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description and the ergodic theory offers a scope of statistical analysis. The connection

MSC: of a sample path and the periodic measure is revealed in the law of large numbers
primary 60B12 (LLN). We prove first the period is actually a deterministic number and then for discrete
62MO05 processes, Bézout’s identity comes in naturally in the LLN along an arithmetic sequence
secondary 37A50 of an arbitrary increment. The limit is a periodic measure whose period is equal to the
37A44 greatest common divisor between the test period and the true period of the random
Keywords: periodic process. This leads to a new scheme of detecting random periodicity of a
Random periodic processes dataset and finding its period, as an alternative to the Discrete Fourier Transformation
Ergodicity (DFT) and periodogram approach. We find that in some situations, the classical method
Periodic measures does not work robustly, but the new one can work efficiently. We prove that the
Law of large numbers periodicity is quantified by the Wasserstein distance, in which the convergence of
Dataset empirical distributions is established.

Wasserstein distance © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

Random periodicity is ubiquitous in the real world. It can be found, e.g., in daily temperature variations, economic
cycles, internet traffic volume, the activity of sunspots, the EI Nino phenomenon and Earth’s ice age transitions between
“cold” and “warm” climates. Efforts for searching for periodic components or repeated patterns from data have been
made for thousands of years including early Egyptian and Greek astronomers’ observations of apparent periodic motion
of the sun and the repeated patterns of sunspots. The early observation led to the establishment of the Julian calender.
The periodogram, based on Fourier analysis of data, was introduced by [1] and has been used to analyse many datasets.
Spectrum estimates and fast Fourier transformation have taken advantages of computer advances to carry out extensive
computations. However, we note in this paper that the periodogram or Fourier analysis approach may fail to work robustly
especially when the periodicity of the mean is weak or when a deterministic periodic function cannot approximate the
time series. This can be the case when the noise is not stationary, but may have some periodic pattern. The Fourier
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transformation method does not respond to the periodicity of the noise concerned. But the pattern of volatility is also
important for applications in many areas such as in finance and option trading. Note a time series can be viewed
as a (random) dynamical system which may be hidden. With this in mind, in this paper we provide an alternative
novel approach to analyse periodicity in a dataset using periodic measures and their ergodic theory that we have been
developing in the last fifteen years. The ergodic periodic measure (EPM) scheme works effectively in these situations
and has a clear advantage to be able to detect periodicity of distributions. The equivalence of ergodicity and the law of
large numbers suggests a way to the estimate of empirical periodic measures and the Wasserstein distance provides a
quantitative approach to verify the periodicity of empirical periodic measures from datasets. Our aim in this paper is to
give a probability theoretical account.

The concept of random periodic processes describes randomness and periodicity in the evolution of the stochastic
processes simultaneously. The pathwise random periodic paths of random dynamical systems was first introduced in [2].
Later, the concept of random periodicity for semi-flows of random dynamical systems was established in [3,4]. In [3], the
authors studied periodic measures which describe how the distribution of a random periodic process evolves periodically
in time. They proved that the random periodic path and periodic measure are “equivalent” in some sense. They also
obtained for the first time the ergodicity of periodic measures of the transition probability semigroups for Markovian
systems. This result suggests that while random periodic processes provide a pathwise model for time series datasets with
periodic pattern, periodic measures give a statistical description of the random periodicity. In [5], the authors defined
random quasi-periodic paths for random dynamical systems and quasi-periodic measures for Markovian semigroups,
which may provide a tool to study quasi-periodic phenomena in real life.

It is worth to mention here that the relevance of the random periodic paths, periodic measures and their ergodic
theory to theoretical and applied problems arising in stochastic dynamical systems has began to be noted. In particular,
there has been progress in the study of random periodicity on some topics e.g. bifurcations [6], random attractors [7],
stochastic resonance [8-11], random horseshoes [12], modelling El Nino phenomenon [13], stochastic oscillations [14],
large deviations [15], linear response and homogenisations [16,17], random almost periodic solutions [18,19], random
periodic solutions of certain functional differential equations [20] and certain stochastic differential equations and
stochastic partial differential equations [21-23].

Time series, which appears as a time evolution process in a pathwise fashion, does not give us how its law evolves along
the time variable immediately. The ergodic theory of random periodic processes provide a perfect connection with the
evolution of its law as a periodic measure. In particular, the law of large numbers (LLN) from the framework of Birkhoff's
ergodic theorem [24] provides a scope for statistical analysis. This inspires us to establish a theory of time series analysis
to help describing periodic phenomena of datasets. One of the challenges in the situation with uncertainty is to find the
period which could be marred by random perturbations in a time series. In fact, at the first sight of a time series, the period
may even be seen as random sometimes. In this paper, we prove a result which says that the period in the definition of
a random periodic path is actually a deterministic number if the underlying noise metric dynamical system is ergodic.
This justifies why in the classical Fourier series approach of time series and in our definition of random periodic paths,
the periods of these random evolution processes are actually deterministic and certain patterns repeat with deterministic
repetition times. On the other hand, when we look at the distributions, they are periodic with a deterministic period. This
long over due result also justifies the same basic assumption in the new approach introduced in this paper.

The law of large numbers for a arithmetic progression with the common increment the same as the period follows
from the definition of random periodic paths and Birkhoff ergodic theorem immediately under the assumption that the
underlying noise metric dynamical system is ergodic. However, the period, even we have proved it is deterministic, may
not be known to us in applications, e.g. in a time series dataset. To overcome this problem, we develop in this paper a law
of large numbers along an arithmetic progression with an arbitrary common increment as a test period. Utilising Bézout’s
identity in number theory we prove the LLN along the sequence of arithmetic sequence with a common increment p,
whose greatest common factor with the period of the periodic measure is the period obtained in the limit of the law of
large numbers. Our convergence is proved in the Wasserstein distance. This result enables us to establish a new scheme
to compute the true period of the random periodic process.

We would like to point out that, though in the proof of the LLN we use the theory of random dynamical systems, our
final theorem is presented in a manner with little knowledge required on random dynamical systems and skew product
dynamical systems. Thus it is convenient for application in statistics and time series analysis.

For a given time series {yo, y1, 2, ...}, the LLN of arithmetic progression tells us the map: i — u?, where u'? is the
empirical limit, ff;ol 8ysp(-) = 1'P(:) as K — oo, has period r, where r is the greatest common divisor between p and
g. In practice, the amount of data, even in the era of big data, is always limited. Thus we can only obtain approximations
M;%p to the real periodic measures. The Wasserstein distance Wy(u?, u?),i=1,...,r, ..., gives a good way to quantify
the periodicity of the map i — u'P, and the real valued function i — W;(u !, u'P) should be a periodic function of period
r if ©'P is a periodic measure of period r. Needless to say, in practice, the periodicity of the map i — W;(u!?, u'P) can
be obtained approximately only by using empirical approximation of periodic measures P as proved in Corollary 2.21.
Note no priori information about the real period q is needed in the computation of the periodicity of «'P. But if the period
of u'P is r € N*, then r is a factor of q. Using this scheme we can find all factors of q.
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2. The law of large numbers
2.1. Random periodic paths and generic non-randomness of the period

Consider a probability space (£2, F, P) and a Polish space X, let @ : RT x 2 x X — X be a random dynamical system
cocycle over a metric dynamical system (2, F, P; (6;);cr). To be more specific, as usual, we assume 6 : R x 2 — 2
is measurable with respect to B(R) ® F/F, 6; preserves P for each t € R and satisfies 6; o 6; = 6,5 for all t,5s € R.
The space X is the state space where our processes lie in and is assumed to be a separable Banach space. For many
statistical applications, it is adequate to take X = R with the Euclidean norm. The random map & evolving on the state
space when time moves satisfies: (i) The map @ is B(R") ® F ® B(X)-measurable; (ii) @(0, w) = I for a.e. w € £2; (iii)
D(t+5,0) = D(t, Ow) o D(s, w), t,s € RT for a.e. w € 2.

The definition of random periodic path of random dynamical system @ is given in [2,4]. See also [3].

Definition 2.1. A random periodic path of period T of the random dynamical system @: RT x 2 x X — X is an
F-measurable map Y : R x £ — X such that for almost all w € £2,

O(t, )Y (s, @) = Y(t + 5, w) (2.1)
and for any t € R", s € R,

Y(s+T,w)=Y(s, brw). (2.2)

Remark 2.2. (i) For a statistical description, we usually do not know the exact expression of the dynamical system driving
the time series. But it is hidden in the time series evolution. In fact a time series can be regarded as a (random) dynamical
system. The theoretical existence of @ in a time series helps us to use advances in the study of random periodic processes
and periodic measures to establish a time series theorem.

(ii) Many people will have expected that the period of a random periodic path might be random rather than
deterministic. Note in Definition 2.1, as a basic assumption of this paper, the period T is a deterministic number rather
than a random variable. This is probably against intuitive instincts in the first sight. However, there are many reasons for
that. This makes sense with the help of the metric dynamical system of noise in the definition of the random periodic
paths in the pathwise sense. In fact, it is not expected that the random periodic path will come back to the same
position after one period, sometimes even not somewhere near. This “occasionally nowhere near” feature is allowed
in Definition 2.1 of random periodic path. Nevertheless, it was proved in [3] that the definitions of random periodic
paths and periodic measures (see Definition 2.8 below) are “equivalent”. The latter describes the random periodicity in
the sense of distribution. Using the theory we present in this paper, one can statistically detect periodic measures in
many real world situations, with deterministic period. The deterministic period of the periodic measure can also be seen
clearly in numerical experiments in [11]. To make this rigorous, in the following, we will prove directly from the pathwise
description of random periodic paths, the period must be deterministic as long as the underlying noise is ergodic. This
result is long over due.

