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Abstract

While there is considerable work on change point analysis in univariate time
series, more and more data being collected comes from high dimensional multi-
variate settings. This paper investigates change point detection procedures using
projections and develops asymptotic theory for how full panel (multivariate) tests
compare with both oracle and random projections. This is done by considering
an analogous concept to asymptotic relative efficiency termed high dimensional
efficiency. This provides the rate at which the change can get smaller with dimen-
sion while still being detectable. The effect of misspecification of the covariance
on the power of the tests is investigated, because in many high dimensional sit-
uations estimation of the full dependency (covariance) between the multivariate
observations in the panel is often either computationally or even theoretically
infeasible. It is shown that if information concerning the direction of change is
available, then projecting in this direction is always advantageous over the use of
a panel statistic, in terms of size and power, particularly when the covariance is
misspecified. Even if the change is not known, the projection method achieves a
better power as long as the difference between the true change and the direction
of the projection is small. The features of the tests are quantified in theory and
simulations indicate that these results are indicative of small sample behaviour.

Keywords: CUSUM; High Dimensional Efficiency; Model Misspecification;
Panel Data; Projections
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1 Introduction

There has recently been a renaissance in research for statistical methods for change
point problems |[Horvath and Rice| [2014]. This has been driven by applications where
non-stationarities in the data can often be best described as change points in the data
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generating process [Eckley et al. 2011, [Frick et all [2014) |Aston and Kirchl 2012b].
However, data sets are now routinely considerably more complex than univariate time
series classically studied in change point problems [Pagel 1954, Robbins et al., 2011}
[Aue and Horvath| 2013| [Horvdth and Rice) [2014], and as such methodology for de-
tecting and estimating change points in a wide variety of settings, such as multivariate
[Horvéth et all [1999, [Ombao et all [2005] [Aue et al., [2009b] [Kirch et al. [2014+] func-
tional [Berkes et al., 2009, |Aue et al.,|2009al Hormann and Kokoszka, [2010} |Aston and|
Kirch, [2012a] and high dimensional settings [2010} Horvath and Huskové, (2012}
Chan et al., 2012, |Cho and Fryzlewiczl 2014+] have recently been proposed.

Instead of looking at more and more complicated models, this paper uses a simple
mean change setting to illustrate how the power is influenced in high dimensional
settings. The results and techniques can subsequently be extended to more complex
change point setting as well as different statistical frameworks, such as two sample
tests. We make use of the following two key concepts: Firstly, we investigate a class
of tests based on projections. Secondly, we consider contiguous changes where the size
of the change tends to zero as the sample size and with it the number of dimensions
increases leading to the notion of high dimensional efficiency. This concept is closely

related to Asymptotic Relative Efficiency (ARE) (see [1999] Sec. 3.4] and
[Lopes et al| [2011] where ARE is used in a high dimensional setting).

The aims of the paper are threefold: Firstly, we will investigate the asymptotic prop-
erties of tests based on projections as a plausible way to include prior information into
the tests. Secondly, by using high dimensional efficiency, we consider several projec-
tion tests (including oracle and random projections as benchmarks) and compare them
with the efficiency of existing tests that take the full covariance structure into account.
Finally, as in all high dimensional settings, the dependency between the components of
the series can typically neither be effectively estimated nor even uniquely determined
(for example if the sample size is less than the multivariate dimension) unless restric-
tions on the covariance are enforced. By considering the effect of misspecification of
the model covariance on the size as well as efficiency we can quantify the implications
of this for different tests.

Highest efficiency can only be achieved under knowledge of the direction of the change.
In fact, data practitioners, in many cases, explicitly have prior knowledge in which
direction changes are likely to occur. It should be noted at this point, that changes in
mean are equivalent to changes of direction in multivariate time series. In frequentist
testing situations, practitioners’ main interest is in test statistics which have power
against a range of related alternatives while still controlling the size. For example, an
economist may check the performance of several companies looking for changes caused
by a recession. There will often be a general idea as to which sectors of the economy
will gain or lose by the recession and therefore a good idea, at least qualitatively, as to
what a change will approximately look like (downward resp. upward shift depending
on which sector a particular company is in) if there is a change present. Similarly,
in medical studies, it will often be known a-priori whether genes are likely to be co-
regulated causing changes to be in similar directions for groups of genes in genetic
time series.

