We prove the claim by contradiction. We suppose that I'y, is singular for some n € N. Then
there is a non-zero vector ¢ = (ci,...,c,)" such that ¢'T',,c = 0. Denoting X,, = (X1,...,X,)7,
it follows that Ec?X,, = 0 (as the sequence is centered) and var(c’X,,) = ¢IT,,c = 0. This means
that ¢I'X,, = 0 a.s.

Since I'y = R(0) > 0 is regular and I',, is singular, there is an integer 1 < r < n such that I, is
regular and I'y1; is singular. Using the same arguments as above we see that there are constants
ai,...a, such that X, = Z§=1 a;jX; as.

From the weak stationarity of {X;,t € Z} we have var(X1,...,X,41) = ... =var(Xp, ..., Xpqn) =
I'y41 and thus for each h > 1 it holds that X, 1, = E;Zl a;jX;in—1 a.s. By repeatedly plugging-

in this formula, we see that for each n > r + 1 there are constants agn), ... ,aﬁn) such that X,, =
Z;zl agn)Xj =a™X, a.s., where al®) = (agn), e ,a&n))T and X, = (X1,...,X,)T. It follows that

0 < R(0) = var X,, = a™ T var X,, a™ = a7, a(®,
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The matrix I, is positive definite (it is a variance matrix and it is regular), implying that there is a
decomposition I', = PAPT, where A is a diagonal matrix with the eigenvalues of the matrix I', on
the diagonal and the product PPT = I is the identity matrix.

Since I', is positive definite, all its eigenvalues are positive. Without loss of generality, we assume
the eigenvalues are 0 < A\; < ... < \.. Then

" 2
R(0) = aMTpAPTa(M > )\ 2T ppTa) — ) Z (ag.")> 7
j=1

2
from which it follows for each j =1,...,r that (ag»n)> < R(0)/A;. Hence |a§")| < C independently

of n, where C' is a positive constant. We also have

0 < R(0) = [R(0)| = [EX2| = |[EX,, | Y_a\"X; || = |3 "Ex.X;| = |3 " R(n — j)
j=1 j=1 j=1

<ol IR = ) < C Y IR = )] = 0, 1= o0,
j=1 j=1
since we assumed R(n) — 0, n — co. However, this contradicts the assumption that R(0) > 0. We

conclude that I',, is regular for each n € N. O

Remark: Let {X;,t € Z} be a weakly stationary sequence with mean value p. Then
PrXnih = p+ Pu(Xngn — 1),

where H = H{L, Xy,..., X}, H=H{X1 —p,..., X, — u}, and 1 is a random variable equal to the
number 1 almost surely. This means that without loss of generality, we may consider only centered
random variables in our prediction methodology.

9.3 Prediction based on infinite history

Suppose we know the history X,,, X,,_1, ..., and we want to forecast (predict) X, 11, Xp4o,... Again,
we solve this task by using projections in Hilbert spaces.

Consider the Hilbert spaces H = H{X;,t € Z} and H" = H{X,, X;,—1,...}. For h € N, the best
linear prediction X,,4p(n) of X1, based on the infinite history X,, X,_1,..., is the projection of
Xnt+n € H onto H™ , i.e.

~

Xnin(n) = PHfooXnJrh‘

~

For simplicity, we will denote the one-step prediction )?nH(n) = Xnt1.

Causal AR(p) models

Consider the model
Xe=o1Xi 1+ ...+ epXs p + Y, tEZ,

where {Y;,t € Z} is a WN(0,02) sequence and all the roots of the polynomial a(z) = 1—¢12— 222 —
... — ppzP, z € C, lie outside of the unit circle. It follows that {X;,t € Z} is a causal linear process
and Y; 1L X, for each t,s € Z such that t > s.
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One-step prediction: We want to construct the prediction Xn+1 = )?nﬂ(n) using the random
variables X,,, X,,_1,... We note that

e Xpr1i=wm1Xpn+...+ (Pan—&—l—p + Y1,
o ;i Xy + ...+ Xpp1n € H o,

e Vi1 L X, Xp1,..., meaning that Y41 L H”_ (using the linearity and continuity of the
inner product).

This means that
Xn+1 = PHEOOXn—H = Soan +...+ ‘Pan—f—l—p)
since X, 41 — )/an =Y, LH” .

~ |2
The prediction error is E ‘XnJrl - XnJrl‘ =E|Y, 1|2 = o2

h-step prediction with h > 1: Using Theorem 9.2 (projection theorem) and the formula for the
one-step prediction, we see that

~

X,H_h(n) = PHﬁooXn—i-h = PHfoo (PHf;h_lX”"rh) = PHfOOXTH'h(n + h— 1)
= Pyr__ (01 Xngh1+ -+ @pXninp) = 01 [Xngna] + 02 [Xnyno] + -+ 0p [ Xnynp],
where for j € Z we denote
X +J> J <0,
[Xn-‘rj] =" .
Xn-l—j(n)v J>0.

The prediction error can be determined as

2

)

~

2 .
E|Xp+n — Xn-}—h(n)‘ = E[Xpin> —E )Xn—i—h(n)

see Theorem 9.2 (the projection theorem). Note that the prediction error can be expressed as a linear
combination of the values of the autocovariance function of {X;,t € Z}.

Remark: Note that for AR(p) models, only the values X, ..., X, 11, are needed for finding Xoin(n)
for h € N. Only the last p random variables are used, and hence the prediction is in fact not based
on infinite history, since the older random variables do not bring relevant information.

Ezample: Consider an AR(1) model given by X; = ¢X;_1 + Y}, t € Z, with |p| < 1 and {Y;,t € Z}
being a white noise SequenceAWN(O,UQ). Even if we know the whole history X,, X,,—1,..., the best
linear prediction of X, is X,4+1 = ¢X,,. For h > 1 we have:

~

XnJrh(n) = W[Xn+hfl] = @Xn+h71(n) = SDQXnJrhfZ(n) = ... = (Pth-
The prediction error is

~

2 —~ 2 2
E[Xoin = Knpn()| = ElXunl — E|Zuian)| = RO) - E|¢" X,

1_@2h
= R(0) (1- ) = 0*=—"7.
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Causal and invertible ARMA (p,q) models

Consider the model
Xt = @lXt—l +...+ @pXt—p + th + elift—l +...+ eq}/t—q’ te Z’

where {Y;,t € Z} is a WN(0,0?) sequence. Assume that {X;,t € Z} is causal and invertible.

Causality implies that
o0
Xy = ZC]‘Y;_J‘, teZ,
=0

where 377 [¢j| < oco. It follows that Y; L X, for each ¢, s € Z such that t > s.