To motivate a proof of the period being deterministic in the following, let us recall an observation made in [3]. Setting
O(s, w) = Y(s,0_sw), then Y(s + T, w) = Y(s, Orw) for all s € R if and only if ¢(s + T, ) = ¢(s, w) and note also that for
almost all w € £2,

O(t, w)p(s, w) = P(s + t, brw), forany t,s € R, (2.3)

is equivalent to (2.1).

Consider a random path Y of &. It is a function R x 2 — X satisfying &(t, 6sw)Y(s, w) = Y(
t € R*, s € R. At this stage we do not assume there is a constant ¢ > 0 such that Y(t + ¢,w) = Y
o(s, w) = Y(s, 6_sw). Assume

s + t, w) for any
(t, 6.w). Consider

T(w) := inf{t > 0|¢p(s + t, w) = ¢(s, w) for all s } (2.4)
exists. It is easy to see that for almost all w € £2,
(s + T(w), w) = ¢(s, w), for all s. (2.5)
Consider s = T(w) in (2.3), then we have for all w € £2,

P(t, w)Pp(T(w), w) = ¢(t + T(w), b;w) for all t > 0. (2.6)

Theorem 2.3. Assume a measurable function ¢ : R x §2 — X exists such that (2.3) holds for a.e. w € £2, 6 is ergodic and
T : 2 — RT defined by (2.4) exist. If T is positive P-a.s., then it is constant P-a.s.
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Proof. First there is a full measure set £29 C §2 such that (2.3), (2.5), (2.6) hold true and T is positive for all w € 2. In
the following proof we throw away a measure 0 set so when we say “all ®” we mean “all w € £2¢". First from (2.3) and
(2.5), for any fixed t > 0, for all w,

O(t, w)p(s + T(w), w) = O(t, w)P(s, w) = ¢(s + t, Ow) = ¢(s + t + T(brw), b;w), (2.7)
for all s € R. Comparing (2.6) and (2.7) we have
P(s +t + T(6rw), 6rw) = P(s + t + T(w), rw) = ¢(s + t, ;)
for all s € R. This suggests
¢(s + T(Orw), 6rw) = ¢(s + T(w), Orw) for all s € R.
Note for any w € £2, T(6;w), by definition, should be the smallest strictly positive number satisfying
P(s + -, rw) = ¢(s, Orw) for all s > 0.

Thus T(6;w) < T(w).
Now we define F; .= {w : T(w) < s}. Then for all t > 0,

07 'F = {w: T(6iw) < s} D {w: T(w) < s} = F, (2.8)

which means that F; is a forward invariant set. Note 6. is ergodic, thus P(F;) = 0 or P(F;) = 1. Then by the definition of
F; we can conclude that T is constant P-a.s. [

In a recent paper [14], an attempt to extend T to be noise-dependent was made. The definition is quoted below. We
adopt our notation for the consistency of notation in this paper.

Definition 2.4 (Crauel Random Periodic Solution). Let T € {R, ]Ra“}. A Crauel random periodic solution (CRPS) of random
dynamical system @ : Rt x 2 x X — X is a pair (v, T) consisting of F-measurable functions ¥ : £ x T — R™ and
T : 2 — R such that for all w € 2

Y(t, w) = Yt + T(0_cw), w) and D(t, w)P(to, w) = Y(t + to, Orw)
forall t, ty € T.

According to Theorem 2.3, it is clear that a period that is truly random cannot exist in the sense of (2.5), which is
uniform for all s. The CRPS suggestion of [14] is to allow the random period of CRPS to be different at the different part
of the trajectory. That is to say that the trajectory is allowed to have returning time dependent on the starting time. This
is given by some kind of random T along the pull-back path of noise in Definition 2.4.

To help understanding the difference of random periodic path and the Crauel random periodic solution, we will give
three examples in which we will see that for some stochastic processes Definition 2.4 is satisfied, but these processes
have no periodicity, for example, either in the pathwise sense or in the sense of distributions. Our examples show that
CRPS reflects some other different kind of repeating properties, e.g. recurrence or oscillation. In particular, in the case for
a deterministic function, Example 2.7 shows being CRPS is equivalent to having some oscillatory property.

Example 2.5. Consider ®(t, w)x = x + W;, where W. is a two-sided Brownian motion on R' with Wy = 0. Define
Y(t,w) = —W_, T(w) = inf{s > 1,W_s = 0}and 6 : R x 2 — £, (Biw)(s) = Ws — W, on a probability
space (£2, F, P). For almost all w, T(w) is well-defined, finite and positive, together with T(6_;w) for all t € R. First
Y(T(w), w) = 0 = ¥(0, w). Moreover, it is easy to see that for almost all @, @(t, w)¥(ty, w) = —W_, + W; and

Y(t + to, Orw) = —W_(1410)(0r@0) = —W_(t119)1e + We = —=W_y + W, = (¢, )Y (b, ),
and

Yt +T(0_t0), ) = —W_t410_0) = ~(W_t410_0)) — Wt) = W_ = —W_; = ¥(t, w),
as

—(W_t41(0_10)) — W—t) = —W_r(o_0)(0—c0) = 0.

In conclusion, (¥, T) satisfies Definition 2.4.

However, the random variable T(w) (T(6_,w)) defined in this example only reveals information about when the process
Y(s, w) = —W_s, s > 0 (shifted process W_s(0_;),s > 0), hits zero the first time after or at time 1, i.e. some kind of
recurrence. For one dimensional Brownian motion, we know such a time always exists for almost each sample path.
The CRPS definition reveals that starting from any time ¢, after time T(0_;w), the process i will come back to the same
position for the first time after time 1. But Brownian motion does not possess any periodicity and nor its law.
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Example 2.6. Let us consider Brownian flow on the unit circle. Take S1 as the group of units in C and the Brownian
motion on the unit circle starting at 1 can be represented by t — e/"t, where W is a Brownian motion on R with Wy = 0
and the shift 6 defined as in Example 2.5. As in any compact Lie group, we have a Brownian flow @ by multiplication by
such a solution [25]: @(t, w)z = e"iz,z € S'.
Define /(s, w) := e~ -5, and define T(w) := inf{s > 0 : W_; = £27x}. For almost all w, T(w) is well-defined, finite
and positive, together with T(6_.w) for all t € R. Note
(t, w)(s, ) = MW= = e Wetsrr ™ W0 = y(s + £, Go).
Moreover, by definition of W_r(,) = +2x for almost all w, so0 W_r_¢)—s — W_s = £2x for almost all w. This gives that
V(s + T(0-s0), ) = e W T0=ser=s — e W=st2T) — y (5, ),

In particular, ¥(T(w), w) = ¥ (0, w) = 1.

This is a mapped Brownian motion on the unit circle and again the definition of CRPS only tells some kind of recurrence
property of the process. Note Brownian motion on the unit circle has a weakly mixing invariant measure, it does not have
nontrivial periodic measure.

Example 2.7. Now let us consider a deterministic case. We say a continuous real valued function f : R — R with f(0) = 0
is oscillatory around O to the left if there exists a real valued sequence 0 > a; > a, > --- such that f(a,) = 0 for all n
and f(t) #Oforallt ¢ {--- ,ay,...,az,a;,0}NR™. Define 6,f, t € R, by (6:f)(s) = f(t+5s)—f(t) for all s € R. Assume 6,f
is oscillatory around O to the left for all t € R. Define &(t, f)x = x 4+ f(t), t > 0, then @ is a (random) dynamical system
as

D(t, 6 )P(s. flx = (. 6 )(x + f(5))
=x+f(s)+f(t +5)—f(s)
=f(t+s)+x
= P(t +s,f)x

Set (s, f) = —f(—s). It is easy to see that

O(t, flw(s.f) = =f(=s) + f(t)
—f(=(s+ )+ 1) +f(t)
=—(f(=(s+t)+1)—-f(t)
=Y(s+t,6f).

Define T(f) = inf{s > 0 : f(—s) = 0}, which is well-defined and positive due to the oscillatory assumption of f. Then
Y(T(f),f) = —f(—=T(f)) =0 = (0, f). Again for any t, as 6_.f is oscillatory to the left around 0, so T(6_.f) exists and

Yt +T(O0-of ). f) = —f(=(t + T(0-f))

— (F(=(t + T(6-ef)) — f(=1)) — f(=1)
—(0-ef (=T (0-ef)) — f(—1)
=0—f(-t)

= ¥(t.f).

So (y, T) satisfies Definition 2.4. But v is not periodic, only oscillatory.

It is noted that T(6_.f) is well defined, finite and positive for all t if and only if the function 6,f is oscillatory around 0
to the left for all t. The “if” part has already been proved in the above. Now we prove the “only if” part. Assume T(6_.f)
is well-defined for all t. Note f(0) = 0 and let a; = 0 and for all n = 2, 3, ... iteratively, a, = —T(6_q, ,f) + a@n—1 as
T(6_q, ,f) is well defined, finite and positive. It is easy to see from definition that f is oscillatory around 0 to the left,
ie. f(—ay) =0foralln =1,2,.... This can be done by observing f(—a,) = f(—an—1) using definition of T(_,, ,f) and
induction. By using a similar argument, for any ¢, we can construct 0 = a{ < a}, < --- such that (6;f) (—d’,) = 0 for all
n=12,....