Incorporating this a-priori information about how the change affects the components
by using corresponding projections leads to a considerable power improvement if the
change is indeed in the expected direction. It is also important that, as in many cases
the a-priori knowledge is qualitative, the test has higher power than standard tests not
only for that particular direction but also for other directions close by. Additionally,
these projections lead to tests where the size is better controlled if no change is present.
However, if such prior information is not reliable, it is important to be able to quantify
the loss over tests which do not assume such information. In addition, while the prior
information itself might be reliable, inherent misspecification in other parts of the
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model, such as the covariance structure, will have a detrimental effect on detection,
and it is of interest to quantify this as well.

The results in this paper will be benchmarked against taking the simple approach of
using a random projection in a single direction to reduce the dimension of the data.
Random projections are becoming increasingly popular in high dimensional statistics
with applications in Linear Discriminant Analysis [Durrant and Kabdnl 2010] and two
sample testing [Lopes et al., 2011} |[Srivastava et al [2014]. This is primarily based on
the insight from the Johnson-Lindenstrauss lemma that an optimal projection in the
sense that the distances are preserved for a given set of data is independent of the
dimension of the data |[Johnson and Lindenstrauss, [1984] and thus random projections
can often be a useful way to perform a dimension reduction for the data |[Baraniuk
et al., [2008]. However, in our context, we will see that a random projection will not
work as well as truly multivariate methods, let alone projections with prior knowledge,
but can only serve as a lower benchmark.

We will consider a simple setup for our analysis, although one which is inherently the
base for most other procedures, and one which can easily be extended to complex
time dependencies and change point definitions using corresponding results from the
literature |Kirch and Tadjuidje Kamgaing, [2014a) |[Kirch and Tajduidje Kamgaing,
2014b|. For a set of observations Xit, 1 <i<d=dp,1 <t <T, the change point
model is defined to be

Xig=pi +079t/T)+eiy, 1<i<d=dpr,1<t<T, (1.1)

where Ee;; = 0 for all ¢ and ¢ with 0 < 0 = vare;+ < oo and g : [0,1] — R is
a Riemann-integrable function. Here ;7 indicates the size of the change for each
component. This setup incorporates a wide variety of possible changes by the suitable
selection of the function g, as will be seen below. For simplicity, for now it is assumed
that {e;; : t € Z} are independent, i.e. we assume independence across time but
not location. If the number of dimensions d is fixed, the results readily generalise to
situations where a multivariate functional limit theorem exists as is the case for many
weak dependent time series. If d can increase to infinity with 7', then generalizations
are possible if the {6i,t :1 <t < T} form a linear process in time but the errors are
independent between components (dependency between components will be discussed
in detail in the next section). Existence of moments strictly larger than two is needed
in all cases. Furthermore, the developed theory applies equally to one- and two-sample
testing and can be seen as somewhat analogous to methods for multivariate adaptive
design [Minas et al.l [2014].

The change is given by Ay = (61,7,...,047)T and the type of alternative is given by
the function g in rescaled time. While g is defined in a general way, it includes as
special cases most of the usual change point alternatives, for example,

e At most one change (AMOC): g(u) = { (1) g i Z E f
0 0 S u S 91
e Epidemic change (AMOC): g(u) =< 1 61 <u <6

0 b<u<l

The form of g will influence the choice of test statistic to detect the change point. As
in the above two examples in the typical definition of change points the function g is
modelled by a step function (which can approximate many smooth functions well). In
such situations, test statistics based on partial sums of the observations have been well
studied [Csorgd and Horvathl [1997]. It will be shown that statistics based on partial
sums are robust (in the sense of still having non-zero power) to a wide variety of g.
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The model in is defined for univariate (d = 1), multivariate (d fixed) or panel
data (d — o0). We will consider the latter two, as these are of most interest in the
high dimensional setting. In particular, the panel data (also known as “small n large
p” or “high dimensional low sample size”) setting is able to capture very well the
small sample properties in situations where d is comparable or even larger than T
using asymptotic considerations. It is this asymptotic framework that really enables a
thorough investigation of the properties of various tests, as the rates at which various
vanishing alternatives can be detected give an indication into the detection ability
of the tests. In particular we will consider if tests are of the same order, ay ~ br,
which means that two constants ¢, C' (independent of the dimension) exist such that
c < ‘g—; < C as the dimension increases. However, many of our results, particularly
for the proposed projection tests, are also qualitatively valid in the multivariate or d
fixed setting.

