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Abstract

Change point detection in sequences of functional data is examined where the
functional observations are dependent. Of particular interest is the case where the
change point is an epidemic change (a change occurs and then the observations
return to baseline at a later time). The theoretical properties for various tests
for at most one change and epidemic changes are derived with a special focus
on power analysis. Estimators of the change point location are derived from the
test statistics and theoretical properties investigated.

Keywords: change point test, change point estimator, functional data, dimension
reduction, power analysis
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1 Introduction

The statistical analysis of functional data has progressed rapidly over the last few
years, leading to the possibility of more complex structures being amenable to such
techniques. This is particularly true of the complex correlation structure present within
and across many functional observed data, requiring methods that can deal both with
internal and external dependencies between the observations. Nonparametric tech-
niques for the analysis of functional data are becoming well established (see Ferraty
and Vieu [8] or Horvath and Kokoszka [I1] for a good overview), and this paper sets
out a nonparametric framework for change point analysis within dependent functional
data. This extends the work of Berkes et al. [3] and Aue et al. [2] in the i.i.d case
as well as of Hormann and Kokoszka [10] for weakly dependent data all of them for
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2 Change-Point Detection Procedures

at most one change point (AMOC). In the present paper, a wide class of dependency
structures is accounted for and two types of change point alternatives are considered,
AMOC and epidemic changes, where the observations having changed return to their
original state after some unknown time.

Tests and estimators are usually based on dimension-reduction techniques, where it
is important that the change is not orthogonal to the projection subspace (for details
see Section . Most methodology, including those references given above, chooses
this subspace based on estimated principle components assuming a general covariance
structure within the functional data.

The choice of estimator for the covariance is critical for the power analysis in detecting
the change. In particular, a large enough change will switch the estimated principle
components in such a way that the change is no longer orthogonal to the projection
subspace making it detectable (cf. Theorems . This switch occurs even for small
changes if the underlying covariance structure of the functional data is flat showing
that this method yields good results even and especially for underlying covariance
structures that are usually seen as being inappropriate for standard prinicipal compo-
nents analysis. In addition, the theorems characterize detectable changes in terms of
the (unobserved) uncontaminated covariance structure, formalising remarks given in
Berkes et al. [3].

The paper proceeds as follows. In Section [2] methods for the detection and estimation
of change points for dependent functional observations are derived. These methods are
presented using an arbitrary orthonormal projection subspace which allows the same
general theory to apply regardless of the subspace projection choice. Possible ways of
choosing the projection, including issues associated with estimating these projections
from the data are detailed in Section[3] The final section gives the details of the proofs.

2 Change-Point Detection Procedures

In this section we investigate change point detection procedures for a mean change
in functional observations X;(t),t € Z, i = 1,...,n, where Z is some compact set.
This setting for independent (functional) observations with at most one change point
(AMOC) was investigated by Berkes et al. [3] and for specific weak dependent pro-
cesses by Hormann and Kokoszka [10]. We will also allow for dependency (in time) of
the functional observations (using meta-assumptions in order to allow for a very gen-
eral class of dependency) and additionally to the AMOC-Model consider an epidemic
change, where after a certain time the mean changes back.

The AMOC-Model is given by

Xi(t) = Yi(t) + p1 ()1 ficony + p2(t) Lion<i<nys (2.1)

where the mean functions before and after the change p; = p;(-) as well as the
functional time series {Y;(-) : 1 < i < n} are elements of L?(Z), that are (a.s.)
continuous, 0 < ¥ < 1 describes the position of the change, EY;(¢) = 0. p,, py as well
as ¥ are unknown.

The epidemic model is given by

Xi(t) =Yi(t) + p1(t) + (p2(t) — u1(1) L9, n<i<oonys (2.2)

where p; and {Y;(-) : 1 <i < n} are as above, 0 < ¥J; < 1 marks the beginning of the
epidemic change, while ¥; < 92 < 1 marks the end of the epidemic change. p, po as
well as 11, P2 are unknown.

CRiSM Paper No. 11-07, www.warwick.ac.uk/go/crism



2 Change-Point Detection Procedures

We begin by considering the corresponding testing problems. Estimators for the point
of changes ¥ (resp. ¥1,vs) are related to the test statistics and will be considered in
Section

2.1 Testing Problem

We are interested in testing the null hypothesis of no change in the mean
HoEXi():,ul(), z'zl,...,n,
versus the AMOC alternative

HY EX()=p(), i=1,....[0n), but
EXi() = p() #m(), i=[nd]+1,...,n, 0<9<1

respectively versus the epidemic change alternative

HP EX|()=m(), i=1,...,|9n],[Van] +1,...,n, but
EXl() = [LQ() 7& /Jl(-)7 1= \_’I’L’ﬁlj +1,..., I_’l92nJ, 0<t <ty < 1.

Note that the null hypothesis corresponds to the cases where ¥ = 1 (AMOC) resp.
Y1 = ¥9 = 1 (epidemic change).

It is well known how to test for mean changes in multivariate observations (cf. e.g.
Horvéth et al. [12]). However, in a functional setting, respectively for high-dimensional
data, this is computationally not feasible anymore. Here, the idea is to use a projec-
tion into a lower dimensional space and use standard change point statistics for the
projected data. In Section [3] we discuss the standard approach using estimated prin-
ciple components, which was also used by Berkes et al. [3]. In fact even if the first d
principle components were known it would still be preferable to use estimated principle
components because this leads to a better detectability of changes as Theorem b)
shows. A discussion of different choices of a subspace as well as different estimation
procedures can be found in Aston and Kirch [IJ.

Let the projection subspace of your choice be spanned by the orthonormal system
{v;(-),7 = 1,...,d}. We assume, that we can estimate v; by ¥; up to a sign. It
is possible to weaken this assumption as long as the subspace can consistently be
estimated, however the following proofs and Assumption P[2] have to be strengthened
to allow for triangular arrays.