If the function is oscillatory to the right, we can construct a backward (random) dynamical systems to obtain a similar
correspondence. Both of the two cases do not imply f being periodic.

2.2. Periodic measures and law of large numbers

The main motivation of this and next subsections is to study the law of large numbers (LLN) for the subsequence
random periodic path {Y(kz, -)}ken, Where 7 is an arbitrary given real number that could be different from the real period
T. We will obtain a number of LLNs, starting from preliminary results and eventually obtain some really nontrivial and
useful results involving test periods in finding the true period, especially those in Section 2.3.
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We first recall the definition of periodic measures. Define the transition probability of Markovian dynamical systems
@ as

P(t,x,B) .= P(w : &(t, w)x € B), for any B € B(X).
Set P(X) := {p : probability measure on (X, B(X))}. The following definition was given in [3].

Definition 2.8. A measure function p : R — P(X) is called a periodic measure of period T on the phase space (X, B(X))
for the Markovian random dynamical system @ if it satisfies

pres = ps, and psy(B) = / P(t,x,B)ps(dx), s€R, t € R*, Be B(X). (2.9)
X

It is called a periodic measure with minimal period T if T > 0 is the smallest number such that (2.9) holds. It is called

an invariant measure if it also satisfies p; = pp for all s € R, i.e. pg is an invariant measure for the Markovian random

dynamical system @ if

po(B) = / P(t, x, B)po(dx), forallt e R", B e B(X).
X

Let Y be a random periodic path of random dynamical system @, its law defined as ps(I") = P{w : Y(s,w) € I'}
is known to be a periodic measure [3]. The law of large numbers follows from Birkhoff’s ergodic theorem under the
assumption that the noise metric dynamical system is ergodic.

Assume a random periodic path Y with period T > 0 for the random dynamical system @ exists. It follows from
the definition of random periodic path and Birkhoff's ergodic theorem that, if (§2, F, P, (6kr )ken) is ergodic, then for any
I' e BX), t eR,

1 K-1 1 K—-1
DI (VE+ KT, ) = - > I (Y(E, Brw)) — EIr(Yi(-)) = pu(T) (2.10)
k=0 k=0

as K — oo P-as. and in L*(£2, dP).

The convergence (2.10) follows from Birkhoff's ergodic theorem and the assumption that (£2, F, P, (6kr )ken) is ergodic
immediately. However, the result itself may not be that useful in applications as the period T is often unknown and
slight difference of the value T that appears on the left hand side of (2.10) can result in some significant difference to the
convergence of (2.10). Thus it is crucial to study (2.10) for Y(t + kt, w), where 7 could be different from T. In order to
study this, we will lift the metric dynamical system and we will see that the lifting enables us to prove the convergence
of (2.10) even if the increment is not taken as the actual period. _

Consider the metric dynamical system (£2, F, P, (6; )icr), Set £2 = [0, T) x §2, where T > 0 is constant and taken as
the period of the random periodic path. ~

Note first for any fixed t > 0, there exists m; € N and j; € [0, T) such that t = m;T 4 j;. For any t > 0, (s, ) € £2, set

@[(S, w) = (jt+Sa emH_sTw)v
and for any A € B([0, T)) ® F, define
~ 1

BA) = — / P(As )ds,
T Jiom

where A; .= {w € 2 : (s, w) € A} being the s-section.
Lemma 2.9. The map t — ©; is a semigroup and preserves P.

Proof. To prove the semigroup relation, we see that for any t; > 0, t; > 0,
@rz o @rl (s,0) = @tz(ir1+s, Gm[1+sTw)
= Uty+it, 450 erﬁj[ﬁsrgmfﬁsrw)
= (ty+ty+s5 9mt2+¢1+5T60) = (:)tz+t1 (s, w).
To prove the measure preserving property, note
O A = {(s, w) € 2 : Ofs, w) € A
(S, ) € 82 2 (etss Omy,s7@) € A}
(s,w) € 2 : Oy 7o € Aji, s €[0,T)}
( Aj,s €10, T}

SSwER we an:ﬂT
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Then

/ I( Hn:rlﬂ TAJr+s )ds
[0,T)

/ P(A;,,.)ds

[0,T)

== / P(A;)ds = P(A). O
[0,T)

This lemma enables us to apply Birkhoff’s ergodic theorem.

Theorem 2.10. Assume a random periodic path with period T > 0 exists. Then for any fixed s and integer t > 0, there exists
a random measure function w such that for any I € B(X),

K—1
I ’;Ip(v(s +kt, @) > pso(I), (2.11)

P-as. and in L*(2, dP). Moreover, jis., = o = 1o, o

Proof. Note
1 K-1
< ’;Ir (Y(s +kt, 0) = ,;IF (Y(sske + Mspe T, @))

K-1
1

== Z Ir (Y(is+kr’ 0m5+krTw))
k=0

As O, is a measurable map from £2 to £2, and preserves P, so we can apply Birkhoff's ergodic theorem, there exists a
random measure function u

K-1
1 -
K kX_;IF (Y(Ore@)) > pa(I'),  ask — oo,

for P-a.s. @ € £2, and in [?(£2, dP). Thus (2.11) follows. Following again Birkhoff's ergodic theorem, it is easy to see that
Mo = MUs,o = Mo, 5 U

Now we consider the case that T and T are rationally dependent. Let integers q*, p* be co-prime to each other such
that

q‘t =p'T. (2.12)
Then for all s,
S+ q*t = js + Mepqe. T =s+p*T (2.13)
and g* is the smallest of such integer satisfying (2.13).
Following Theorem 2.10, it is easy to prove the following result.
Theorem 2.11. Assume assumptions of Theorem 2.10 and that T and T are rationally dependent with q*, p* defined by (2.12).
If 6per @ £2 — £2 is ergodic, then

K—1

%ZIF(Y(S + kT, w)) > us(I)

k=0
for P-as. & € 2, and in [%(£2, dP) and i is independent of w for almost all s.
7
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Proof. Since

K-1 k-1 =
1 1
= 3 1r(Y(s + ke, Byre) = < D Ir(Y(s+kt +p'T, ) =% D Ir(Y(s+ (k+ 47, 0))
k=0 k=0 k=0
thus
K-1
E ZIF(Y(S +kt, Qp*Tw))
k=0
1 K+q*—1
= E Z IF(Y(S+ kf, (,()))
k=q*
q -1
le(Ys—i-kt w)) — Zfr (s + k7, w))
1 I<+q*—1
+ > Ir(Y(s+ ke, )
k=K
— Msw(F) (214)

P-a.s. and in [*(£2, dP). Here we used Theorem 2.10 in the above convergence. But + 1}{:01 IP(Y(s+KT, 0p70)) = s gero

a.s. by Theorem 2.10 again. Thus us, = JIRy - P-a.s. It follows that for almost s € [0, T), Hs,o = s fyereo for almost all

w € £2. It then follows from ergodic theory as 6«1 : £2 — £2 preserves P and is ergodic that us,, is independent of w.
Thus the theorem follows immediately. O

Further analysing the rational rotation dynamical system and its periodicity, we obtain Theorem 2.12 below. For this
we introduce the following notation under the assumption of Theorem 2.11, for any s € [0, T), denote

Mg :={s+kt|T,k=0,1,2,...}.
Then as 7 and T are rationally dependent and g*, p* are defined in (2.13), so
Ms = {s1,82, ..., 5¢}
with s € M. Let S =sand s; =s+ (K — 1)z|T for some land L € {1,2,...,q"}.

Theorem 2.12. Assume condition of Theorem 2.11, and that t and T are rationally dependent with q* and p* defined in
(2.12). Then if (Bkp*r Jk=0,1,2,... is ergodic, then

1 1 &
E;IF(Y(S+kr,a)))—>q—*Zpsi as K — oo, P—as.

Proof. First note that k = g* is smallest positive integer such that s 4+ kt|T = s. Thus for each k < q* — 1, there exists
unique i, € {1,2,...,q*} and m; < p* — 1 such that

s+kr =5, +myT.

It follows that Y(s 4 kz, ) = Y (s, Om,r).
Moreover, for each s; € M;, there exists unique k; and m; such that

s+ kit =s; +mT.
Thus

g1 g1

D oIr(Y(s+ke) | =Y pg(I)
k=0 i=0

But for any q* < k < 2¢* — 1, note
s+kt=s+k—q)r+q't =s+(k—q*)t +p*T,
it is easy to see that

2q%—1 2q* -1 q* -1
Do IrY(s ke o) = Y Ir(Yis+ (K =), 1) = 3 Ir(Y(s + ke, fproo)).
k=q* k=q* k=0



C. Feng, Y. Liu and H. Zhao Communications in Nonlinear Science and Numerical Simulation 120 (2023) 107166

Similarly one can see that

ng*—1 qc—1
Y (Y +kr o)=Y Ir(Y(s + kT, fn-nprr)).
k=(n—1)g* k=0

Now let N be an integer such that

K —1=Nq*+r, 0<rg <q', e € N.