Furthermore, invertibility implies that
Yo=Y diX,;, t€Z,
=0
where 3777 |dj| < oo and dy = 1. It follows that X; = —3°7%, d; X;—; + Y%, and specifically

0o
Xn+1 = — Z den+1—j + Yn+1' (94)
j=1

One-step prediction: We notice that

) N
— Z deTH—l—j =limyoe | — Z den—I—l—j € Hﬁoo,
j=1 j=1

and that Y,,11 L H"  (due to causality). It follows from (9.4) that

o
Xnt1=— Z dj Xnt1-j-
j=1
~ |2
The prediction error is E | X411 — Xn+1‘ = E|Y,41]? = 0%

h-step prediction with 4 > 1: Similarly as in (9.4) we get that X, = — Z;; d; Xpth—j+Ynin.
Furthermore, causality implies that Y, L H"__. Combining these properties, it follows that

oo oo
Xnyn(n) = Pun_Xpyn = Pun__ | — Z diXpnih—j+ Yoen | = — Z dj [ Xnyn—jl;
j=1 =1

where the convergence of the sum on the right-hand side is secured by > 322 |d;| < 0o and [Xpin—j]
are defined as above.

The prediction error can be determined using causality. From the one-step prediction, we know that
Xi — X =Y;, t € Z. We can write

oo oo
Xnin(n) = Pgn _Xnih =P | D ¢iVpnoj | =D ¢iPun_Yoinj.
=0 =0
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Since Ppn_ Yyip—j = 0 for j < h, we get

0o
Xpn(n) =Y ejYornj = Z ( nth—j — )A(n+h—j) € HY .
i=h i=h
The prediction error is then
2
‘Xn-i'h_Xn-‘rh ’ =K ZCJ n-+h—j —JQZ|CJ’2

Note that the previous formula for the prediction error holds also for A = 1.

Remark: What happens if we truncate the prediction based on infinite history because, in fact, we
do not have infinitely many observations in practice? Instead of X, p(n) = Y 12 arX,—k, we use
~ ~ 2

Xpin(n) = Zg 0@k Xn—. Its prediction error E ‘Xn+h — Xnan(n )‘ can be expressed using the

values of the autocovariance function of {X;,t € Z} and by choosing N, we can control how much
worse this truncated prediction Xn+h( ) is compared to the truly infinite prediction Xn+h( ).

Ezample: Consider an MA(1) = ARMA(0,1) model given by X; = Y; + 0Y;_1,t € Z, where 0] < 1
and {Y;,t € Z} is a white noise sequence WN(0,02). It follows that {X;,t € Z} is invertible and
Y, = Z;”;O(—H)th_j,t € Z (this is equivalent to finding MA (co) representation of a causal AR(1)
model). Since X,,+1 = 0Y,,+ Y41, Y, € H” (from invertibility) and Y,,+; 1L H”  (from causality),

we have

Xpi1 =0Y, =0 (=0 X,_;.
=0

~ |2
The prediction error is E | X, 11 — Xn+1‘ =E|Y,41|* = o2

For h > 1 we have )?n+h(n) = PHﬁoo (PHn+h—1Xn+h> = PHﬁanJrh =0- PHfoanJrh,l = 0, since

~ 2
n+h—1 > n, and hence Y,, 1,1 L H"_ . The prediction error is E ‘erh — Xn+h(n)‘ =E| X, n|? =

R(0) = o%(1 + 6%). Note that the prediction error is higher for A > 1 than for A = 1. This is not
surprising, since prediction to a more distant future is inherently a more complicated task.

9.4 Filtration of signal and noise

Consider a sequence {X;,t € Z} which contains the signal and a sequence {Y;,t € Z} which con-
stitutes the noise (not necessarily a white noise sequence). Our observations form the sequence
{Wi,t € Z} which we assume to be the mixture of the signal and noise,

Vi=Xi+ Y, teZ

Our goal is now to separate the signal from the noise. We assume that {X;,t € Z} and {Y;,t € Z}
are real-valued, centered, weakly stationary random sequences, with autocovariance functions Rx
and Ry, respectively. We further assume that these two sequences are uncorrelated. It follows that
{Vi,t € Z} is a real-valued, centered, weakly stationary random sequence with the autocovariance
function Ry = Rx + Ry.

In the following, we assume that we observe the random variables Vi,...,V},, i.e. we have finitely
many observations available. We are looking for a linear estimator of X in the form X, = Z?:1 ciVi,
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with the coefficients ¢y, . . ., ¢, minimizing the mean square error E| X, — X s|?. Again, we are looking
for a projection in a Hilbert space.

Denote H' = H{V1,...,V,} C L2(92, A,P) and fix s € Z. For s = n we call the following procedure
simply filtration. For s < n we call it filtration with delay and for s > n filtration and prediction. The
best linear approximation )A(s of X is the projection of X onto H{', i.e. )/(\'s € Hi" and X, —)?S 1 H!.
Since we have finitely many observations, H = H{Vi,...,V,} = M{Vi,...,V,}, and it is enough
to find ¢4, ..., ¢, such that

n
)?5 = chVj,
j=1
and
Xe—Xs LV t=1,....n,
or equivalently

IE(XS—X'S)Vt:O, t=1,...,n.

Since V; = X; + Y; and X4, Y; are uncorrelated for each ¢t € Z, we have
EXV: = EX  X; = RX(S - t), s,t e,

and we can write
E(X:—=> ¢Vi|Vi=Rx(s—t)= > ¢Ry(j—t)=0,t=1,...,n
j=1 j=1

Now it remains to solve the system of n linear equations for n unknown values ci,...,c,. This
system of equations can be written in a matrix form. For the sufficient conditions for the regularity
of the matrix with the entries Ry (j — t), see Theorem 9.4.

The random variable X s is the best linear filtration of the signal X at time s € Z from the mixture
Vi,...,V,. The filtration error is

2

2 2 ) 2 L
E‘XS—XS :HXS—XS = (1 Xs] —HXS = Rx(0) ~E|> ¢V}
j=1

n n

=Rx(0) = > Y cjarRy(j — k).
j=1k=1

Remark: It is not unreasonable to assume that we know Rx, Ry and Ry or at least their estimates.
Properties of the noise {Y;,t € Z} can be studied in controlled experiments with zero signal and
Ry can be estimated from the observations, meaning that Rx can be estimated using the formula
Rx = Ry — Ry. Alternatively, properties of the assumed signal (such as human speech) can be
studied in repeated experiments where averaging reduces the noise component.
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10 Partial autocorrelation function

We assume real-valued sequences in the following, as we will take advantage of the symmetry of the
autocovariance function.

Definition 10.1. Let {X;,t € Z} be a real-valued, centered, weakly stationary sequence. The partial
autocorrelation function of {Xy,t € Z} is defined as

r(1) = corr(Xy, X2) = _eovXiXa) g

a( _ ~ - \/l/aerx/Vang’
corr <X1 X1, X — XkH) , keNk>1,

where )Afl = PH§X1, )Z'kﬂ = PHngH are linear projections onto the Hilbert space Hé“ =H{X2,..., Xk}

Remark: Note the connection to the partial correlation coefficient, measuring the correlation between

X1 and Xjyq, after removing the (linear) influence of Xo, ..., Xj.

The projection is a linear function of Xy, ..., X, and )?1 = X2+ ...+ ¢ X). From the projection
theorem we get that X; — X; L HY, implying that E(X; — X1)X; =0,5 =2,...,k. The constants
ca, ..., c are determined by this system of equations. The same applies to X1, too.