Assumption ON. 1. Let {vg(-),k=1,...,d} and {0x(),k =1,...,d} be orthonor-
mal systems. Ux(-), k =1,...,d, are estimators which fulfill under Hy

/(6k(t) — spon(D)2dt = Op(n=Y),

where s;, = sgn ([ vi (t)05(t) dt).

Under alternatives one can not generally expect that the estimator Uy, still converges
to v, however it frequently stabilizes by converging to a different orthonormal system
{we(-): k=1,...,d} (cf. Assumption ON[2]and Section [3). Depending on {wy} this
may even be a feature not a drawback as it may lead to a better detectability of the
change point. Theorem [3.2|shows that this is for example the case if one uses estimated
principle components based on the below nonparametric covariance estimator.
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2 Change-Point Detection Procedures

We are now ready to explain the main idea of the testing procedure. Denote by 7;; the
estimated scores, i.e. the projection coefficients of the estimated orthonormal system.
To elaborate

ﬁu:<Xi,6l>:/Xi(t)ﬁl(t)dt, i=1,...,n, l=1,....d.

Then, 1; = (i1, --,7i.a)7 is a d-dimensional time series exhibiting the same type of

change as the functional sequence {X;(-) : 1 < i < n} if the change is not orthogonal
to the subspace spanned by v1(-),...,04(:). To see this, let

Tt = (Vi B = / Yi(t)5,(¢) dt. (2.3)
Then it holds
Mig = i1 + Licony /lh(t)@l(t) dt + 1> on) /Mz(t)@z(t) dt (2.4)

in case of AMOC change and an analogous expression for the epidemic change. Con-
sequently, a change is present in the projected data if

/A(t)a(t) dt£0,  A(t)=pi(t) — pa(t),  forsomel=1,...,d.

This representation suggests to use multivariate change point statistics based on 7);,
i=1,...,n, which are usually based on

1 1 k<
S, (k) = — - =N w, (2.5)

In fact, if we use an orthonormal basis, i.e. the complete space instead of a subspace,
we obtain the Hilbert space analogue of the classic CUSUM change point statistic
regardless of the choice of basis, since by X; = 2121 7;,10; and Parsevals identity

k 2

> o(X() = Xa(1))

i=1

k 2
1 I 1
max - (Z (i1 — m)) = max : (2.6)

1>1 \i=1

where || - || is the L?-norm.

In order to get limit theorems for S,, we need to impose certain assumptions on {Y;(-)}
as well as the true scores

W:/}g(t)vl(t)dt i=1..n I=12 . 2.7)

Assumption P.1. The time series {Y;(-) : ¢ > 1} is centered, stationary and ergodic
with

E(Yi()]? = / B(Y2(t)) dt < oo,

Assumption P. 2. Consider n;; asin 2.7),1=1,...,d, aswellasn, = (i1, ---,7i.a)" -

a) The time series {n, : ¢ € Z} is stationary and short-range dependent i.e.

Z|COV(770,I17771',12)| < 09, 11712 = la"'vd'
€L
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2 Change-Point Detection Procedures

b) {m,} fulfills the following functional limit theorem

1 d
7 Z n;, :0<z <1 Dﬂll{Wd(w):Oéxgl},

1<i<nz

where W ; is a d-dimensional Wiener process with positive-definite covariance ma-
trix X =3, ., T(k), T(j) = Enni,,, h >0, and T'(h) = T'(—h)" for h < 0.

Assumption P[] is fulfilled for a large class of functional time series and allows an
easy extension of our results to different dependency concepts. Remark shows,
for instance, the validity of Assumption P[2]in case of strong mixing resp. L — m-
approximable sequences, a weak dependency concept recently introduced to functional
data by Hormann and Kokoszka [10].

Definition 2.1. A stationary process {Y; : j € Z} is called strong mizing with mizing
rate v, if

sup |P(AN B) — P(A)P(B)| = O(ry,), T — 0,
A,B

where the supremum is taken over all A € A(Yy,Y_1,...) and B € A(Yy, Yini1,...).

Definition 2.2. A stationary (Hilbert-space valued) process {Y; : j € Z} € LY, is
called LP — m-approzimable if Y; = f(e;,€j-1,...), where ¢; are i.i.d., f is measurable
and

> (B v ) <

m>=1

where Yj(m) = €5 s €—m1, €y €1 i1y - - -) and {€;} is an independent copy of

{e}-

Remark 2.1. a) If {Y;(-)} is strong mixing then {n; ; : ¢ =1,...,n} is strong-mixing
with the same rate (cf. Proposition 10.4 in Ferraty and Vieu [§]). Under certain
moment conditions in combination with conditions on the mixing rate Davydovs
covariance inequality (cf. e.g. Lemma 2.1 in Kuelbs and Philipp [I5]) yields P [2]a).
P b) can for example be derived from strong invariance principles under similar
conditions as given in Kuelbs and Philipp [15].

b) If {Yj()} is LP? — m-approximable, then {n;} is also LP — m-approximable and
hence 77 a) holds if p = 2 (cf. Hormann and Kokoszka [I0], Theorem 4.2 and
comments below). In this situation P[2b) follows from Theorem A.2 in Hérmann
and Kokoszka [10].

The following lemma gives the null asymptotics in D[0, 1] for the process S,,(+). From
this we can easily obtain the null asymptotics of various popular test statistics in our
main Theorem 2.1

Lemma 2.1. Let Assumptions ON[1] as well as P[1] -~ PG be fulfilled. Then under
Hy it holds

1 ~ a
{\/ﬁSn(x) :0< 2 < 1} brio {El/ZBd(I) :0< 2 < 1},

where S, (z) = (gnl(x), e §n7d(x))T, s1 = sgn( [ v (t)0,(t) dt) and

n

S 1
n = n = Al' - - Ai s lil,,d 2.
Spi(x) = 8$15n1(x) = s Z <77 1 nle,z> (2.8)

1<igne =1

¥ is as in Assumption P9 and B, is a standard d-dimensional Brownian bridge.
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2 Change-Point Detection Procedures

Remark 2.2. The proof shows that the result remains valid if the rate in Assump-

2
tion ON is replaced by op(1) as well as ’P by Supgcget J (ﬁ Y i<i<ne Yi(t)) =

Op(1). The latter one follows for example from functional central limit theorems for
the Banach space valued random variables {Y;(-)}.