Then
1k
2 Y (s +kr, o))
k=0
1 N—1qg*—1 e
= | 20 D Ir(Y(s kT, bupre)) + 3 J1r(Y(s + ke, Oper o)
n=0 k=0 k=0
N -1 N 1 X
= > N D Ir(Y(s + ke, Onprre)) + © D Ir(Y(s + kt, Onpera)). (2.15)
k=0 = n=0 k=0
Note % — qi* as K — oo. So by Birkhoff's ergodic theorem, as (Onp*r )k=0,1,2,... is ergodic, we have as K — oo,
q*—1 1 N—1 g -1 q*
> N D Ir(Y(s + kt, Opprre) > D BIp(Y(s+kr)) =Y py(I). (2.16)
k=0 n=0 k=0 i=1
Moreover, it is obvious that
1<
< le(y(s + kT, Oyprrw)) — 0. (2.17)

k=0
Then the desired result follows from (2.15), (2.16) and (2.17) immediately. O
As a consequence, it is easy to see that

1 Z
,uszq—*z,osi forany s € R
i=1

is a periodic measure with period T/q*.
In Section 3, we will consider stochastic differential equations with drift and diffusion terms depending explicitly on
time t being periodic with period T. In this case, we have a stochastic semi-flow satisfying

u(t,r,w)ou(r,s, ) =u(t,s, w), s<r<t P-—as.,
and random periodic condition
ut+T,s+T,w)=u(t,s, Orw), s<t P-—as.

A random path Y : [ x 2 — X is a random periodic path if P-a.s. u(t, s, ®)Y(s,w) = Y(t,w), s < tand Y(t + T, w) =
Y(t, Orw), t > 0. The law of large numbers that we proved for random periodic paths of random dynamical systems still
holds for random periodic paths of stochastic semi-flows and the same proof works also for the stochastic semi-flow
situation.

2.3. LLN of discrete time random periodic processes and arithmetic progression dynamics on a finite integer set

2.3.1. Two elementary number theory lemmas
Consider two integers p, q > 1 satisfying p < q. All the results are still true when p > q with a slight modification of
proofs. Define S = {0, 1, 2, ..., q — 1}, and a dynamical system on the finite integer field S, T : S — S by

T(i) = (i+pllg, ies (2.18)
and the trace of i as
S(i) = {T"()in e N} = {j € S|j = i+ kyp — kaq. k1 € NT, ky € NT U {0}},

where i € S. The following two lemmas are equivalent to the linear equation Theorem on greatest common divisors
(Bézout's identity)([26]). We give its equivalent result here in the language of dynamical system which is a more
convenient form for the ergodic theory, the law of large numbers and the random periodic framework. This describes
the dynamics on the integer field as the time index set for a time series.

9
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Lemma 2.13. The integers p, q are co-prime to each other if and only if S(0) = S.

Proof. We consider the following proof of the result that p, g are co-prime to each other if and only if there exist integers
ki1 > 1, k; > 0 such that k;p — koq = 1 by studying the dynamics of the map T : S — S defined in (2.18).

First we assume that there exists k; > 1, k, > 0 such that kip — k,q = 1. If p, ¢ have a common divisor r > 1, then
r [klg — kzg] = 1. But this is impossible as the left hand side is a multiple of r, the right hand side is 1 only. Thus p, q
must be co-prime to each other.

On the other hand, assume that p, q are co-prime to each other. We want to prove that for any j € S, there exist
ki > 1,1; > 0 such that kip — ;g = j, i.e. j € S(0). If this is not the case, then statement (A): there exists j € S \ {0} such
that j # kp — Iq for all k > 1,1 > 0 holds true. Note here it is obvious that 0 € S(0). Let j, > 0 be the smallest such a
number. Now we want to show that jo = 1.

If jo # 1, then 1 € S(0) and there exist k; > 1, k, > 0 such that kyp — k,q = 1. So for any j € S\ {0}, jkip — jkoq = j.
This is a contradiction to statement (A). Thus jo = 1, i.e. 1 ¢ S(0).

Now we consider the case that 2 € S(0). In this case, it is easy to see that

{2,4,..105S C S(0). (2.19)

However, let k; > 1,1, > 0 be such numbers that k,p — [,q = 2, then 1+ kyp — I,q = 3. Thus 3 € S(1). Generally, we can
easily see that

{3,5,...1NS c S(1). (2.20)
From (2.19), (2.20) and the fact that 1 ¢ S(0) we know that
S(0)=1{0,2,4,..3NnS, and S(1)={1,3,5,...}NS.

But it is obvious that p € S(0). So p must be an even number. We claim that q is even as well. For this, let k be the smallest
integer such that kp > q. Then kp — q € S(0). So kp — q is an even number. Since kp is even, so ¢ must be even. Thus p, g
have a common divisor 2.

Next we consider the case that 2 ¢ S(0), but 3 € S(0). Similar to the above argument, we know that

5(0)={0,3,6,...}NS, S(1)={1,4,7,...}NnS, and S5(2)={2,5,8,...}NS.

Clearly, p € S(0), so p is divisible by 3.

Similarly as above, let k be the smallest integer such that kp > q. Then kp — q € S(0). Since p, kp — q are divisible by
3, ¢ must be divisible by 3 as well. This is the case we conclude p, g have common divisor 3.

In general, we can prove that if r > 1 is an integer such that 2,3,...,r — 1 ¢ S(0) but r € 5(0), then p, q have a
common divisor r.

Summarising above, we can say that if 1 ¢ S(0), then p, g have a common divisor greater than 1. This contradicts with
the assumption that p, q are co-prime. That means 1 € S(0) and S(0) = {0, 1,2,...} NS =S is proved. O

From Lemma 2.13 and its proof, it is easy to see that p, q are co-prime to each other if and only if S(0) = S(i) = S =
{0,1,2,...,q— 1} for all i € S. But when p, q are not co-prime to each other, we have the following result.

Lemma 2.14. The integers p, q have a greatest common divisor r if and only if for 0 <i <'r,

S(i)y={i,r+1i,2r+i,...} NS.

Proof. “Only if’ part: Assume p, g have a greatest common divisor r. When r = 1, the result is Lemma 2.13. When
r > 1, there exist co-prime integers p*, ¢* such that p = rp*, ¢ = rq*. But from Lemma 2.13, we know that for any
i*e€{0,1,2,...,q" — 1} = S* there exist k* > 1, I* > 0 such that k*p* — I*q* = i*. So k*p — I*q = ri*. This means
ri* € S(0). In particular, r € 5(0).

Next we want to show that for any integer 0 < s < r, s ¢ S(0). If it is not the case, say s € S(0). This also says that
there exist k > 1 and [ > 0 such that kp —Ig = s. So r [kg — l%] = s. This is a contradiction as the left hand side is
a multiple of r, while the right hand side is not. This suggests that S(0) = {0, r, 2r, ...} N S. The general result follows
easily.

The “if” part was directly contained in the proof of Lemma 2.13. O

Remark 2.15. This result is the integer field version of the dynamical system of rotation on unit circle S! by an angle y. In
the classical dynamical system theory, the rotation system is ergodic on the unit circle with the Lebesgue measure when
% is irrational, and is periodic (non-ergodic) when % is rational. In the case considered in this paper, the dynamical
system defined by (2.18) is ergodic on S with the uniform distribution if and only if p, g are co-prime to each other.
Otherwise S is divisible into distinct ergodic components S(0) = {0, r,2r,...} NS, S(1)={1,r+1,2r+1,...} NS, ---,
S(r—1)={r—1,2r —1,...} NS. It is easy to know T : S(i) — S(i) is ergodic for each i. We will explain soon that
this number theory result which is presented in Lemmas 2.13 and 2.14 as a dynamical system result has significance in
finding the period of random periodic processes by a time series using the law of large numbers.

10
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2.3.2. Law of large numbers through arithmetic progression of test period
Now we consider discrete time random periodic process Y : I x 2 — R, wherel ={..., —1,0, 1, ...}, and denote its
law by ps € P (B(R)), s €I,

ps(A) = Plw : Y(s, w) € A}, A € B(R),

and assume there exists q € N such that ps,q = ps, S € Z.
For convenience, we extend S(i),i € S to i € N by setting S(i) = S(i|q). Then

S(0)=5(q)=S2q)=---, and S(1)=S(1+q)=S(1+2q)=---.

We obtain the following law of large numbers along arithmetic progression with an arbitrary common increment as
a test period. For integer p > 0, regarded as the test period, denote by r the common divisor of p and the true period q
and p* =%, q* = 1. Then S(i) = {i,i+r,i+2r,....i+(¢* = r},i=0,1,...,r = 1;S(i+ 1) =5(i),i=0,1,....

Theorem 2.16. Let Y be a random periodic path of the discrete time random dynamical system @ (or a periodic stochastic
semi-flow u), with the period T = q. Assume the metric dynamical system (§2, F, P, (Okp=q)ken) is ergodic. Then for any i € N,
A € B(R), p € Nt,

K-1

1 1

X E L(Yisp(@)) > — E 'Pu(A) as K — oo,
k=0 ueS(i)

almost surely and in [*($2, dP).
In particular, when p, q are co-prime,

K—-1 q—1
1 1
g 2 (@) = 3 pu(A) ask - o0
k=0 u=0
and when p = g,

K-1
1
< ’;mmp(w)) — pi(A) as K — oo,

almost surely and in [*($2, dP).