Remark: Weak stationarity of {X;,t € Z} implies that for h € N and k > 1,
Oé(k‘) = COorr (X1 - jzlan—i-l — 5(:],3_;,_1) = Corr (Xh - )N(h,X;,Hh — )A(:]H_h) s

Y e h+k—1
where Xh = PH}TI?_leXkJ'_h = PH}?I{C—IXk+1 and Hhil = H{Xh+1, ey Xh—i—k:—l}'

Ezample: Consider a causal AR(1) model X; = ¢ X1 + Y, t € Z, where || < 1 and {Y;,t € Z} is
a white noise sequence WN(0,0%). For k = 1 we have a(1) = r(1) = corr(X1, X2) = ¢. For k > 1,
causality implies that Yy, L HY. Tt follows that Xy = PH§Xk+1 = PHg (o Xk + Yit1) = oXp.

Furthermore, from causality we get ;1 L X; and also Y11 L X 1 € Hé“ It follows that
0=F <X1 — f(l) Y1 =E (X1 - 5('1) (Xk+1 — )?,,M) .
Since

(i) = E (X1 - X1) (Xk+1 - Xk—l—l) |

\/E (X1 - )?1)2\/1@ (Xe1 - Xk+1)2

we conclude that a(k) =0 for k& > 1.

Remark: In the same way, we can show that for a causal AR(p) model it holds that a(k) = 0 for
k > p. The values of Xy, X;_1,..., Xt_py1 contain all the information about Xy, contained in
H s0s 80 X7 does not provide additional information about Xj.1, corresponding to a(k) = 0.

Ezample: Consider the MA(1) model X; = Y; + bY;—1 with b € R and {Y;,t € Z} being a white
noise sequence WN(0,02). In this case, the autocovariance function of the sequence {X;,t € Z} is

R(0) = (1+b%)0?, R(1) = R(—1) = bo? and R(k) = 0 for |k| > 1. Tt follows that a(1) = r(1) = lfbg

and «(2) = corr (X1 — )~(1,X3 —)?3). To find X; = PH22X1 = ¢Xs, we need to find ¢ such that

<X1 - )Nfl) 1 H2,ie E(X; —cX2)X2 = 0. This equation can be rewritten as R(1) — cR(0) = 0,

and hence ¢ = R(1)/R(0) = r(1) = H%' Similarly, we get X3 = H%Xg, too. Since the sequence
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{ Xy, t € Z} is centered, it is now easy to compute the variances and the covariance of X; — X 1 and
X3 — X3. Altogether,

b2
2)=———>F—.
o) =~
In general,

(=b)* (1 —b?)

a(k) = - 1 — p2(kt1)

k> 1.

Remark: In a sense, the autocovariance function R (or the autocorrelation function r) and the partial
autocorrelation function « are complementary tools: AR(p) sequences have infinitely many non-zero
values of R(k) and only finitely many non-zero values of a(k). For MA(n) models, the opposite
holds.

Remark: Plots of the empirical autocovariance or autocorrelation function and the empirical partial
autocorrelation function can be useful when choosing an appropriate model for a given dataset. For
illustration, consider e.g. the yearly mean total sunspot number as reported by the SILSO center
(https://www.sidc.be/SILSO/datafiles), see Figure 17. The estimated values of the autocovariance
function and the partial autocorrelation function are shown in Figure 18 (the estimation will be
discussed soon in Chapter 11).

While the plot of the empirical autocovariance function shows a repeating structure, the plot of the
estimated partial autocorrelation function shows that the values of a(k) for k up to 9 are relevant.
On the other hand, the values a(k), k > 10, are close to zero and can be considered negligible (note
that the first plotted value is @(1)). It follows that a reasonable model for the sunspot time series
could be an AR(9) model. However, this is only a visual procedure and formal model selection
methods are outside the scope of this course.

Definition 10.2 (alternative definition of the partial autocorrelation function). Let {X;,t € Z} be
a real-valued, centered, weakly stationary sequence. Let PH{chH =1 Xg + ...+ X1 be the best

linear prediction of Xpy1 based on Xy,..., Xk, Hf = H{X1,...,Xr}. The partial autocorrelation
function is defined as a(k) = p, k € N.

Remark: The concept is the same in Definition 10.2 as in Definition 10.1: after explaining X1 using
Xo,...,Xi (in a linear way), how much does X; help to further explain Xj,1?

Theorem 10.1. Let {Xy,t € Z} be a real-valued, centered, weakly stationary sequence with the
autocovariance function R and autocorrelation function r. Assume that R(0) > 0 and R(t) — 0, as
t — oo. Then both definitions of the partial autocorrelation function are equivalent, and it holds that
a(l) =r(1) and

1 r(1) r(k—2) r(1)
r(1) 1 r(k—3) r(2)
k- -2 ) (k)
ak) = = ey e (10.1)
r(1) 1 r(k—3) r(k—2)
rk—1) (k=2 - (1) 1

Proof. We start by showing the equivalence of the two definitions for k£ = 1. According to the first
definition, (1) = r(1). Considering the second definition, we write Xy = P X = ¢1X) and

(X2 — X5) L Xy, implying E(Xs — ¢1X1) X1 =0, R(1) — ¢ R(0) = 0 and finally ¢ = r(1).
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Figure 17: Yearly mean total sunspot number, 1700-2024. Note that this is a discrete-time sequence,
and the lines joining the corresponding points in the plot are used only for clarity.
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Figure 18: Estimated autocovariance function (left) and estimated partial autocorrelation function
(right) for the sunspot time series from Figure 17.
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We proceed by showing the equivalence for k > 1. We set up some useful notation:

=H{X1,..., X}, Xps1 = Pyr Xgy1,
HY = H{Xs, ..., X},  Xpyi = Py X1, X, = Py X1, H =H{X, — X,}.
In order to work with the second definition, consider the projection X b1 = 01Xk + ...+ Xy We

divide the proof of the equivalence into several parts:

A) We show that (Xji1 — or(X1 — X1)) L H = H{X; — X;}. This means that

E(Xjt1 — or(X1 — X1))(X1 — X1) =0,
EXpi1(X1 — X1) — gB(X1 — X1)2 =0,
EXpi1(X1 — X1)

T A AR (10.2)

B) We show that (X; — X1) L Xji1. It follows that EX;,(X; — X1) = 0 and we may subtract this
from the numerator of (10.2) to get
E(Xpi1 — Xp1) (X1 — X))

E(X; — X1)?

Pr =

C) We argue that E(X; — X1)2 = E(Xj11 — Xpi1)2. It follows that
E(Xps1 — Xpp1) (X1 — X))

\/IE:(X1 - )?1)2\/E(Xk+1 — Xp1)?

Pr =

= COoIT (Xl — Xl,Xk-i-l — Xk—f—l) = a(k)

Ad A) since X; = )2'1 + (X1 — )?1), where )?1 € Hé“ and (X; — )Z'l) 1 H§, it holds that

Xpr1 = @1 Xp + ...+ Xy = [lek +. e Xo+ @kil} + [SOk(Xl - )N(l)] )
where the random variables in the square brackets are orthogonal since o1 Xg+. .. +pr_1X2 —|—g0kX 1 €
HY and oy (X1 — X1) L HE. Tt follows that ¢ (X1 — X1) = Pg Xgi1.