Since it is not possible to estimate the sign s;, test statistics should be based on
(5‘,@71(~))2 as s7 = 1. The next theorem gives the null asymptotics for popular statistics
for the AMOC-change alternative. Analogous results for weighted versions of the
statistics can also be obtained immediately from Lemma

Theorem 2.1. Let the assumptions of Lemma hold. Furthermore let S be a consis-
tent symmetric positive-definite estimator for ¥ and By(+), l = 1,...,d, be independent
standard Brownian bridges.

a) The following statistics are suitable to detect AMOC-change alternatives:
TAD = Zs (k/n)" n (k/n),

1
(A2) _ - S—1
T, 121}32(71 w (k/n)T S8, (k/n),

I R
where S, () = Z <nj - an> .
1<j<ne =1
Under Hy it holds:
i £y [
1<i<d
(1) T4 £, sup Z B?(x).
0<a<1, 52,

b) The following statistics are suitable to detect epidemic change alternatives.

1 ~
TéBl):ﬁ > Su(ki/n ka/n)T S8, (ki /n. ko /n),

1<k <ka<n

1 ~
(BZ): £ Tao1
TP = _max S (ki/nika/n)” 27180 (ka/n. ka/n),

where Sy (z,y) = Sp(y) — Sp(z) = Z (ﬁ] - iZ@) :
i=1

nrj<ny

Under Hy it holds:

(i) TEY L / / (Bu(z) — Bi(y))? du dy.
1<I1<d 0<z<y<l1

(i) T L sup Y (Bi(e) - Biy))*
0<z<y<1 1<1<d

Remark 2.3. For the above test statistics estimators of the long-run covariance matrix
3 are needed. Usually, estimators are of the following type:

=Y wy(h/ba)T(R),

[h|<bn

for some appropriate weight function w, and bandwidth b,, where

Zﬁﬁ};h, h>0, T(h)=T(-h), h<0.
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2 Change-Point Detection Procedures

Hoérmann and Kokoszka [I0] prove consistency of this estimator for weakly dependent
data. Politis [16] proposed to use different bandwidths for each entry of the matrix in
addition to an automatic bandwidth selection procedure for the class of flat-top weight
functions. Generally, in change point analysis it is advisable to adapt the estimators
to take a possible change point into account to improve the power of the test. For
details in the univariate situation we refer to Huskova and Kirch [I3]. More details on
problems and solutions for this estimator in the present situation for real data can be
found in Aston and Kirch [IJ.

Now, we turn to the behaviour of the test under the alternative hypothesis. In this
case, the estimators 7j cannot in general be expected to converge to v anymore,
however the following stability assumption is frequently fulfilled (cf. Section .

Assumption ON. 2. Let {wi(-),k =1,...,d} be an orthonormal system, {0 (), k =
1,...,d} the same estimators as before. Under the alternative it holds

/ (B (t) — swp(t)* dt = op(1),

where s = sgn ([ wy(t)0k(t) dt), i.e. the estimators converge to some contaminated
ON-System. Note that wy usually depends on the type of alternative. For clarity we
sometimes write wy, 4 in case of an AMOC alternative and wy, g in case of an epidemic
change alternative.

Lemma 2.2. Let Assumptions ON[J and P[1] hold.

a) Under the AMOC-alternative Hl(A), it holds

1 - nr| e _
sup |~ Z Nig — Lﬂ; ;m,z —Sz/A(t)whA(t) dt ga(z)] =0,

Ozl 1<i<ne
where

(2) = z(1-9), 0<z<9,
I = V91 =), d<a<l,
A(t) = pa(t) — pa(t) and wy 4 are as in ON'[G
b) Under the epidemic change alternative HfB), it holds

sup
o<e<y<l

> - Lnyjni# > - s /A(t)wl,B(t) dt g (z,y)| = 0,
1=1

[nz] <i<ny

S

where gp(x,y) = gp(y) — gp(x) and

a)‘(ﬁg — 191) fA(t)’LUl’B(t) dt7 x < 1917
gB(x) = (191 — a:(l — 1y — 191)) IA(t)wl,B(t) dt, h <z < 192,
(@ — 1)(92 — 1) [ A(t)wyp(t) dt, z > Y,

A(t) = pa(t) — pa(t) and wy 5(-) are as in ON[4

From the lemma we can conclude that the above tests are consistent in all cases where
the change is not orthogonal to the contaminated projection subspace. If one uses the
first d estimated principle components a large enough change will switch the projection
subspace in such a way that this condition is fulfilled and the change is detectable (cf.
Theorem |3.2]).
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2 Change-Point Detection Procedures

Theorem 2.2. Let Assumptions ON'[F and P[] hold, in addition to

[ Atuis@a 2o
A(t) = pa(t) — pa(t), for some k=1,...,d with j = A for a) and j = B for b). For
the eigenvalues &, 7 = 1,...,d, of the estimator ¥ under the alternative, it holds:

&in >0 as well as &, = Op(1).
a) Under the AMOC alternative Hl(A) it holds

(i) TWD oo (i) TWD L o0

b) Under the epidemic change alternative H:EB) 1t holds

(i) TBY oo (i) T8 L

The assumptions on the estimator S are for example fulfilled if IRy 4 for some
symmetric positive-definite matrix X 4.

Remark 2.4. Using Lemma [2.2] one even obtains consistency of the tests for local
changes with [| A, ()| = [121,0(-) = sz (]| = 0 but V| [ A (B (¢) dt] — oc.

2.2 Estimation of the Change-Point

In this section we consider estimators for the change point 9 under the AMOC alterna-
tive resp. for 97 and ¥ under the epidemic change alternative and discuss consistency
as well as rates of convergence.