Proof. Consideri=0,1,2,...,q—1ﬁrst.SetS,i:Yi+kp,i=0,1,...,r—1andi+l<p=mq+u,0§u<q,ueS(i),
then

Yirip(®) = Yy(Omqw), u € S(i),
and
q -1
dopp)= D A (221)
k=0 u=i,i+r,....i+(q*—1)r

It is also important to note that for any u € S(i), there exists a unique 0 < k < ¢* — 1 such that
i+kp = Mipppuq + U

Thus m = mjjyq,y is also unique for each u € S(i).
Now note g*p = p*q, so

2q*—1 qc—1 qc—1
D Yirp(@) = D Ia(Yiipprg(@) = D Ia(Yirip(Opeq))-
k=q* k=0 k=0

Similarly, for general n > 1,

ng*—1 g -1
D WViap(@) = Y I(Yisip(On-1p7q@0)-
k=(n—1)q* k=0

11
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Thus
Ng*—1 1 N-1 1 qc—1
N ,Z(; W(Yisigl@)) =1 Xy ’; In(Yikp(Bln—1ypq0)

151 ¢
== 2w 2 ip(Bn-prq)).
a k=0 n=1

For fixed i and k, as (6n—1)p*q)n=1,2,... is ergodic, so by Birkhoff’s ergodic theorem,

q*-1 q*-1

N~> 1
b Z ZIA Yitkpt(n—1ypq(@ = Z Pirkp(A - Z Pu(A (2.22)
ueS(i)
a.s. and in [*(£2, dP). Note here S(i) = {i,i+r,...,i+(q"—1)r},i=0,1,...,r —1, and we used (2.21). The proof of the

theorem follows from the above and the extension of S(i) to i € N.
The result for periodic stochastic semi-flows can be proved by exactly the same argument. O

Remark 2.17. It is noted that for a stochastic system with random periodic path, if the underlying noise and the associated
measure preserving dynamical system is ergodic, then the law of large numbers in Theorem 2.16 holds. In many situations,
(e.g. Examples 3.1 and 3.3) the underlying noise is Brownian motion. In this case the probability space (£2, 7, P) is a
Wiener space and the measure preserving dynamical system 6 : [ x §2 — £2 is given by (6;w)(s) = W(t + s) — W(t).

In [27], it was proved that the metric dynamical system given as the shift of Brownian motions is ergodic. The theorem
is stated below.

Theorem 2.18. The canonical dynamical system of Brownian motion X = (2, F, P, (6;).cr) (T = R™ or R) and their discrete
dynamical system X7 = (2, F, P, (0 )ner) (I =N or Z) are ergodic.

Theorem 2.18 suggests that the assumption in Theorem 2.16 can be guaranteed by testing the distribution of noise
being a Gaussian white noise. We will show that for a given dataset in Example 3.4 and Remark 3.5 by some numerical
method in the next section.

2.4. Convergence of time average of empirical measures in Wasserstein distance

In the following we will establish a scheme to detect the true period q of dataset {y;}!_; by comparing laws of {y,—+kp}’kV=‘Ol
with a test period p being unnecessarily equal to q. Details of the EPM scheme and numerical experiments will be shown
in Section 3. Numerically it is convenient to use the Wasserstein distance to quantify the periodicity of the laws of random
periodic process. As we can only use the empirical measures in the numerical scheme, next we will prove the convergence
of the empirical measures to the true measure under the Wasserstein metric. For this, first we introduce some notation.
Letd > 1and P(R?) be the set of all probability measures on RY. For @ > 1and p, v € P(RY), consider the orth Wasserstein
distance between them as

Walu.v) = inf / x — ylE(dx, dy)) L.
EeH(u,v) RA xR

where H(u, v) is the set of all probability measures on R? x RY with marginals u and v. For 0 < o < 1,

Wo(p,v) = inf {(/ Ix — y|*&(dx, dY))}-
EeH(p,v) RA xRd

It is very natural to use the Wasserstein distance to describe the periodicity of a periodic measure and to detect
periodicity in a time series dataset, as i — W,(u1, ;) is a real valued periodic function. In this subsection, we will
establish the theoretical result on the convergence of empirical distributions in the Wasserstein distance. In Section 3, we
will use this result to deal with data.

In order to prove the main result of this section (Theorem 2.20), we recall the following result in [28].

Consider first on (—1, 1%, denote P, as the natural partition of (=1, 1] into 2% disjoint, equal-distance sets. For

example, whend = 1, P, = {(—1 + 2,—1, - gﬂ]} '“1 To extend to R? x RY, we introduce By = (—1, 1] and

B, = (=2",2"4\(=2"", 2" "% forn > 1. In [28] the authors proved the following lemma:

Lemma 2.19. Let d > 1 and o > 0. For all pairs of probability measures 1, v on RY,

Wi (. v) < KaaCa p 2" ) 27 ) 7 |u(2"F N1 By) = v(2"F N By). (223)
n>0 =0 FePy
with the notation 2"F := {2"x : x € F} and where iy q := 2%d*/?(2* + 1)/(2* — 1) and C, := 1+27%/(1 —27%).

12
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For fixed i,p and A C £2, set

1 K—-1
ip._
M = K Z(SYI'HP
k=0

as the empirical measure generated by the random periodic path Y, and u'? := qi* 2 uesqiy Pu- In particular, Lemma 2.19
gives

Wi, 1) < k1aCr Yy 2"y 270 " P (2"F N By) — P(27F N By)). (2.24)
n>0 =0 FePy
We will prove the following main result of this subsection.

Theorem 2.20. Assume all the conditions of Theorem 2.16 hold and there exists § > 0 such that for all t, fR %121 pe(dx) < o0
Then as K — oo,

E[Wi(ii, 17)] — 0.

Proof. As there exists § > 0 such that [, |x|‘3“p[(x) < 00, it is obvious that for any i, p, Ms.1 (1 = [ X b P(x) < oo.
Then by Chebyshev inequality, for all n > 0, uP(B,) < Pip(1X] > 2"71) < My q(pP)2 -0+ 1= ”
Consider the expectation of (2.24),

EWr(ud, 'P) < k1.aCr Y 2" Y 270 "Bl (2"F N By) — wP(2"F N By)l. (2.25)
n>0 =0 FePy

Denote f, ¢ = ZFGPI E|uy(2"F N By) — P(2"F N By)|. Suppose for each K > g*, we can decompose it as K = j + k'q*,
wherej € {0,1,...,q* — 1} and k' € Z*. Then for K > ¢*,

K—1
1 .
faix < Z (I( ZESYHkp(an N By) + u'P(2"F N B,,))

FePy k=0

<> ( P(2"F N B,) + T M (2”FﬂBn)+Mi‘p(2”FﬂBn))
FePy

<3 u'P(2'FNB,)
FePy

< 3 P(By) < 3Myi (P27 F UL,

and

D 2m Y 27 (3My o (uP )2 D)

n>0 =0

) . 2
_ i,p\y8+1 n~o—(8+1)n __ i,p
= 6Mya(u?)2 4y 272 = 6My (')
n>0
Also, by the Cauchy-Schwartz inequality and Theorem 2.16 we have that for any fixed n, I,

1

i . 2

0=fux = Y (BIZQFNB) — W@ F B )" > 0, as K — oo

FePy

Hence by the Dominated Convergence Theorem, we obtain that as K — oo,

0 < EIW: (. ") < k1.4aCr Y 2"y 271 —> 0.

n>0 =0
So the Theorem follows. O
i+h,p

The following corollaries show that in the numerical scheme, we can use W1(M,< M ) as the approximation of
Wi (P, pithp),

Corollary 2.21. Assume all the conditions of Theorem 2.20 hold. There exists a subsequence Ky — 0o as m — oo such that
Wl(ﬂ;&i’ M’Ig‘;) — Wy(u'P, WP)asm — oo foralli,je{0,1,...,r — 1} as

13
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Proof. For any fixed i,j € {0, 1,...,r — 1}, by the triangle inequality of Wasserstein distance, we have
Wi 108) < Waids 1) + WP, Py + Wi, 1), (2.26)
and
W ( ip ,,i.p < W i.p i,p wW. ip  J.p wW- ip L ip 227
(1P WP) < W, kP) + Wiy, i) + Wiy, iP). (2.27)

Note that, from Theorem 2.20, we have that E[W](MK ,;"?)] = 0 and ]E[W1( P P — 0as K — oo, s0 by a
classical Chebyshev inequality and Borel-Cantelli Lemma argument, there exists a subsequence Kn — ocoasm — oo
such that Wi(ug’ , u"P) — 0 and Wy(u’ , /) — 0 as m — oo as.

Thus it follows from (2.26) and (2.27) that as m — oo,
Wi, 150) — Wi, 1/P)  as. (2.28)
Finally, it is trivial to extend (2.28) for any fixed i,j € {0, 1,...,r — 1} toalli,je {0,1,...,r—1}. O

Corollary 2.22. Assume all conditions of Theorem 2.20 hold. If Wl(ukp, ,u’,';p) has a limit as K — oo a.s., then
Jim Wi 150) = Wi, 169) - as.

3. Detecting periodicity and dataset experiments

3.1. Periodic measures and Wasserstein distance versus DFT

A commonly used method to estimate periodicity of a dataset is periodogram See relevant statements in [29] and our
comments in the ﬁrst paragraph of the Introduction. For a dataset {y(t ) [ 0, compute its discrete Fourier transformatlon
(DFT) as d(f) = 1 30 w(t ’Z”iff =D B0 where A(f) = 2 31—, y(t)cos(2xft) and B(f) = 2 Y"1—) y(t)sin(2xft),
and f takes values from O, o n, «evy 5y (the only frequencies that need to be considered due to aliasing effect). The
periodogram of frequency f is defined as I(f) = n|d(f)|. It measures how strongly the oscillation with frequency f is
represented in the data. Then the dominated period of the dataset is estimated as 1/fy.x Where I(f) reaches its maximum
at fimax. Fisher’s test and Fuller’s test give the significance of the largest peak in a periodogram plot to guide whether or not
to accept the estimate period. The idea of this method is to use Fourier transformation (or wavelets transformation) as a
filter to test which frequency component of the filter will interact greatest with the dataset. It is actually to approximate
the dataset by using deterministic periodic functions.