We note that H C H¥, since X; € Hl,Xl € HY C HY and hence X3 - X € H¥. From Theorem 9.3
(properties of the projection mapping) we get

Py Xp41 = Py (PH{CX,CH) = Pe X1 = on(X1 — X)),
This means that

X1 — P Xps1 = Xip1 — ou(X1 — X1) L H.

Ad B) Again, we consider X; = )?1 + (Xh — )Nfl), where )~(1 € H§ and (X7 — )~(1) 1 Hé“ Since
X411 € Hé“ by definition, we see that (X; — X7) L Xpy1.

Ad C) Consider the system of equations we need to solve in order to find the coefficients of the
prediction X; and compare it to the equations needed for the prediction X k+1. They are the same
equations where the corresponding coefficients occur at symmetric places. Furthermore, the values of
E(X; — Xl) and E(Xpy1 — X k+1) depend on these coefficients and the values of the autocovariance
function R in the same way. Also, note that for a real-valued, weakly stationary random sequence,
var(Xa, ..., Xi) = var(Xg, ..., X2).
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Finally, we prove the formula (10.1). We know that Xk+1 =1 Xg+...+pp X1 € Hf, Xk11 _Xk+1 1L
H¥, and therefore

E(Xk‘-i-l - (Qple + o X1 +...+ Sok‘Xl))Xk-‘rl—j =0,7=012,...,k,

which gives

R(1) = p1R(0) — ... — gp R(k — 1) = 0,
R(2) =1 R(1) — ... —ppR(k — 2) =0,
R(k‘) - (le(k‘ — 1) — .. ngR(O) =0.

1 r(1) r(k—1) o1 r(1)
r(1) 1 r(k —2) v2 | _ r(2)
r(k _ 1) r(k _ 2) - 1 gc;k r(k)

The matrix on the left-hand side is 'y /R(0) and it is regular because we assumed R(t) — 0, — oo,
see Theorem 9.4. Now, the Cramér’s rule from linear algebra gives the formula for ¢y. O

Ezample: Consider again a causal AR(1) model X; = ¢ X;_1+Y;,t € Z, where || < 1 and {Y;,t € Z}
is a white noise sequence WN(0,02). The partial autocorrelataion function can be computed, for
k>1, as

1 @ "2
© 1 goka ()02
k1 sok—Q o SDk
a(k) = [ R
1 ® ® ®
") 1 (pkfi} gpka
SOk—l @k—Q © 1

We see that the last column of the determinant in the numerator is a multiple of the first column.
It follows that the determinant is 0 and «(k) =0 for k£ > 1.
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11 Estimation of moment properties

11.1 Mean

Let {X;,t € Z} be a real-valued, weakly stationary random sequence with expectation p = EX,
t € Z, and the autocovariance function R(s,t) = R(s—t),s,t € Z. Assuming we observe the random
variables X1, ..., X,, the natural estimator of u is the sample mean:

_ 1 &
Xn:n;Xt.

This is an unbiased estimator of pu: EX,, = p.

Assuming the sequence {X;,t € Z} is mean square ergodic, it holds that X, — u,n — oo, in the
mean square and in probability, implying weak consistency of the estimator.

The variance of X,, in a weakly stationary random sequence is given by

see the proof of Theorem 8.2. Additionally, if > 2> |R(k)| < oo, it holds that nvar X, —
Sore o R(k) =27 f(0),n — oo, where f is the spectral density of the sequence {X;,t € Z}.

On the other hand, X, is not the best linear unbiased estimator of . Recall that for a linear model
Y = FB + ¢, with e = (¢1,...,en)", Eg; = 0,i = 1,...,n, vare = I, the best linear unbiased
estimator of B is B = (FTI‘_lF)_1 F'T-'Y, with EG = B,var3 = (FTI‘_IF)_I. In our case,

Xy=p+ Xt €Z,BX; =0, X, = (X1,...,X)7, X5 = (X1,...,X,)T, and

R(0) R(1) .-« R(n—1)
var Xn =varX, =1, = R(:l) R(:O) : R(n:— 2)
R(n‘— 1) R(n.— 2) .- R(‘O)

The correspondence with the linear model is the following: Y = X,,, F = 1,....0)'=1,, B8=u
e = X,. Assuming R(0) > 0 and R(t) — 0,t — oo, Theorem 9.4 gives the regularity of the matrix
I",,. The best linear unbiased estimator of u is then

—~ _ —1 _
i, = (11T, '1,) " 1IT,'X,,. (11.1)

The variance of fi,, is var i, = (1511511”)71.

11.2 Autocovariance and autocorrelation function

The estimator i, from Equation (11.1) assumes that the values of the autocovariance function R
are known. The same holds for prediction based on finite history etc.

Let {Xy,t € Z} be a real-valued, weakly stationary random sequence, and let Xi,..., X,, be the
available observations. The sample autocovariance function is given by

n—=k
R(k) = %Z (Xt — X)) (Xpsk — Xn), k=0,1,...,n—1, (11.2)

t=1
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and we define ﬁ(k) = E(—k) for k < 0 (this is where the assumption of real-valued sequence
plays a role). Note that the sample autocovariance function is not an unbiased estimator of the
autocovariance function, as ER(k) # R(k). On the other hand, it is asymptotically unbiased under
certain assumptions, see Theorem 7.3.4 in Brockwell and Davis (2006).

The matrix

R(0) R(1) R(n—1)
. R(1) R(0) R(n—2)
T = : : . :
]/%(n.— 1) R(n—2) --- R(0)

is positive semidefinite for each n € N. To see this, we write fn = %U -UT, where U is the n x 2n

matrix

o0 O ... 0 Y Y ...Y, 1Y,
0O 0 0 ... Y71 Y, Yy ... Y, O
U= o ) S ) I
0OoyYT v ... Y, 1Y, 0 ... O 0
and Y; = X; — X,,,i =1,...,n. Then for any vector a of length n we have

~

aTFna = % (aTU) (aTU)T > 0.

The factor % in (11.2) is sometimes replaced by ﬁ but then the matrix Iy, may not be positive

semidefinite.

Also note that, for a given n € N, fn is regular if }A?(O) > 0. Indeed, for given values of X1,...,X,,
the function

Rik) - {iz;:l"“ (Xe = X0) (Keggpy = Xn) - [bl <,
0, k| = n,
can be viewed as the autocovariance function of the MA(n — 1) sequence with coefficients b; =
Xi4j — Xpyj=1,...,n—1, and 0% = %, see Theorem 7.1. Then clearly ﬁ(k) — 0,k — oo,
and assuming }?i(k) > 0, regularity of ', follows from Theorem 9.4. This shows that the sample
autocovariance function is a relevant estimator, even though it is biased.

From the n observations X1, ..., X,, we are able to estimate R(k) for k =0,...,n — 1. However, the
estimated values may not be reliable. Usually, it is recommended to choose n > 50 and k < 7.