First consider the AMOC alternative. Let argmax(a(z) : ) = min(z : a(z) =
max, a(y)) and consider the estimator

o~

¥ = arg max (Sg(x)iflsn(x) 0z < 1) , (2.9)

. ne| o~ -
where S, () = (Sn1(2), ..., Snal@)?, Spi(z) = il — % Z;m’l'

1<i<nx

Consistency of this estimator for i.i.d. observations and a specifically estimated ON-
system has been obtained by Berkes et al. [3] and follows immediately from Lemma
Rates have been obtained by Aue et al. [2] in this situation and their proof can be
extended to the dependent situation. To this end we need the following additional
assumption.

Assumption P. 3. There exists an increasing sequence a(n) — oo such that the
contaminated scores 3;; = [ Y;(t)w;(t) dt fulfill a Héjek -Renyi-type inequality:

k

S0y

i=1

may 240

1<k<n k :OP(]‘)a = 1,...’d,

Remark 2.5. Assumption PJ] follows for examples from laws of logarithm, which
hold under rather general moment assumptions (cf. Serfling [19]). Under moment and
mixing conditions even a law of iterated logarithm can be obtained cf. e.g. Dehling [5].

Theorem 2.3. Assume that the AMOC model holds. Furthermore, let the assumptions

of Theorem hold, i.e. the change is detectable, in addition to PO Y4 for some
symmetric positive-definite ¥ 4.
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3 Principal Component Analysis for Subspace Selection

a) Then, the estimator 9 is consistent, i.e.
J—9=op(1).
b) If additionally Assumption P@ holds, then

n(d —9) = 0p(1).

Auve et al. [2] additionally obtain the limit distribution of n(@ —4) in case of i.i.d. data
showing that the rate in Theorem b) cannot be improved.

In case of an epidemic change alternative we consider the estimator

(@1,52) = arg max (Sg(x,y)iglsn(x,y) 0z <y < 1) , (2.10)
where S, (z,y) = S, (y) — Sn(z)

and (x1,11) = argmax(Z(z,y) :0< e <y < 1) iff z; =min(0 <z < 1: Z(z,y) =
maxogs<i<1 Z(8,t) for some y) and y1 = max(y > z1 : Z(21,y) = maxogs<i<1 Z(5,1)).
Theorem 2.4. Assume that the epidemic change model holds. Furthermore, let
the assumptions of Theorem [2.9 hold, i.e. the change is detectable, in addition to
S P ) i .
Y. — ¥4 for some symmetric positive-definite 3 4.

a) Then, the estimator (31,32) 18 consistent, 1.e.
(51 - 191,’1/9\2 — ’192)T = Op(l).
b) If additionally Assumption P@ holds, then

n(@l - 191,’1/9\2 — ?92)T = Op(l).

3 Principal Component Analysis for Subspace Selection

The procedures described in the previous sections depend heavily upon the choice of
a subspace spanned by {vi(:),k = 1,...,d} and even more importantly {wg(-),k =
1,...,d}. Precisely, we have seen that changes are detectable if they are not orthogonal
to the contaminated subspace spanned by {wg(:),k =1,...,d}. A good combination
of choice of subspace {vi(-),k = 1,...,d} and estimation procedure can even have
the nice property that the contaminated subspace {wy} differs from {v;} in such a
way that the change is now detectable using the contaminated subspace. Theorem
shows that this is the case if the first principle components are chosen according to
the below nonparametric estimation procedure.

Classical dimension reduction techniques are often based on the first d principle com-
ponents, which choose a subspace explaining most of the variance. To this end consider
the (spatial) covariance kernel of Y;(-) given by

c(t, s) = E(Yi(t)Yi(s)). (3.1)

The covariance operator C' : L?(Z) — L*(Z) is obtained as Cz = [, c(-,5)z(s)ds.
Due to the stationarity of {Y;(-) : 1 < i < n} the covariance kernel does not depend on
i and is square integrable due to the Cauchy-Schwarz inequality as well as the square
integrability of Yi(-).
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3 Principal Component Analysis for Subspace Selection

Let {\r} be the non-negative decreasing sequence of eigenvalues and {vi(-) : k > 1} a
given set of corresponding orthonormal eigenfunctions of the covariance operator, i.e.
they are defined by

/c(t,s)vl(s) ds =N Nv(t), 1=1,2,..., teZ. (3.2)

Under the above assumptions, the covariance kernel can be written as
o0
c(t,s) = Z Avk (t)vg(s),
k=1
and more importantly Y;(-) can be expressed in terms of the eigenfunctions
o0
Yi(t) =) miault), (3.3)
1=1

where {n;; : I = 1,2,...} are uncorrelated with mean 0 and variance A; for each 1.
This property is useful for the above analysis in case of independent data, because
then due to the diagonal structure of ¥ estimation becomes easier. Also, the test
statistics considered above simplify. Unfortunately, for dependent functional data this
is no longer true in general as the long-run covariance can be different from zero even
if ; 5, and 0, ;, are uncorrelated for any i.

The infinite sum on the right-hand side converges in L?(Z) with probability one.
Furthermore

W:/)@(t)m(t)dt i=1.m l=12,.... (3.4)

More details can for example be found in either Bosq [4] or Horvédth and Kokoszka [11].

One may now choose the d eigenfunctions v;(-), I = 1,...,d, belonging to the largest
d eigenvalues as a basis for the ON-System needed for the change point procedure.
This generates a basis that explains the largest variation of the data of any subspace
of size d. ERASE: This variation may or may not include the variation due to any
change point present, depending on the size of the change (if the alternative holds)
and whether the change is orthogonal to the uncontaminated eigenspace (cf Theorem

32).

In practice, the covariance kernel ¢(t, s) is usually not known but needs to be estimated.
The estimators need to be consistent, i.e.

Assumption C. 1. a) Under Hy the estimated covariance kernel ¢, (¢, s) is a consis-
tent estimator for the covariance kernel c(t, s) of {Y1(-)} with convergence rate \/n,
ie.