In this section, we will construct a new scheme of detecting periodicity from concerning the periodic measures of
random periodic processes. We will see in Examples 3.1 and 3.3 that the classical DFT method may fail to detect the
actual period robustly in some cases especially when the periodicity is weak relative to the noise or when the noise
may have periodicity with different period from that of the trend process. We will demonstrate that the ergodic periodic
measure (EPM) scheme we propose here can work efficiently in these situations, thus provides some new insight to the
analysis of time series. This can be useful potentially in many applications.

Consider an integer p € N and assume the period of the random periodic process is q e N. Recall Theorems 2.16, 2.20
and their statistical implication to consider empirical measure /LK to approximate P = q—* Zues(i) pu(A), where gq* is the

integer such that ¢ = rq* with r = gcd(p, q). Assume at the moment that q is known. We learnt from Theorem 2.16 that
as the map i — S(i) is periodic with period r, so the function i > wbP is periodic with period r. In particular, when p, g
are co-prime, i — u'P is aperiodic and u*P’s are equal for all i. In contrast, when p = q, i — w'? is periodic with period
q.

We use Wasserstein distance “wasserstein1d(-)” in the package transport in the R language to quantitatively measuring
the difference between two measures in one dimension. The approximation of the empirical measure to the periodic
measure quantified in the sense of Wasserstein distance was studied in Theorem 2.20, Corollaries 2.21 and 2.22. The
Wasserstein distance is a convenient way numerically to measure the difference or the evaluation of t +— p;. The
Wasserstein distance between two datasets {x,}f" ; and {yj}]" ; is computed as follows: first we approximate the empirical

distribution functions F®¥(t) = 1 3" I o)(t) for dataset {x;}!", and G(Y)( t) = 2 D11 Iy.oo)(t) for dataset {y;}7;, then

/Ot
the ath-Wasserstein distance is given as W, (F, G) (fo |[F~1 ~(u) du) , where F~! and G~! are generalised

1
inverses. Specially when m = n, W,(F, G) = (n Zl 1 lxi = yil® ) where both {x;}", and {yj}] ; are reordered in the
ascending order. See [30] for statistical aspects of the Wasserstein distance.

The more different between F® and GY, the bigger W;(F, G) is, and W;(F, G) = 0 if F® is the same with G¥). Note
here in the computations of Wasserstein distance, we normalise both the datasets {x;}{_; and {y;}{_, by dividing the total
mean of the two datasets —n 21:1(& + y;) in order to control the overall bound of the Wasserstein distance. This makes
sense in this computation as their relative values are more important and the normalisation does not change their order.
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Numerical solutions of SDE with different initial values
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Fig. 3.1. Numerical simulation of the solution to SDE (3.1).

We use the following example to compare the classical DFT and our new periodic measure approach.

Example 3.1. Consider the following stochastic differential equation (SDE),

dMU:(}nﬂﬂ+ﬁncg>+1)m+(01+05ﬂnC?>>m%, (3.1)

with X(0) = x, where W,, t € R, is a two-sided Brownian motion on R! on a probability space (£2, 7, P). The solution is
denoted by X(t, x).
(a) Explicit periodic measures. From [4], we know that the infinite horizon process

t t
wn=/.mwﬂH%+/ 2(s)e™ ™ Idwy, (32)

where f(s) = sin(Z) + 1 and g(s) := 0.1 + 0.6sin (%), is a random periodic solution of SDE (3.1) with period

T = 20. For any initial value x, |X(t + kT, 0, 6_jrw,x) — Y(t,w)] — 0as k — oo as. Here 6 : R x 2 — £ is given

by (Brw)(s) = Wiis(w) — Wi(w), for any s,t € R. The pull-back convergence is very convenient when the pathwise

convergence is considered [31]. From the analysis of Example 4.9 in [9], we obtain by a(si[r)nilar c?lctlilation that the

sin( 5 __cos =
g 2

periodic measure p; of SDE (3.1) exists and is a Gaussian distribution with mean % +0.8 ) and variance

2mt

in( Tt t i 2t
%+(2x0.1x0.6)x100<5m(5) C°5(5)>+# 125 C°5<5)+S'"(5)

101 2 207 2 26 2w 10

We can see that the periodicities of the mean with period 4 and of the noise fluctuation with period 10 contribute to
the periodicity of the whole process. Hence the real period of the process is 20.

(b) Data generation. We use the numerical method introduced in [32] to simulate the random periodic path of
SDE (3.1), thus to generate a synthetic dataset. In fact, we can consider SDE (3.1) starting at any time s € R, the
solution is denoted by X(t, s, w, x). Note X(t + kT, 0, 0_;rw, x) = X(t, —kT, w, x) for any k € N a.s. Thus we consider
X["T = X(t, —kT, w, x) without involving 6 in the numerical computation. The starting time of the approximating scheme
is taken to be —kT for some fixed positive integer k. In fact we only need to consider —kT < t < 0. The time domain
from —KT to 0 is divided into N intervals of length At such that NAt = kT. Then the iteration formula is

o —kT o —kT : > —kT
XDirrirnac =X iriae TFUAL XD 40 AL
+ gUAL, X i Wi nae — Weiraiae), (3.3)
wherei = 0,1,...,N — 1 and )?:,f{wm = x. It was proved in [32] that the numerical solution converges strongly as

k — oo to the random periodic path of the approximated system. The convergence to the approximate random periodic
path is fairly fast in a speed of exponential convergence in this case. This is an approximation to the exact random periodic
path with an error in the order of (At)% in the L?-norm. In the numerical scheme, we choose the step size At to be 0.01,
which is small enough to ensure the convergence of empirical measures to theoretic periodic measures with an error in
the order of At in the weak topology by the analysis in [11]. So there are 2000 points within each period. We produce
two paths with different initial values under the same noise path to verify the convergence, and part of them is plotted
in Fig. 3.1. The black curve represents X;(t) with initial value X;(0) = 0.4 and the green one represents X(t) with initial
value X;(0) = 1.5. We can see from Fig. 3.1 that the two paths merge together quickly.

Thus we can use the simulation path X; to test our EPM scheme. The length of the dataset is N* = 100, 000 periods
long to ensure that the estimate of empirical density functions in the following analysis will be accurate enough. We only
select 20 equal-time-interval points in each period to form a discrete dataset {y(t)} of length 2 million which has period
20 for simplicity. The period 20 of the discrete dataset {y(t)} is the same as in the real time case. The black spots in Fig. 3.1
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Periodogram of dataset {y(t)}
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Fig. 3.2. Periodogram of dataset generated from SDE (3.1).

represent the sub-dataset of the first 2 periods. This selected dataset {y(t)} of discrete time has relatively small period
that makes our experiment easier to handle. It gives a typical example of time series of random periodic process.

(c) The shortfall of DFT approach. In this case the real period of the data is ¢ = 20. We first apply DFT to detect q. We
use the function “spec.pgram(-)” in the package STATS in R Language in which it calculates the periodogram using a fast
Fourier transform, and optionally smooths the result with a series of modified Daniell smoothers (moving averages giving
half weight to the end values). The plot of periodogram is shown in Fig. 3.2. The maximum spectrum, which is 1883.51,
happens at frequency 0.25, hence the estimated dominated period of this dataset is 1/0.25 = 4, but the real period of the
dataset is 20. In fact, from [4,9] and our analysis in the beginning of this example, the SDE (3.1) has a random periodic
path and a periodic measure of period 20. The periodicity reflecting to the discrete dataset is 4 on the mean trend and 10
on the noise fluctuations respectively. This suggests that the DFT method only detects the periodicity of the mean trend
but not sensitive to the periodicity of the noise.

In such a case the DFT method fails to detect the true period of the dataset even with reasonable amount of data
(2,000,000), but the EPM scheme can reveal the clear periodicity of period 20. It surprised us when we first observed
that phenomenon. Now we can well understand it as the idea of DFT is to use a deterministic periodic Fourier series to
approximate a time series in a pathwise sense, while the idea of EPM is to detect the evolution of the distribution of the
time series. The assumption of DFT is the times series can be decomposed numerically as y(t) ~ f(t) + z(t), where f(t) is
a deterministic periodic function and z(t) is a stationary process. This assumption is not satisfied in many situations. The
main purpose of DFT is to estimate the function f(t) but it cannot detect the periodicity of z(t) easily.

(d) Periodic measure and Wasserstein distance from data. In Figs. 3.3 and 3.4 we plot the periodic measures p;,
i=1,2,...,20 for sub-dataset {y(i+20k)}§:’;(}, of which only approximations can be calculated using law of large numbers
(Theorem 2.16). Here we take N = 10,000. The way to calculate the period of the periodic measure p;, i = 1, 2, ..., if
its period is not known in advance, from the dataset which will be given later, concluded at the end of Example 3.2. We
observe that the position of the bell curves moves from left-side to right-side and then back to left-side four times, and
the bell shapes are nearly the same between p; and p;j11 fori =1, 2, ..., 10, but different by a shift. These observations
coincide with our analysis of the periodicity of the mean and that of the volatility from the probability distribution of
Y(t) being 4 and 10 respectively.