Recall that the autocorrelation function r is defined as r(k) = R(k)/R(0),k € Z. The sample
autocorrelation function is given by

_ Rk _ X (Xe = X) (X = X)
~ - n —_ 2

L k=0,1,...,n—1,

provided that }AE(O) = % oy (Xt - YH)Q > 0. The asymptotic behavior of the sample autocorrela-
tion function is discussed in the following theorem.

Theorem 11.1. Let {X;,t € Z} be a random sequence fulfilling

Xt_,u’: Z aj}/;f—jv tEZv

j=—00
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where {Y;,t € Z} are independent, identically distributed random wvariables with zero mean and
finite positive variance o®. Also, let E|Y;|* < oo and D ooyl < oo, Let v(k),k € Z, be the
autocorrelation function of { Xy, t € Z} and 7, (k) be the sample autocorrelations based on X1, ..., X,,.

Then for each h € N, as n — oo, the random vector

V(T (h) = r(h))

converges in distribution to the random vector with the multivariate normal distribution Np(0, W),
where

i'\n(h) = (?n(l)a s 7?n(h))T ) I'(h) = (T(l), ce 7T(h))T )

and W is the h x h matriz with elements

wiy = S 4) 7k — i) — 20 (R)] [k + 5) + vk — ) — 20 ()r(R)], inj = 1, B
k=1

Proof. See Brockwell and Davis (2006, Theorem 7.2.1). O

Remark: The theorem covers MA(n) and MA(co) models as well as causal AR(p) and ARMA (p, q)
models. Generally speaking, it covers sequences obtained by linear filtration of the strict white noise
sequence (having i.i.d. values, not just uncorrelated) with finite fourth moment.

Remark: The formula for w;; is called the Bartlett formula. The theorem implies specifically for each
1 € N that

Vi (i) = (i) % N0, wiz), m — oo.
Ezample: Consider an AR(1) sequence X; = pX;1 + Y;,t € Z, where |¢| < 1 and {Y;,t € Z}

are i.i.d. random variables with zero mean, finite positive variance o? and E|Y;|* < oco. Then
r(k) = ¢l¥l k € Z. Specifically, 7(1) = ¢ and according to Theorem 11.1, we have

Vi (Fu(1) — ) 5 N(0,w11), n — oo,

where
wi = Sl 1)+ 7= 1) = 2B = 3@ + = 26 )
k=1 k=1

I
WE
5,

|
E
Mg

k12_ B 212 o 2(k—1
=(1-¢") o
k=1 k=1 k=1
1
ST LB N )
1— 2

or
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It follows that @, L p,n — oo (weak consistency of the estimator) and, by Slutsky’s theorem,

\/EL_Z i)./\/'(O,l), n — oo.

\/1_()0n

This allows us to test hypotheses about ¢, construct asymptotic confidence intervals, etc. For
example, the asymptotic 95% confidence interval is

-3 -3
(@n— 1.961/ (p"790n+1.96\/90”> .
n n

11.3 Partial autocorrelation function

The sample partial autocorrelation function a(k),k € N, is obtained using the formula (10.1) by
plugging in the values of the sample autocorrelation function 7(k):

| A1) e F—2) F)
(1) U Fk—3) 7(2)
k-1 k-2) O
A =7, el = EDRCED
A1) 1 Ak —3) 7k —2)
FE—1) Fk—2) - 71) 1

The determinant in the denominator is non-zero if % oy (Xt — Yn)2 > 0.

The formula (10.1) for «(k) implies that «(k) is a continuous function of r(1),...,r(k), i.e. a(k) =
g(r(1),...,r(k)) for some continuous function g. Similarly, a(k) = g(7(1),...,7(k)). Under the
assumptions of Theorem 11.1 it can be shown that \/n (@(k) — a(k)) has asymptotically the N'(0, 72)
distribution, where 72 depends on the matrix W from Theorem 11.1 and on the partial derivatives
of the function g, provided that ¢ is sufficiently smooth.
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12 Estimation of parametric models

12.1 AR(p) sequences
Let us consider a real-valued, weakly stationary, causal AR(p) sequence of order p,
Xe=p1 X1+ .o+ pp Xy p+ Y3, tEZ,

where p is assumed to be known, {Y;,t € Z} is a white noise sequence WN(0,02) and ¢y, ... , pp are
unknown parameters to be estimated based on observations X1, ..., X,.

Method of moments

Let R be the autocovariance function of the sequence {X;,t € Z}. Using the Yule-Walker equations
we get

R(0) = g1 R(1) + ... + ¢, R(p) + o2, (12.1)
R(k) =piR(k—1)+ ...+ ppR(k —p), k> 1.
The system of equations for £k = 1,...,p can be written in the matrix form I'p = ~, where ¢ =
(o1, 0p) T, v = (R(),...,R(p))T and
R(0) R(1) R(p—1)
| R RO R(p—2)
R(p—1) R(p-2) --- R(0)

We replace the values of R(k) in I and « by their sample counterparts,

n—k
~ 1 — —
R(k):ﬁZ(Xt_Xn) (Xepr — Xn), k=0,1,...,p,

t=1

obtaining [ and 5. Plugging these estimators into the equation I'¢p = -, we obtain the moment
estimators of ¢1,..., ¢, as the solution

PN

9/5:(@17"'7@77)T:F v,
provided that [~ exists. We know from Section 11.2 that a sufficient condition for ' to be regular
is RO)=1" (X, - X,)">0.
The moment estimator of o2 is obtained from the equation (12.1) as

~ ~

% = R(0) = 1R(1) — ... — 3,R(p) = R(0) - 2"7.
These estimators are often called the Yule-Walker estimators.

Remark: The moment estimators are not very robust (statistically speaking), but are useful for
finding approximate estimates as a starting point for more involved methods. Still, the moment
estimators are asymptotically normal under certain assumptions.

Theorem 12.1. Let {X;,t € Z} be an AR(p) sequence given by the model

Xi=piXea+ ... +opXep+ Y, t€Z,
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where {Y;,t € Z} are independent, identically distributed random variables with zero mean and finite

positive variance 0. Suppose that all the roots of the characteristic polynomial \P — 1 \P~1 — ... — ©p
are inside the unit circle, and let @,, = (Pin,- .-, @pm)T and G2 be the moment estimators of ¢ =
(o1, - ,<pp)T and o2, respectively, computed from X1,..., X,. Then,

Vi (@, — @) 5N, (0,0°T7) > oo,

where T" is the matriz with elements I';; = R(i—j),1 <4,j < p, and R is the autocovariance function
of {Xt,t € Z}. Furthermore, it holds that

o2 562 n— oo
Proof. See Brockwell and Davis (2006, Theorem 8.1.1). O

Remark: Using the method of moments, we have fitted, after subtracting the sample mean, an AR(9)
model to the sunspot number time series from Figure 17. The fitted model is

X, =1.148X,_1 — 0.387X,_o — 0.145X,_3 + 0.099X;_4 — 0.079X;_5
+0.037X;_¢ — 0.016X;_7 — 0.028X;_g + 0.214X; o + Y, t € Z,

with the estimated variance of the white-noise sequence o2 = 599.8.