//(En(t, s) —c(t,s))? dtds = Op(n~1).

b) The largest d + 1 eigenvalues corresponding to ¢ satisfy

AL > A > o> g > A1 > 0.

Assumption C{1|b) ensures that the (normalized) eigenfunctions vy (-) belonging to the
first d eigenvectors are identifiable up to their sign.

10
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3 Principal Component Analysis for Subspace Selection

A natural estimator in a general non-parametric setting is the empirical version of the
covariance function

n

2a(t,) = D (Xi(t) = K (Xi(s) — X)), (33

where X,,(t) = £ 3" | X;(t). In case of independent functional observations and for

an AMOC change alternative Berkes et al. [3] proved Cll|a). It will be seen in Lemma
that this also remains true in more general situations.

It is often not possible to find estimators in such a way that they are still consistent
under alternatives. However, it is sufficient if they consistently estimate a contami-
nated covariance kernel k(t, s). In fact, in case of a principle component analysis this
is even desirable as it leads to a subspace that will include the change if it is large
enough (cf. Theorem . This is due to the fact that the variability of the empirical
covariance function increases where a change is present proportional to the size of the

change (cf. (3.6)).

Assumption C. 2. a) Under alternatives H; there exists a covariance function k(t, s),
such that

//(en(t, s) = k(t, s)2 dtds - 0.
b) The largest d + 1 contaminated eigenvalues, i.e. the eigenvalues 7y belonging to
k(t, s), fulfill
Y1 > Y2 > o> Vg > Ya+1 > 0.

Usually the contaminated covariance function k(¢, s) as well as the contaminated eigen-
values v, will depend on the type and shape of the change (cf. (3.6)).

As under Hy Assumption CJ2| b) ensures that the (normalised) contaminated eigen-
functions wy(+) are sign-identifiable. Furthermore it guarantees that the corresponding
estimated eigenfunctions correctly estimate the true eigenfunctions (up to the sign).
In both situations the assumption makes proofs easier and more understandable, but
can be relaxed if the eigenspace can be properly estimated and one works with dis-
tributional convergence of triangular arrays instead. It is, however, substantial that
Ad > Ag+1 and g > 441 to have clearly defined eigenspaces.

Theorem 3.1. Let \j, and Uk () be the estimated eigenvalues and eigenfunctions, i.e.
the eigenvalues resp. eigenfunctions of ¢,(t, s).

a) Under the null hypothesis and Assumption C it holds for j=1,...,d
% = A| = Op(n1/2)
@)= sy dt = O(n )
where v;(+) is an orthonormal set of eigenfunctions up to a sign defined by (3.2)

and s; = sgn( [ v;(t)v;(t) dt) gives that sign. In particular, Assumption (9]\/ holds
true.

b) Under alternatives as well as C it holds, j =1,...,d
=% =0
[ @)= sy a -0,
where w;(-), is an orthonormal set of eigenfunctions of k(t, s) up to a sign defined by

(3-2) and s; = sgn( [ w;(t)v;(t) dt) gives that sign. In particular, Assumption ON@
holds true.
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3 Principal Component Analysis for Subspace Selection

The following lemma shows that the above remains true even in more general depen-
dence situations.

Lemma 3.1. a) If Y;(-) is L* — m- appro:mmable or strong mixing with mizing rate
a;, BE||Yai(- )||4+5 <00 and -, ozh+ < 0o , then the rate in C 1l a) holds.

b) If {Y;(-) + i > 1} fulfills Assumption P[1] and (¢, s) is as in (3.5) then Assump-
tion C[2 a) holds with

k(t,s) =c(t,s) +0(1 — O)A(t)A(s), (3.6)
where

A(t) = pa(t) — pa(t),
o {19, AMOC,

vy — 1, epidemic change.

Furthermore, under Hy, Assumption C[1] holds but without the rate.

In Section [2] we have seen that the tests have asymptotic power one and the estimators
are consistent if the change A(:) is not orthogonal to the contaminated projection
subspace, which depends directly on both the change point and the change itself. The
following theorem allows a characterisation of detectable changes in terms of the non-
contaminated projection subspace and even more importantly shows that the change
has a tendency to influence the contaminated projection subspace in such a way that
it becomes detectable.

Theorem 3.2. a) Let {v;,l =1,...,d} be the eigenfunctions belonging to the largest
d eigenvalues of ¢ as well as {w;,l = 1,...,d} the eigenfunctions belonging to the

largest d eigenvalues of k as in (3.6)).
For A(t) = p1(t) — pa(t) it holds

/A(t)vl(t)dt#Ofor somel=1,...,d
= /A(t)wl(t)dt;é()for somel=1,...,d.

This shows, that any change that is not orthogonal to the non-contaminated subspace
is detectable.

b) Let Ap(t) = ), [[A2(t)dt # 0. Then, there exists Dy > 0 such that

/ Ap(tywr p(t)dt £0

for all|D| > Dy, where wy,p is the eigenfunction belonging to the largest eigenvalue
of the contaminated covariance kernel kp(t,s) = c(t,s)+0(1—0)Ap(t)Ap(s). This
shows, that any large enough change is detectable.

Remark 3.1. Theorem a) shows that we are able to detect at least all changes
that are not orthogonal to the non-contaminated subspace spanned by the first d
principle components. Part b) shows that frequently changes can be detected even if
they are orthogonal to the non-contaminated ON-System. The reason is that large
mean changes lead to a larger variability of the empirical covariance function and
thus the contaminated covariance function k(t, s) = ¢(t, s) + 0(1 — 0)A(t)A(s) in the
components that are not orthogonal to the change, while not changing the variability
in the components that are orthogonal. In the following example such a change in
the subspace takes place: Let {b; : j > 1} be an orthonormal basis of the continuous
functions on Z. Furthermore X,Y are i.i.d. N(0,1), and Y (¢) = 2Xby(t) + Yba(t).