We calculate Wasserstein distance between p; and p; which is denoted as W(p1, p;) and plot them in Fig. 3.5 from
the empirical approximation estimates of p; fori = 1,2, ..., 40. Here p;, i = 21, 22, ..., 40 are computed from a dataset
generated from the numerical scheme (3.3) with Brownian motion which is independent from the Brownian motion
used to calculate p;,i = 1,2,...,20. We can see that in one period the curve of i — W(p1, p;) goes up and down
roughly five times which corresponds to the mean trend but with some difference between each time which is due to
the noise fluctuations. After one period the curve goes back to around zero as W(p1, p21) & 7.0321 x 10~ for empirical
approximations p; and p,1, from which we can conclude that p; = p,;. It is noted that our EPM scheme not only gives
the periodicity of the correct period, but also provides desired distributions of the random periodic process at each time.

3.2, Detect an unknown period of a random periodic process

A challenging question here is that the true period q of the random periodic process or time series may be unknown to
us. Thus we may not immediately be able to calculate the periodic measure p;, i = 1, 2, ..., as the law of large numbers
to approximate p; needs the true value of the period q. The law of large numbers along arithmetic progression of arbitrary
common increment proved in the last section is significant in providing a statistical method using test periods to compute
precisely the unknown period q for a dataset with random periodicity.
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Fig. 3.3. Plots of histograms and density functions of periodic measures for i =1, ..., 10.

The point is that the period, though may be unknown to us, exists in some sets of data. Our result gives a way to
detect the period using test periods. Notice that P depends on the test period p when the true period q is regarded as
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Fig. 3.4. Plots of histograms and density functions of periodic measures for i = 11,..., 20.
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Wasserstein distance between measures
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Fig. 3.5. Wasserstein distance W(p1, p;), i =1, 2, ..., 40.

fixed. We pick up p and find that i — u'P has periodicity of period r, where r is the greatest common divisor of p and
q. If it turns out that i — ' is aperiodic, then p, q are co-prime. If i — P is periodic with period r, then r divides q.
Atp = q, i — p*P has maximum period, in other words, if the period of i — u'P is maximised at certain p, then q = p.
In this context, the question remains to ask is: how do we know the period of i — w'P is maximised at certain p? In the
following, we provide a scheme to compute all the factors of such an integer.

We assume as a prior knowledge that g < Q for certain integer Q. Note that any integer number can be decomposed
as

g =i

m

(3.4)

where r; < ry--- < 1y are prime numbers and nq, ny, ..., N, are positive integers. If we can find all the prime number
factors and their respective multipliers, we can find q. We start from the test period p = 2. For large N, consider the map
of empirical measure approximation

K-1

L ip 1

i = 2 D 1 Yii(): (35)
k=0

If initially (3.5) is approximately an invariant measure, it means 2 or any power of 2 is not in the decomposition (3.4).
If (3.5) appears to have period 2, then it means that 2 is a factor of g. Then we can continue to test p = 22,23, ...,2",
for r; < [log, Q], then stop at one step p = 20! when 20+ is no longer the period of i > /L;g (but 20 is). In this case
we know that 2% is a factor of q and jo is the maximum power of factor 2' of the number g. We can decide any of the
prime numbers and their powers appearing in the decomposition (3.4) by applying the above method for other possible
p (noting the prior knowledge q < Q here), thus eventually find the period g.

Example 3.2 (Example 3.1 Continued). In this part we will study the empirical measures of sub-datasets {y(i + kp)}ff;(} for
i=1,...,p with different values of p.

Following the estimation scheme stated before, when p = 2, the dataset {y(t)}{_, are separated into two groups, one
is that of the odd values of t and the other is that of the even values of t. We plot the histograms from the sub-datasets
{y(i—i-kp)}f:‘o1 fori =1, 2 in Fig. 3.6, K = 100, 000 represents the length of data used to estimate the empirical measures.
The figure suggests that the empirical measure of the odd valued group is different from that of the even valued group.
Hence the map i — whP appears to have 2 different patterns.

Set Wyp(1,-) : N — R as the map i — W(uyP?, uif) = W(1,i). To see the periodicity of Wasserstein distance
W(z)(l, -), we simulate another path with the same initial value but under different noise and denote it as {y,};_,. We
denote the empirical measures of {J1.1p}i=g and {Ja4ip}ig as wy” and py” respectively, and calculate W(p P, 1),
i = 3, 4 (represented by green points) to compare with W(,u}gp, M};p), i =1, 2 (represented in black p(_)ints) in Fig. 3.6(c).
This is to ensure the dataset used to compute w;”, i = 1, 2 is independent of the dataset to compute w’, i = 3, 4. We see
from the figure that these two series of values of Wasserstein distance are nearly the same, which suggests the period of
W(z)(L ) is 2.

We follow the same procedure as above to plot the limiting measures for p = 22 and p = 2> respectively. For p = 22,
the limiting measures appear to have period 4 (see Fig. 3.7), while for p = 23, the limiting measures appear to have period
4 as well (see Figs. 3.8 and 3.9). From the discussion of this section, we know that 4 is a factor of the period g, but any
number 2! for i > 3 is not.

In the case that p = 4, there are 4 completely different sub-datasets and they generate 4 different histograms. In the
case that p = 8, there are 8 completely different sub-datasets, but they still generate 4 different histograms.
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Fig. 3.6. Analysis of empirical measures of sub-datasets {y(i + kp)}’,f;o1 when p = 2.

The result in the case that p = 8 is remarkable if we notice the following observation. Take i = 1, then the sub-
dataset {y1, Yo, y17, . . .} is used to generate 1 "-8(-) and the sub-dataset {ys, y13, ¥21, . . .} is used to generate >-8(-). Note the
datasets {y1, y9, Y17, . . .} and {ys, ¥13, ¥21, . . .} have no intersections at all, but they produce the same empirical measure
wh8() = w>8(-). This agrees entirely with Theorem 2.16 that we proved in the last section. Same remark applies for

u??® = %8 138 = 178 and u*® = u®8. With this remark, it is not hard to understand why it is reliable that we use

two different datasets generated by two independent noises to compute ,u11<’2 and M?(’z. Same reason applies to u,1<’4 and
5,4

Hi -

Next to test whether 3 is a prime factor of q, we plot histograms from the datasets {y(i + 3k)}§f:’(} fori = 1,2,3
in Fig. 3.10(a) to (c). Here K = [2000000/3] = 666, 666. All the histograms are nearly the same. Besides, there is no
periodicity in Fig. 3.10(d) and the Wasserstein distances W(u,lf, /vc}f) are very closed to O for alli = 1,2,...,6. It is
noted here that the empirical measures appear to have period 1, which shows that p = 3 and q are co-prime and thus 3
is not a factor of q.

Again it is interesting to note wheni = 1, 2, 3, the three sub-datasets {y1, ¥4, ¥7, ...}, {¥2, V5, ¥s, .. .} and {y3, ¥s, Yo, . . .}
are completely different, but they generate the identical empirical probability measures. The histograms generated by
three completely different datasets are nearly the same due to that the length of the dataset is large enough. To make it
more clear we also show the figure of Wasserstein distance i > W(s°, 1i°) when p = 9 in Fig. 3.11(a).

Then we test the prime number 5 and show the figures of the Wasserstein distances from the sub-datasets {y(i+kp) ;:01
fori=1,2,...,p with p=>5 and p = 25 respectively in Fig. 3.11(b) and (c). Here we take K = 40,000 when p = 5 and
K = 8000 when p = 25. The curves of i — W (", ") show clear periodicity with period 5 for both p = 5 and p = 25.
Similar analysis as above shows that r, = 5 is another factor of q and its power is n, = 1.

Now we have found both 4 and 5 are factors of the true period g, so 20 must divide q. Thus if we take p = 20, then
i — %0 should be a periodic function with period 20. Indeed, following our numerical scheme and by similar analysis,
we find that when p = 20 the empirical measures M”zo from {y(i + kp)}fz‘ol fori=1,2,...,20 appear to have period 20.
See Figs. 3.3-3.5.

Let us now suppose the actual value of q is not known, but we already concluded that 20 can divide g. Assume we
also have other knowledge about g, e.g. if we can ensure that ¢ < 1000. In order to know the exact value of q, we can
test prime numbers p < 50: 7, 11, 13, 17, 19, 23, 29, 31, 37, 41, 43, 47 respectively. In fact, we find from our dataset that
none of them is a factor of q. The details are omitted.

Having known 20 is a factor of g, 2> and 52 are not, so any multiplication of 20 and 2,i > 1, or 5/, i > 1, is not a factor
of g, and the prime numbers 3, 7, 11, 13, 17, 19, 23, 29, 31, 37, 41, 43, 47 are not factors of g, then we can conclude the
biggest possible factor of g, which is less than or equal to 1000, is 20. For this we used the fact that 50 cannot be a factor
of q as we know 52 is not a factor of q. Thus we conclude that q = 20.

20



C. Feng, Y. Liu and H. Zhao

Communications in Nonlinear Science and Numerical Simulation 120 (2023) 107166

Histogram of y(1+4k),k=0,...,499999.

Histogram of y(2+4k),k=0,...,499999.