Least squares method

Consider once more the AR(p) sequence given above, and observations Xi,...,X,, where n > p.
The least squares estimators of ¢, ..., ¢, are obtained by minimizing the sum of squares
n
min Y (X — o1 X1 — .= opXep)?.
Pl Pp
t=p+1
Differentiation with respect to ¢1,..., ¢, leads to the system of normal equations
n
Z (Xt - SDIXt—l e T (prt—p)Xt—j = 07 ] = 17 - Dy
t=p+1

or equivalently,

n n n
1 Z XP 4.+ Z X1 Xe—p = Z Xe X1,
t=p+1 t=p+1 t=p+1

n n n
1Y XXyt O XE,= Y XiXip

t=p+1 t=p+1 t=p+1
If we denote X;_1 = (X¢—1,. .- ,Xt_p)T, we can write this in the matrix form
Ynp = Sp,

T
where s,, = Z?:pﬂ X1 Xy = (Z?:pﬂ X1 Xy, ..., Z?:pﬂ Xt_pXt> is the vector of the right-
hand sides and
n Mgt Xir e X X1 Xy
Y = Z X, X, = : :
t=p+1 Z?:p+l Xt—lXt—p . Z?:p+1 Xt2—p
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The solution is obtained as @, = (P1n,-- -, (ﬁp,n)T = ¥ 1s,. The least squares estimator of o2 is

s 1 - 7 2
o, = Z (Xt — @ thl) .
A gl

We denote the least squares estimators by ¢;,, and 52 to distinguish them from the moment esti-
mators @;, and G2 discussed above. It can be shown that @, and 62 have the same asymptotic
properties as @,, and 2. In particular,

Vi (@, — ¢) 5N, (0,06°T7Y) o oo,
where I' is the matrix from Theorem 12.1, and

~2 P 9
0, — 0", n— o0.

Maximum likelihood estimation

The maximum likelihood estimation assumes we know the distribution of the random variables used
for estimation. Consider first a sequence {X;,t € Z} which satisfies the AR(1) model

Xi=pXi 1+ Y, t€Z,

where {Y;,t € Z} are independent, identically distributed random variables with the N(0,c?) dis-
tribution. We assume causality of the sequence {X;,t € Z}, implying |p| < 1. Assuming we observe
the random variables X7i,...,X,, it follows that X; and (Y2,...,Y,)? are independent, with the
joint probability density function

f@n vz, yn) = (@) fa(y2, - - yn)
1 - .
= fl(xl)(zﬂ_o_g)(n_l)/gexp{_wzy?}7 (37173/2,-~-73/n)T € R"
t=2

Using Theorem 3.5, it can be shown that under causality, X; has the A(0,72) distribution, where
2

2 _ o
=

The transformation theorem implies that the joint probability density function of the random vector
(X1,...,X,)T is given by

flxe,... xn) = 7”1_('02 exp {—1 ((1 — )zt + Z(xt - goxtl)2> } , (z1,. .. 2T e R™

2)n/2 2
(2ma2)n/ 20 —

The likelihood function L(ip,0?) has the form given by the formula above, with |¢| < 1,02 > 0,
where z; is replaced by X;,i = 1,...,n. The maximum likelihood estimators % and &2 are the values
that maximize L(p,o?) over the given parametric space. Even for this simple model, it is necessary
to solve this non-linear optimization problem numerically.

A simpler solution is provided by the conditional maximum likelihood approach. It is easy to see
that the conditional density of (Xa,...,X,)T given X; = z; in this AR(1) model is

1

1 < .
f($2,..-,xn|$1): (ZITOQ)WGXP{—MZ(IEt—QOIEt1)2}, (IEl,...,JJn)TGR .
t=2

The conditional maximum likelihood estimators are obtained by maximizing this function with re-
spect to ¢ and 2 over the parametric space ¢ € R, 02 > 0. Note that in this approach we did not
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assume causality, plus we work with a finite sequence only, meaning all values of ¢ € R are indeed
relevant and allowed.

If we consider a general AR(p) model Xy = p1 X1+ ...+ ¢pXi—p + Vi, t € Z, where {Y};,t € Z} are
independent, identically distributed random variables with the A(0, o2) distribution, the conditional
density of (Xpt1,...,Xn)T given X1 = z1,..., X, =z, is

n

1 1
f@pt1, s mal2, . 2p) = WGXP ) Z (zt — ‘PTmtfl)Q , (1, ,ﬂin)T S
t=p+1

where ;1 = (x4-1,. .. ,xt_p)T, e =(p1,.-., cpp)T. By maximization of this function with respect to
©1,-..,pp and o2, we obtain the conditional maximum likelihood estimators. It can be shown easily
that under the normality assumption, these estimators are numerically equivalent to the least squares

estimators (in both cases we look for ¢y, ..., ¢, such that 3 7\ (X — »T' X;_1)? is minimal).

12.2 MA(q) sequences

In the previous section, the estimation in the autoregressive models was rather straightforward since
we worked with linear regression models where the estimating equations are linear with respect to
the parameters. For the moving average sequences (and more generally, the ARMA sequences), this
is not the case and the estimation becomes more complicated. Hence, we discuss below only the
basic moment method.

Consider the MA(q) sequence given by
Xe =Y+ 60V a+...+0,Y—y, t€Z,

where {Y;,t € Z} is a white noise sequence WN(0,02). Suppose that 61, ..., 60, and o are unknown,
real-valued parameters to be estimated from the observations X, ..., X,,.

Method of moments

The autocovariance function of the sequence { Xy, ¢ € Z} is given by the formula
2\~
R(t) _ g k=0 9k0k+|t|7 |t| S q,
0, It| > g,

where we put 0y = 1. The moment estimators of 61,...,0, and o? can be obtained from these
equations by replacing R(t) with R(¢) and solving the system

R(0) =0 (1+ 6 +...+062)

R(1) = 0% (01 + 0102+ ... +0,10,),

R(q) = 026,.
Note that for such a system of equations, a real-valued solution may not exist or may not be unique.
Ezample: Consider a MA(1) sequence Xy = Y; + 0Y;_1,t € Z, where {Y;,t € Z} is a white noise
sequence WN(0, 02). Assume we observe the values Xi,...,X,. We know that R(0) = (1 + 6%)o?

and R(1) = 0%, Tt follows that (1) = R(1)/R(0) = 6/(1 + 62). In order to estimate 6, we first
compute 7(1) from the data. Then, we solve the equation




for 6, obtaining 6. Finally, we estimate ¢ from the variance formula R(0) = (1 + 62)0? as

02 = .
1462

We investigate when the estimator § exists. We denote r = 7(1) and solve the quadratic equation

0
"t
0=r0%>—0+r,

1++1 — 4r?

010 =
12 2r

We see that a real solution exists for 1 —4r% > 0, i.e. for |r| <
r(1) = 0/(1+ 6?) it follows that |r(1)| < 3 for each 6 € R.

%. Note also that from the equation

In summary, for |7(1)] < 1 we have two different real solutions of the quadratic equation, and

2
1—/1—47(1)2

choosing § = 570 leads to an invertible sequence with |6] < 1.