12
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4 Proofs

Obviously c(t, s) has the eigenvalues 4 with eigenfunction b; as well as the eigenvalue 1
with eigenfunction by in addition to the eigenvalue 0. As in Lemma let # = 1/2 and
consider A(t) = 4by(t) which for d = 1 is obviously orthogonal to by, but it is easy to
see that the eigenvalues of k(t, s), are now 5 corresponding to by and 4 corresponding
to by in addition to the eigenvalue 0. This shows that the mean change is no longer
orthogonal to the space spanned by the eigenfunction corresponding to the largest
eigenvalue, which is the one spanned by bs.

An immediate corollary to Theorem also gives rise to a surprising fact for mul-
tivariate data. PCA is well known to work poorly as a representation of the data
when the covariance matrix of the multivariate observations is close to a multiple of
the identity matrix. In fact, the scree plot will be linear in nature in the case when
the covariance is an exact multiple of the identity implying that there is no effective
sparse representation of the data. As a contrast, by the proof of the theorem above,
it is optimal for detecting a change point if the uncontaminated covariance matrix is
a multiple of the identity matrix. In this case, choosing only a single principal com-
ponent from the contaminated covariance will guarantee that the power of detection
is asymptotically one. Thus PCA based change point detection (for either epidemic
or AMOC) works best when PCA itself works worst for the uncontaminated system
regardless of the direction of the change.

This fact also translates over to functional data, but because the eigenvalues are square
summable, the degenerate case will not occur. However, in situations where the eigen-
values decay very rapidly in the uncontaminated case, changes orthogonal to the eigen-
functions corresponding to the largest uncontaminated eigenvalues will be required to
be bigger if they are supposed to be detectable than in situations with more slowly
decreasing eigenvalues.

4 Proofs

4.1 Proofs of Section

Most of the proofs in this section follow the ideas of proofs given in either Berkes et
al. [3] (for the proofs of Subsection2.1)) or Aue et al. [2] (for the proofs of Subsection 2.2))
for AMOC situations in the simpler situation of i.i.d. functional data using a subspace
obtained from principle components analysis, which allows to consider only the simpler
situation, where ¥ is a diagonal matrix.

Proof of Lemma First note that under Hy

Mig — M = Mg — s

where (e.g.) 7, = 237" | ;;. Furthermore

sup % Z Slﬁi,l_% Z i1

0<z<1 1<i<na 1<i<na

= s [ |53 v | Vatmi - u() d

0<z<1

1<i<ne
o\ 1/2
1 1/2
< sup / - Z Yi(t) (n/(sﬁz(t)—vz(t))z) =op(1).
0<a<1 nlgignm
13
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The last line follows since by ergodicity and stationarity the following law of large

numbers holds (cf. e.g. Ranga Rao [18])

R0
i=1

— 0 a.s.,
L*(2)

hence by standard arguments

2

sup/ % Z Yi(t) | dt=op(1).

0<z<l1 1<i<na

(4.1)

(4.2)

The second factor is Op(1) by (’)/\/ and the fact that s7 = 1, sl_l = 5.

The assertion now follows from Assumption P2} m

Proof of Theorem [2.1
Lemma [2.1] and the fact that s =1. m

The assertions of the theorem follow immediately from

Proof of Lemma Concerning a), by (2.4) and (4.2) it holds uniformly in z <

Ly a2y

=M1—m&/mﬂﬂ—mUWwM0ﬂ+w%M

where the last line follows from Assumption ON 2] Analogously one obtains uniformly

inz >

:ﬂﬂ*@&/WNﬂ*m@WmMﬂﬁ+wﬂ%

which finishes the proof of a).

Concerning b) note that for the epidemic change alternative one gets analogously

uniformly in z

1 R n
n Z Nig — LZZJ Zl

1<i<nx

)

3

il

(92 — V1) [ At)wi,p(t)dt,

"Eg'&l,

= Op(l) + (191 — .’17(1 — 99 — 191)) fA(t)wl,B(t) dt, % <z <o,

(z —1)(92 — 1) [ A(t)w,(t) dt,
yielding the assertion. m

Proof of Theorem

Z‘>’l92,

Consider d = ([ A(t)wy,a(t) dt, .. o A waa(t)dt)T

with d”d > 0 by assumption. Due to the assumptions on ¥ there exists a unitary

matrix U such that

Sl=uTz"1y,

14
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4 Proofs

Moreover, by assumption there exists ¢ > 0 such that P(min;—; _41/&, >¢) — 1
and on this set dT¥71d > ¢d”d, hence with D = ed”d > 0

P (dTifld > D) =1+ 0().

By Lemma [2.2] we obtain

TAD = p (dTild (/1 g3 (z) dx + 0(1)> + 0p(1)) £

0

and analogously T,(lBl) P, 5. Furthermore

T4 5, (dTi—ld GA) + oP(l)) LGN

and analogously T,(lBZ) P m

Proof of Theorem Lemma [2:2] implies

1 ~
sup | — S (2)27 S5 (2) — g4 (2)d" S 'd| = op(1),
o<zl |
where d = ([ A(t)wi,a(t) , [ At)wg a(t)dt)T. Since dT¥5'd > 0 and ¢%(-)

has a unique maximum at T = 19 and is continuous, assertion a) follows by standard
arguments, noting that ¥ = argmax SZ (z)X~1S,,(x)/n?.