< <
2 =
3 =
o N &«
a [a)
= T T T T T 1 © I T T T T 1
-1.0 -05 00 05 10 1.5 -1.0 -05 00 05 10 1.5
y(1+4k) y(2+4k)
@ gt ® u3t
Histogram of y(3+4k),k=0,...,499999. Histogram of y(4+4k),k=0,...,499999.
< <
2 2
@ @
5 ™ 3 N
a a
O T T T T T 1 < T T T T T 1
-1.0 -05 00 05 10 15 -1.0 -05 00 05 10 15
y(3+4k) y(4+4k)
3,4 4,4
©) M (d) My

Wasserstein distance between measures

0 of
= ® the first path the second path
o | \
T uw i \
B
=
e (5,0.0012)
T T T T T T T T
1 2 3 4 5 6 7 8

i
© im Wy i), i=1,2,- 8

Fig. 3.7. Analysis of empirical measures of sub-datasets {y(i + kp)}ff;[} when p = 4.

3.3. An example with strong noise

The following example has strong noise for which we will see that DFT does not work robustly, but the EPM scheme

still works well.

Example 3.3. Consider the following SDE,
t t
dX(t) = (—nX(t) +0.1sin (”2) + 1) dt + (0.1 + 10sin (7;)) dw,,

with X(0) = x. In this example, the periodicity of mean is weak and the noise perturbation is strong.
By a similar calculation we know that the periodic measure p; of SDE (3.6) is a Gaussian distribution with mean % +

100 sin(%t) cos(’%)) n 102 21t sin(%) ))
—2 > —_— .

1 Sin("—[) COS(H) . 0.12 1 25 COS(T)
== <72 — 27712) and variance 5~ +(2 x 0.1 x 10) x 457 ( T = — =2 =<

(3.6)

80 b4 2n 26 2 107

It has period 20 as well. The variance is comparatively larger than the variation of the mean with respect to time t.

We find from this example that the larger the noise is, the more data DFT needs in order to obtain stable results. We
compare the periodogram for different datasizes: n; = 104 n, = 10°, n3 = 2 x 10°, ny = 4 x 10°, ns = 4.4 x 10° and
ng =5 x 10°. We observe that if the length of the dataset is less than around 4.5 x 10°, the dominated period obtained
from DFT varies with different n, but none of them is even 4. See Fig. 3.12. It seems that the DFT method cannot work
robustly in this situation. For any datasize, there is no way for DFT to detect the true period ¢ = 20 in this example.

To see the efficiency of the EPM scheme, we compute the periodic measures p; and the Wasserstein distance W(p1, pi)
fori=1,...,40 with datasize n = 2 x 10°. The later is plotted in Fig. 3.13(a). It looks as if that the mapping i — p; and
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Fig. 3.8. Analysis of measures of sub-datasets {y(i + kp)},_, when p =38.
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Wasserstein distance between measures when p=9
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Fig. 3.11. The Wasserstein distances i — W(ug”, ui?) for different p = 5,9, 25.

i — W(p1, pi) had period 5. In fact, we can see in Fig. 3.13(b) the values of W(p1, pg) =~ 0.0555, W(p1, p11) ~ 0.02538,
W(p1, p1s) & 0.0493, W(p1, p25) ~ 0.0567, W(p1, p31) =~ 0.0245, W(p1, p3s) ~ 0.0481. Though they are quite small
comparing with Wasserstein distance of other i (except for i = 21), W(p1, 021) &~ 0.00202 is 10 times smaller than them.
Thus it is reasonable to say that the period is 20. Note here p;, i = 21, 22, ..., 40 are computed from a dataset generated
from a Brownian motion which is independent from the Brownian motion used to generate p;,i =1, 2, ..., 20.
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(f) Periodogram of datasize ng = 5 x 10°: fmax =
0.025 and the corresponding dominated period is 4.

Fig. 3.12. Periodograms of datasets {y(t)};_, for different datasize n.

To verify the robustness of the EPM scheme for different amount of data, we calculate the Wasserstein distance
i > W(;L,l(’zo,,uil’zo) for different datasizes, n; = 10% n, = 10°, n3 = 2 x 10°, n5 = 4.4 x 10°, ng = 5 x 10° and

n; = 2 x 10%, and plot the curve of n W(u,l(’zo, ,uil’zo) (K = [n/p]) in Fig. 3.14. We can see that the Wasserstein
distance W(/L,l('zo, ;L,Z(]‘ZO), except for the case that n; = 104, is closed to zero for all other bigger datasizes ns, ..., ns,

and the general pattern of i — W(p1, p;) keeps consistent for different datasizes. This shows that the EPM scheme is
robust.

From Fig. 3.14 we can see that the error of W(u,lgzo, u,z(l’zo) < 0.01 when n > 10°. So we can obtain relatively accurate
result about the real period g with less data by using the EPM scheme comparing with the DFT method.
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3.4. A real world example

Example 3.4. Recent work about modelling real-world temperature and the weather derivative market uses periodic
function to estimate the volatility of temperature dataset. This gives rise to our interest to apply our EPM scheme of
finding its period and distributions. Relevant references include [33-37].
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Fig. 3.15. Daily maximum temperature in Central England.

The dataset {y(t)} we used in this example is the monthly average maximal temperature in Oxford. It contains 1954
monthly data for almost 163 years from Jan. 1853 to Oct. 2015, which are computed from the daily maximal temperature
records. Part of the data is plotted in Fig. 3.15.

Suppose we do not know the exact value of g, following the estimation scheme, we can find ¢ = rf 1r§2 with
ry =2, = 3and ny = 2,n, = 1. We refer to Figs. 3.16 and 3.17 from the periodic measure p; with period 12. We
can obtain information about the mean and volatility for each month from the empirical periodic measures. For example,
we can see that the volatility of daily maximal temperature in the winter is relatively larger than that in the summer in
Oxford.

To plot the Wasserstein distance between p; and p;, we separate the dataset into two groups, one is of Year 1878-1958
and the other is of Year 1959-2015. We use the first group to estimate pq, ..., p12 (represented by black spots), and use
the second one to estimate p13, ..., p24 (represented by green spots), and plot the Wasserstein distance W(p1, p;) in
Fig. 3.18. We can see that the curve i — W(p1, p;) appears to have periodic pattern with period 12. But we should point
out that W(pq, p13) & 0.016637 is not very closed to zero as we may have hoped. This may be because the size of data
is not large enough.

Remark 3.5. We have seen that it is very efficient to apply Theorems 2.16 and 2.20 to datasets of time series. Following
Remark 2.17 and Theorem 2.18, the assumption in Theorem 2.16 that the discrete metric dynamical system is ergodic
holds naturally if the random dynamical system given by the time series is driven by a Brownian motion. Therefore in
order to apply Theorems 2.16 and 2.20, we only need to use some standard statistical methods to test the normality of
noise in the dataset to guarantee our theory is valid. For references about the normality test see [38-40].

For instance, let us consider Example 3.4. We first use s(t) = Bt + Ccos(%”t + ¢)+ D to estimate both the non-periodic
trend and the seasonal trend of dataset and remove it. By a standard least-square method we can find the parameters as

B=6.282x 107%, C=7.6359, D= 13.2968, ¢ =5.6971.

De-trended dataset can then be obtained by deducing the deterministic function from the data and its normality can be
checked by a variety of different methods. Common methods of normality test in statistics are QQ-plot, histogram and
Kolmogorov-Smirnov test. The QQ-plot and histogram give us a rough and visualised impression about the normality of
dataset. If the tested dataset is normal, then the QQ-plot will coincide with the line and the histogram and estimated
density function will coincide with normal density function (see Fig. 3.19).

We can do a Kolmogorov-Smirnov Goodness-of-Fit test to test the null hypothesis Hy that the tested sample comes
from the distribution Fy (here we take Fy as norm distribution). The test statistic is D, = sup, |F,(x) — Fo(x)|, where n
is the size of dataset and F,(x) is the empirical cumulative distribution function at x computed from dataset (see [39]).
The critical value of dataset with size n = 1954 is D. =~ 0.0307. The p-value of a hypothesis test tells how likely it is
that the dataset could have occurred under the null hypothesis by calculating the likelihood of the test statistic. If D, is
smaller than the critical value D, and the p-value is greater than the given alpha level, then we accept the null hypothesis.
The result of Kolmogorov-Smirnov test of this example is: D, = 0.017346, the corresponding p-value = 0.599. Since the
p-value is greater than 0.05, we do not reject the null hypothesis, we can claim that the noise is Gaussian white noise in
time.

Conclusion

We have established an innovative ergodic periodic measure (EPM) approach to analyse the periodicity of a time
series dataset using the recently developed ergodic theory of random periodic processes as an alternative to the Discrete
Transformation method. The EPM scheme works efficiently and has clear advantages to be able to detect periodicity of
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Fig. 3.16. Histograms of empirical periodic measures of monthly maximum temperature in Central England for months from January to October.
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3.19. QQ-plot and histogram for de-trended path of monthly maximum temperature dataset.

distributions and to compute the period over the classical Fourier series approach. In some situations, while the latter
method cannot work robustly, our method can still work well. In this paper, we have built the probability foundation for

this approach. The key

idea is the law of large numbers for a test period. This makes it possible to use test periods to

analyse the periodicity of a time series and detect its period by analysing the periodicity of empirical distributions out of
a subsequence of a time series for the test periods. It was also observed that the periodicity of empirical distributions can
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be quantified by the Wasserstein distance. The latter can be computed from datasets. However, it looks that to achieve
great accuracy, the amount of data still needs to be large in the case especially when noise is strong, so some ideas to
reduce the amount of data needed are very much worth exploring further in the future, especially for applications.
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