For |F(1)] = L, we set § = 1 for 7(1) = 1 and § = —1 for 7(1) = —1.
1

For [r(1)| > 3, there is no real solution to the quadratic equation. In a pragmatic way, we choose
the estimator for [7(1)| = 4 as our estimator. However, this situation does not occur often since the
true value r(1) satisfies |r(1)| < 3.

12.3 ARMA(p, q) sequences

Consider the causal, real-valued ARMA (p, q) sequence given by
Xi=p1 X+ ... +0pXe p+ Y+ 00V 1 +...+60Yi g, t€Z, (12.2)

where {Y;,t € Z} is a white noise sequence WN(0,02). Suppose that o1, ...  @p,01,...,04, and o? are
unknown, real-valued parameters to be estimated from the observations X1, ..., X,.

Method of moments

We use the Yule-Walker equations for the autocovariance function Rx (k) of the sequence { Xy, t € Z}:
Rx(k)=o1Rx(k—1)+...+ppRx(k—p), k=q+1,....,q+p.

We replace Rx (k) with Rx (k) and solve the system of linear equations to find @1, ..., $,. As asecond
step, we define Z; = Xy — 01 X4—1 — ... — ¢pXi—p, t € Z, obtaining the MA(q) sequence

Zt:)Q+911Q,1—|—...+0q}Q,q, teZ.

The parameters 61, ...,6, and o2 can be estimated using the approach from Section 12.2, provided
that we have the values Rz(k) available. To find them, we consider the linear filter

p
Zt = ZBth—jv te Za
j=0

where By = 1,8; = —¢;,j = 1,...,p, and recall that in this case

p

Rz(k) = ZZﬁjﬁsz(kz Yi—0), ke

p
7=01=0
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We plug in the sample autocovariances ]/%X(k) computed from X, ..., X, and the values Bj =—p;
estimated above to get Rz (k).

The moment estimators are under certain assumptions consistent and asymptotically normal, but
they have large variance compared to maximum likelihood estimators and are not very robust.

Nevertheless, they can provide preliminary estimates as a starting point for more involved estimation
methods.
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13 Estimation of spectral density

13.1 Periodogram

Definition 13.1. Let {X;,t € Z} be a random sequence and let X1, ..., X, be the available obser-

vations. The periodogram of X1,..., X, is defined as

1 | ?
_ Z X, it
2m™n te
t=1

, A€ [—m, 7.

Remark: Periodogram is usually computed at points \; = 2% for j € Z such that \; € [—m, 7],
called the Fourier frequencies. Some authors even define the periodogram only in these frequencies.
It is interesting to note that the periodogram values, computed at the Fourier frequencies, are not
influenced by the possible centering of the sequence. This is because for any constant ¢ and any

Fourier frequency J; it holds that Y7 ; ce™®% = 0.

Remark: Periodogram has been proposed as an estimator of the spectral density and as a tool for the
identification of periodic components in time series. For illustration, consider the sunspot number
time series from Figure 17. The corresponding periodogram is shown in Figure 19. The highest
peak in the periodogram is located at the frequency A = 0.58, which corresponds to the period of
27 /A = 10.8 time units (years). This result is consistent with the well-known 11-year period of the
solar cycle. Note that since the sequence is real-valued, its spectral density is symmetric around the
origin, and the periodogram is plotted for non-negative frequencies only, as usual in practice. The

same applies to other figures in this chapter.

Remark: To actually compute the values of the periodogram, it is more convenient to use the form

L) = —

e [AN)?+ BV, X € [-m, 7],

where
= \/gzan cos(t\), B(\) = \/§§:X sin(tA), A € [—m, 7]
- n < t 3 - n p t ) T, T

Remark: Alternatively, for a real-valued sequence the periodogram can be expressed as

min(n,n—k)

27rn ZZXtX e T = 21n Z Z XsXs+ke_ik>\

t=1 s=1 k=—n+1 s=max(1,1-k)

n—1

1 .
— % Z e ZkACk,

k=—n+1
where

C, — %Z?:_lk XiXtvk, k=0,
S Yoy k< 0.

(13.1)

Remark: Note that the formula (13.1) resembles the inverse formula for computing the spectral
density: f(A) = 5= > o0 _ e " R(k), A € [-m,7]. Since Cj, can be viewed as an estimator of R(k),

I,(\) can be viewed as an estimator of f(\).

Theorem 13.1. Let {Xy,t € Z} be a real-valued, weakly stationary random sequence with the mean

value p, spectral density f and the autocovariance function R such that > 3o |R(k)| < oo.

78



15000
|

5000

e

T T T
0 /2 T

0
l

A

Figure 19: Periodogram of the sunspot number time series.

1. If u=0, then EL,(A) — f(\),n — oo, \ € [-m, 7.
2. If u # 0, then for n — oo we have
EL(A) = f(A), A € [=m, 7]\ {0},

B1,(0)~ "= (0.

Proof. 1. For a centered sequence we have

n—1

71 S 1 —1
2MZZ (= EX, X, s=g > e R(k)(n - |k]), A€ [~ 7],

t=1 s=1 k=—n+1
see the computation of ¢, () in the proof of Theorem 5.4.
According to Theorem 5.7, the spectral density of {X;,¢ € Z} exists and is given by
1 &
=— Z e *RAR(k), A € [-m, 7).
i k=—o0

Using the same arguments as in the proof of Theorem 5.7 we have for \ € [—7, 7]:

n—1
1 1
O ~ELOI < o ST IRK) 45— S0 RE) K =0, n - oo,
|k|>n k=—n+1

where the first term in the upper bound is a remainder of a convergent series, and the second term
converges to 0 due to the Kronecker lemma.

2. For a non-centered sequence with mean p we have

1 n n
El,(\) = T PEX, X = — R(t —
n(A) 27mzz 2mn ¢ 8)+M )
t=1 s=1 t=1 s=1
1 n—1 ,u2 n 2
_ —ikA —itA _
= omn Z R(k)(n — [k]) + oy Ze ) [—m, 7]
k=—n+1 t=1
The first term converges to f(\) for A € [—7, 7] according to the first part of the proof. Concerning
the second term, for A # 0 it equals 4 ill%i(x‘) and converges to 0 for n — oo; for A = 0 it equals

2

79



Remark: The previous theorem establishes asymptotic unbiasedness of I,,(\) as the estimator of f(\).
However, consistency does not hold, e.g. it can be shown that for any Gaussian, stationary sequence
with continuous spectral density f it holds that

FO)?, Xe (=m,m)\ {0},
2f(\)?, A€ {-m 0,7},

n—o0

lim var I,(\) = {

see Andél (1976, p. 103). Even in this simple case, the variance of I,,(A) does not converge to 0.