Note that 9 is obtained as the arg max of Qn(z) := Sy (z)TS71S, (z). This is equiv-
alent to ¥ = k/n and k = argmax(Q,(k/n) — Q.(|9n|/n) : k = 1,...,n). The key
to the proof is now the following decomposition for k£ < k° := |nd¥| which generalizes

equation (4.1) in Aue et al. [2] for situations where 3 has no diagonal shape. Since for
a symmetric matrix C' it holds (a — b)TC(a + b) = a’ Ca — b Cb we get by ([2.4)

Qu(k/n) — Qu(k°/n) = (ALY +dBM)TS YA +dBY), (4.3)

for 7 as in ([2.3), A(J) (Agi, . ,A,(CJ;L)T, j = 1,2, where

k°

A;{;:*Zml*u ﬁzla Aggl)*znzl‘i’znzl*k—’_k anl,

i=k+1

d=(di,...,dg)T with d; = [(p1(t) — pa(t))0(t) dt and

— ke — ke
BY = (k—k)"—", BP = (k+ k).
n

Now, we prove that B,(CI)B,?) d7%d is the dominating term. Let

Lop = —(k° = k) (k + £°) (” _nk)g ,

ie. |Lnxl = (k°—k)n (9(1—9)* +o(1)). (4.4)

Then,
BVBPATSd = L, d7Sd = L, x(d"S4d + 0p(1)), (4.5)

since by assumption PPy 4 and by Theoremand the Cauchy-Schwarz inequality
it holds for d; = [(p1(t) — p2(t))wi,a(t) dt,

di = sidi| < 2 () = 2O = srwr.all = 0p(1).
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Similarly
jdiB| B _
<hSho-N ke —k Or(l), I<kSR-N  m Op(1)- (46)

Concerning A;ll) it first holds by stationarity of 7. ;

1

c
max =
1<k<ko—N ko —k

ma
N<k<

Z i1

1=k+1

By (4.1) and Theorem we get

1| 1~
- Zﬁi,l - = Zni,l
=1 7

max max
1<k<n k 1<k<n k

Zml

< 1D _
< ||vi(t) — spwi a(t Hfgggﬂ

as well as by Assumption P3|

\Ot 1OP( )
N<k<n

which becomes arbitrarily small as N — oco. This shows

IAI

max
1<k<ko—N k° — k

< a(N)'Op(1) + 0p(1). (4.7)

Since by the Cauchy-Schwarz inequality and (4.2)

k
max Zml < lhall mas nzlnc)H — op(1).
we get
A7
max — =op(1). (4.8)

1<k<k°—N n

From & 25 % A, (4.4), (4.7) and (4.8) we can conclude

()T A (2)
s a0 g
<R N L,k = Or( )l:HQl,E.l-)-(,d <o N KO — i<k N or(1)
and similarly using additionally (4.6]) it holds
A SaB?)| 1
JLE— -
1<;§2%§,N Lmk S O[(N) OP(l) "‘OP(].)7
|B{"arsA|
1 <kSRD-N Ly =or(D).
This in addition to (4.5 and
[e] ko
max Lpp<—-Nk°(1—-—] <O (4.9)
k<ke—N n
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we obtain

~ o~

Pnd <ny—N)=Pk<Ek®—

T

m.
k<ke—N

g

)
( x Qn
<k<rrkloxNQn

(d"Sad +op(1) + a(N)"'0p(1)) max Ly > o)

<
k<ko—
<

<P
P (a(N)'0p(1) > d"S4ad + 0p(1)) < P(Op(1) = a(N)d"S4d) + op(1),

which becomes arbitrarily small if N — oo, since by assumption d”E 4d > 0.

o~

Analogous arguments for k > k° + N show that P(nd > nd + N) becomes arbitrarily
small as N — oo, which finishes the proof. m

Proof of Theorem Note that gp(x) is continuous and has a unique maximum
at © = 1 and a unique minimum at x = ¥, hence gp(z,y) = g5(y) — gn(x) is
continuous and has a unique (for z < y) maximum at (¢1,92). Then, the proof of a)
is completely analogous to the proof of a) of Theorem

The proof of b) is close to the proof of Theorem b), we therefore only sketch it here.
Let Qn(k1, ko) := Sp(k1/n, ko /n)TE71S,, (k1 /n, ka2 /n)), then (ky, ke) = arg max(Q,, (k1, k2)—
Qn (K7, E3)) where ¥; = k;/n.

Note that by an analogous expression to (2.4) it holds (k5 := [nd;], a4 = max(a,0))

nz< > Z%l— Zm,H—dz( = +) (min(k,kg)—ki’)+>,

where d; = [(u1(t) — po ()0, dt and d = (dy, ..., d,)T. Analogously to (E.3) we get
Qn(k1, k2) — Qn (k1 k3)

(e (8) () - (2) e (4)
OB ORIORE)

1 S (1 S 2 T o2
= (Al(cl),kz - dBlil),kg)T by (Al(ﬁ‘,l),kg - dBl(cl),kQ)v

where AECJI)J% = (A;fl)’kz’l, .. AI(CJI)JCQ, )T, j=1,2, and
My
1 kz — kS kl kS
;1),1@2, Z ML — 21 Z Mt — 227711 1277117
Jj=ma+1 j=mi+1
kS "
ko — k1 + kS i .

e Zml Zml+Zmz Zmz— LD i,

j=1

ks — k3

B, = (ma — k§)y — (kS — k§) — (min(ki, k3) — k§)s — (ka — kS — kn + k),

° : o o IS} ° ko 7]{30
B,g?,w = (mg — k)4 — (min(k, k) — k)4 + (kS — k) — =2 1

(kg — kY + ko — k1)

with z; = 1 if k; > k7 and 2; = —1 else, m; = min(ky, k7), M; = max(k;, k3).

We will show that the deterministic part is dominating as long as max(|ky — kS|, [ka —
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4 Proofs

kS|) > N. Here, the problem is that the maximum needs to be divided into six parts
(instead of just two as in the proof of Theorem . Let

— pl (2)
Ln,kl,kz = Bkl,kgBkl,kz

In all six cases one can then show that analogously to (4.5))

|Ln k1 kzl
2 >c+o(l)>0 4.10
(ks — ki, Jes kg ~ ¢ T 10
as well as analogously to (4.9)
max Ly g, 5, < 0. (4.11)

Due to limitations of space we only give the proof exemplary for the case where 0 <
k1 < kY < k2 < kS and max(|k; — kS|, |ke — kS]) > N. The other cases are not
completely analogous but similar arguments can be used. In the above case we obtain

ks — k3

kS — k3
B0, = (5 ko) (1= ) g - B

(4.12)

and hence there exists ¢; > 0 such that

>c1+o(l).
([ — k], e Ry o)