Remark: The periodogram can detect hidden periodic components in a time series. For illustration,
consider a sequence {X;,t € Z} such that X; = ae™0 LY, t € Z, where o # 0 is a constant,
Ao € [, 7], and {Y;,t € Z} is a white noise sequence WN(0,02). Then,

\/» ZXtefzt)\ \/» Zyefzt/\ \/» Zae it(A— )\0) = [ ]

This means that for A = Ay, the nonrandom part of the periodogram, corresponding to the second
term of the previous formula, tends to 400 as n — oco. For A # ), this term is close to 0, see the
second part of the proof of Theorem 13.1 for ) ;' | e ™A Tt means that if there is a single periodic
component at frequency Ao, the periodogram takes its largest value at this frequency. Usually, the
frequency Ag is not known, and it is reasonable to consider the maximum value of the periodogram
at the Fourier frequencies when looking for periodic components.

Theorem 13.2. Let {X;,t € Z} be a Gaussian random sequence of independent, identically dis-
tributed random wvariables with zero mean and variance o? € (0,00). Let n = 2m + 1 and I,()\,)
27r

be the periodogram computed from X1i,..., X, at the frequencies A\, = ==, r = 1,...,m. Then the
statistic

maxi<r<m In()\r)
0O + -+ 1o On)

W:

has the probability density function

[1/z]
gt) =mim—1) 3 (-1 (77 )t 0 <o <

Jj=1

and furthermore

[1/x]
P(W>z)=1- Z (—1)’“(?)(1 — k)™ 0<z< 1. (13.2)
k=0
Proof. See Andél (1976, p. 79-82). O

13.2 Fisher test of periodicity

Based on the Theorem 13.2, we want to test the null hypothesis of no periodic component in the
time series, Ho : X1,..., X, are i.i.d. with the A(0,0?) distribution, against the alternative that Hy
is violated. The alternative hypothesis H; assumes the model

p
Z ajcos(A\jt) + Bjsin(A\jt)) + e, t € {1,...,n}, (13.3)

80



where p,ai,...,ap,B1,...,0p are unknown parameters, Ai,...,\, are unknown frequencies and
€1,...,En are independent, identically distributed random variables with the N(0, 0?) distribution.

Under the null hypothesis, all the values I,,(27/n), ..., I,(27m/n) should be similar, and the value
of the test statistic W from Theorem 13.2 should be close to 1/m. Large values of W indicate a
violation of Hy and the presence of periodic components in the time series (or correlations in the
time series, but we do not consider that in Hj). We reject Hy on the significance level v if W > ¢,,
where the critical value ¢, can be computed from (13.2).

Remark: For m < 50, we can use for finding ¢, just the first two terms in (13.2), i.e. the approximation
P(W > x) =~ m(1 —z)™ 1. For m > 50, we can use the asymptotic distribution

1
lim P (W > x+nm> =1—exp{—exp{—z}}, = > 0.
m

m—r0o0

Remark: If the Fisher test rejects the null hypothesis, we accept the alternative that the mean
of {X;,t € Z} contains a periodic component with frequency A(;) corresponding to the maximum
value of the periodogram V(;), where we denote V(1) > V(o) > ... > V|,;,) the ordered values of
I,(\),r=1,...,m.

Now we can determine further periodic components with a modification of the Fisher test. Note
that the test was derived under the null hypothesis which we have just rejected, so the test is not
exact, but it works well in practice (Andél, 1976, p. 86). The original Fisher test is based on the test
statistic

and the critical values are obtained from (13.2) with m — 1 in place of m. We proceed like this until
all remaining frequencies are not significant. If the frequencies A(y),...,A) were found significant,
we accept the model (13.3) with these frequencies. The parameters ai,...,ap,51,...,0, can be
estimated using e.g. the least squares method.

13.3 Estimation of spectral density

We have shown in Theorem 13.1 that the periodogram is an asymptotically unbiased estimator of
the spectral density. However, it is not consistent even for the Gaussian white noise sequence. On
the other hand, kernel estimation can be applied in this setting. We remark that in this case,
a centered sequence should be used for estimation due to possible interpretability issues — artificially
high values tend to occur for low frequencies when a weakly stationary sequence with non-zero mean
is used directly for estimation.

Let K be a kernel function on the interval [—7, 7], satisfying

K(\) >0, K(\)=K(-\), K\)dx =1, K2(\)d\ < 0.
Under certain assumptions, [* I, (A)K(X) dX can be shown to be asymptotically unbiased and con-
sistent estimator of ["_ f(A)K(A)dA. If the function K is concentrated around 0, the statistic

fn(/\O) = K<)‘ - )‘O)In()‘) dA

—T
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can be considered a consistent estimator of f(Xg), Ao € [—7, 7.

If we expand the function K into the Fourier series K(\) = Y o wie* X\ € [—, 7], where
wy = 5= [T e”* A K(X)d\ and use the formula (13.1), we get for Ao € [—m.7]:

= or
—zk/\
)\0 /_7r27T E Cr K (A — Xo) dA

k—fnJrl

Z Ck/ e FAK (A = Xo) dA
k—fnJrl

L5 g / e 3 i) g
k—fnJrl j=—00

Z c, Z wye— /7r iA-IEA g
k—fnJrl j=—00
n—1 n—1
Z Crwpe” 2 = Cowy + 2 Z Crwy, cos(kXg).
k=—n+1 k=1

We note that only the Fourier coefficient wy, ..., w,—1 play a role, hence the same estimator is given
for all the kernel functions sharing the same set of Fourier coefficients wy, ..., w,_1.

Remark: The coefficients C, have large variability for large values of k (close to n). Often, truncated
estimators are considered:

M M
Fao) = D Crwge ™™ = Cowg + 2 Crawg cos(ko),
k=—M k=1

where the truncation point is usually chosen as § < M < 2

Remark: There are many ways how to choose the kernel function K (or more frequently the coefficients
wo, - . ., W) so that the estimator of the spectral density exhibits desirable properties such as non-
negative values, low bias, or a good order of convergence in consistency. Popular choices include the

Bartlett estimator
L(1- M) k| < M
o= [ (=0) K=
0, |k| > M,
or the Blackman-Tukey estimator
1 k
wp = ) 7 [1—2a+2acos (55)], |k| <M,
0, |k| > M,

where 0 < a < 0.25. Both the Bartlett estimator and the Blackman-Tukey estimator with a = 0.25
provide non-negative estimates. The Blackman-Tukey estimator with a = 0.23 (another traditional
choice) has a smaller bias but can result in negative estimates.

One of the most frequently used estimators is also the Parzen estimator

o () +o ()] m=¥

|~

2
W=k 2(1- 1)) M<Kl <M,
0, |k| > M.
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Figure 20: Nonparametric estimate of the spectral density of the sunspot number time series, using
the Parzen window with M = 60 (left), and the parametric estimate based on the fitted AR(9) model
(right).

This estimator also provides non-negative estimates and leads to smoother estimates of the spectral
density. For illustration, such nonparametric estimate is plotted in the left panel of Figure 20 for
the sunspot number time series.

Remark: The previous estimator is nonparametric. If a parametric model for the observed sequence
is available, meaning that a parametric formula for the spectral density is at hand, we can plug in
the estimated values of the model parameters to obtain a parametric estimate of the spectral density.
As an illustration, the parametric estimate for the sunspot number time series is plotted in the right
panel of Figure 20.
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