Similarly

ks — k3

B = ko — K+ kS — kS — (kS — kS + o — k1)

n
~ ky (1—k2;k1>+k1 (k2;kl)—k§+(k;—k§) (1_k2_’“1)

n
kS — kY kS — k3 kS
>_k02 1 ko_ko 1_ 2 1 :ko_ko _72
(. + (k3 1)( B (k3 — k1) o
hence there exists ¢y > 0 such that
B®?
Ruka s ey 4 0(1),
n
proving (E-10) and (ET1).
It is easy to see that analogously to (4.6|)
(2)
1By, ks
—= =0p(1
e P,
max(|k1—k7|,|k2—k3[)>N

as well as by a case-by-case study as above, for the exemplary case cf. (4.12), analo-

gously to (4.6))

max |B£)’k2| =0 (1)
fax max(kr — k[, [ka — kg)

max(|ky—k7|,| k2 —k3 ) >N

As in the proof of Theorem it holds |c?l — s1di| = op(1). Analogously to (4.7)) we
get

Ak o
krfl<a/3:(2 max(|k1 _ kl;o|2’|k‘2 — k,o|) = O[(N)_IOP(]_) + OP(].)7
max(|k1—k?|,|ka—kS|)>N 10 2
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4 Proofs

as well as analogously to (4.8)

|A(2)

P
max —=2 = op(1).
k1 <ka
max(|k1—k7|,|ka—k3)>N

The proof can now be completed as the proof of Theorem [2.3] =

4.2 Proofs of Section 3]

Proof of Theorem The assertion follows immediately from the assumptions
and Lemmas 4.2 and 4.3 of Bosq [4]. =

Proof of Lemma Assertion a) for LP — m-approximable sequences has been
proven in Hormann and Kokoszka [I0], Theorem 3.1. The proof for mixing sequences
is very similar, where we use the version of Davydovs covariance inequality for Hilbert
space valued random variables due to Dehling and Philipp [6] (Lemma 2.2) (t~! +

rl4 sl =1):
[BY2 (), Yiin () = (BYi(), EYign ()] < 150y EIVIOIN"" (B [Yin ()9,
(4.13)

where (-,-) = (-,-) z is the scalar product on L?(Z). It holds

//cnts —e(t, s)) dt ds
//< ZY EYI()Y1(5)>2dtds+2

Zi(t,s) = Y;(t)Y;(s) € L?>(Z x Z) is strong mixing with mixing rate aj,. Some calcu-
lations and (4.13]) yield

nE//< ZY EYl()Y1(5)>2dtds

h
_ Z ( ‘ |) E(Z1, Z14n)zxz —(BEZ1,EZ1 1) zx2)
|hl<n
245/2\ 77677 o
c(B12:%7) o
h>1

< EBIVOIE)™ <o,

n 4

R0

i=1

for some constants ¢,¢’ > 0. Hence [ [ (Y7 | Y;()Yi(s) — EYl(t)Yl(s))2 dtds =
Op(n~1). Analogously one obtains

2

Assertion b) follows analogously to Berkes et al. [3], proof of Lemma 1, on using (4.1]).
]

Proof of Theorem For the proof of a) let 7; be the eigenvalue of k(-, -) belonging
to the w; and \; the eigenvalue of ¢(, -) belonging to v;. We prove the contrapositive.
To this end assume

/A(t)wl(t)dt:O I=1,....d
Z

19

CRiSM Paper No. 11-07, www.warwick.ac.uk/go/crism



4 Proofs

This implies

/(ts)wl( ds-/ktswl()ds— (1-6 /A s)wi(s

=yw(t), 1=1,...,d. (4.14)
This shows that v;,{ = 1, ..., d, are eigenvalues of ¢(¢, s) with eigenfunctions w;. Hence,
there exist ri,ry,...,7q, rs # 1t for s # ¢, such that v, = A\, and w; = £v,,.

Recall the min-max principle for the [-largest eigenvalue §; of a compact non-negative
operator I" in a Hilbert space with inner product (-,-) (cf. e.g. Gohberg et al. [9],
Theorem 4.9.1)

G = Inin max Tz, x). (4.15)
dim(S)=i-1 [z]=1

For the covariance operator it holds

(Cx,x) / / x(s)dtds
/ / x(s)dtds + 60(1 — 0) (/Z x(t)A(t) dt>2 = (Kz, ),

where (-, ) is the scalar product in the Hilbert space £2(Z) and Cz = [, (-, s)x(s) ds
and an analogous expression for K. Hence we can conclude from the min-max principle

A= min max (Cx,xz) < min max (Kx,z) = . (4.16)
scz 18 SCz
dim(S)=i-1 [[=][=1 dim(S)=1—1 o

In particular
AL <71 =Ny < A

hence A1 = 7;. Analogously one can deduct inductively that N =v,1=2,...,d
This implies w; = +v; and hence [ A(t)v(t)dt =+ [ A(t)w(t)dt =0,1=1,. d

Concerning b) let [|zo|| = 1 with [ A(t)zo(t) dt # 0. By (4.15)

M. = max <// s)dtds + D*0(1 — 6) (/ A(t)x(t) dt>2>
> D201 — 0) </A(t)xo(t) dt>2 o

as D? — oo, where 7, p is the largest eigenvalue belonging to the contaminated
covariance kernel kp associated with the change Ap.

In particular, there exists Dy > 0 such that for all |D| > Dy it holds v1,p > A1, where
A1 is the largest eigenvalue of the uncontaminated covariance kernel c.

Suppose that for those D it holds [ Ap(t)wi,p(t) =0, then by (4.15)

M,D = //wl,D(t)kD(t,s)wLD(s) dtds

_ //wLD(t)c(t,s)wl,D(s) di ds +0(1 — 0) (/ Ap(ywip(t) dt)2
< Hr;qHaxl// s)dtds = A1,

which is a contradiction. Hence [ Ap(t)wy p(t) # 0 for all [D| > Dy. =
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