The paper proceeds as follows. In Section[2] the use of projections for detecting changes
is investigated, particularly in terms of their size and power. In addition, the effect of
the misspecification of the covariance structure on the tests will be investigated. In
Section [3] the projection based statistics will be compared with the panel based change
point statistics already suggested in [Horvath and Huskové| [2012], both in terms of
control of size and power properties, particular with relation to the (mis)specification
of the dependence structure. Section [4 concludes with some discussion of the different
statistics proposed, while Section [5] gives the proofs of the results in the paper. In
addition, rather than a separate simulation section, simulations will be interspersed
throughout the theory. This is because many of the finite sample simulations give
considerable intuition into the resulting asymptotic properties which are derived. In
all cases the simulations are based on 1000 repetitions of i.i.d. normally distributed
data for each set of situations, and unless otherwise stated the number of time points
is T'= 100 with the change (if present) occurring half way through the series. Except
in the simulations concerning size itself, all results are empirically size corrected to
account for the size issues for the multivariate (panel) statistic that will be seen in

Figure 2.1]

2 Change Points and Projections

2.1 Projections

In model , the change Ay = (d1.1,...,047)" is always a one-dimensional object
no matter the number of components d. This observation suggests that knowing the
direction of the change A, in addition to the underlying covariance structure can
significantly increase the signal-to-noise ratio. In fact, under it holds

(Xa(t),pa) = (1, Pa) + (Ad, Pa)g(t/T) + (e, Pa),

where X4(t) = (X14y..., Xar)?, n = (u1,...,ua)" and e, = (e14,...,e44)”. This
representation shows that the projected time series exhibits the same behavior as
before as long as the change is not orthogonal to the projection vector. Furthermore,
the power is the better the larger (A4, pg) and the smaller the variance of (e, pg)
is. Consequently, an optimal projection in terms of power depends on A, as well as
3 = vare;. In applications, certain changes are either expected or of particular interest
e.g. an economist looking at the performance of several companies expecting changes
caused by a recession will have a good idea which companies will profit or lose. This
knowledge can be used to increase the power in directions close to the search direction
p, while decreasing it for changes that are close to orthogonal to it. Using projections
can furthermore robustify the size of the test under the null hypothesis with respect
to misspecification and estimation error.
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In order to qualify this informal statement, we will consider contiguous changes for
several change point tests, where ||Ag4|| — 0 but with such a rate that the power of the
corresponding test is strictly between the size and one. Unlike for classical asymptotic
efficiency, the information about detection power with respect to the dimension is con-
tained in the rates, which will subsequently be called high dimensional efficiency. This
high dimensional efficiency allows us to quantify and compare the power gain obtained
by projections in comparison to statistics that use the full multivariate information.
These results are confirmed by simulations using relatively small sample sizes. Fur-
thermore, the general message holds true far beyond the particular test statistic or
even this particular model, namely that (appropriate) projections can help stabilize
size and at the same time increase the power for change point tests.

In order to be able to prove asymptotic results for change point statistics based on
projections even if d — oo, we need to make the following assumptions on the un-
derlying error structure. This is much weaker than the independence assumption as
considered by [Horvath and Huskova [2012]. Furthermore, we do not need to restrict
the rate with which d grows. If we do have restrictions on the growth rate in particular
for the multivariate setting with d fixed, these assumptions can be relaxed and more
general error sequences be allowed.

Assumption A. 1. Let 01 4(d),n2,4+(d), . .. independent with En; 4(d) = 0, varn; .(d) =
1 and E|n;(d)]” < C < oo for some v > 2 and all 4 and d. For t = 1,...,T we
additionally assume for simplicity that (n1,(d),n2,.(d),...) are identically distributed
(leading to data which is identically distributed across time). The errors within the
components are then given as linear processes of these innovations:

ere(d) = Zal,j(d)ﬁj,t(d)a l=1,....d, z:al,j(d)2 < 00

Jjz1 Jjz1
or equivalently in vector notation e;(d) = (e1,.(d), . .., eq:(d))" and a;(d) = (a1 ;(d), ..
er(d) = 3 a;(d)n;(d).
jz1

The following three cases of different dependency structures are very helpful in under-
standing different effects that can occur and will be used as examples throughout the

paper:

Case C. 1 (Independent Components). The components are independent, i.e. a; =

0,...,85,... ,0)T the vector which is s; > 0 at point j and zero everywhere else, j < d,
and a; = 0 for j > d + 1. In particular, each channel has variance
2 _ .2
oj = sj.

Case C. 2 (Fully Dependent Components). There is one common factor to all com-

ponents, leading to completely dependent components, i.e. a; = ®4 = (®y,...,04)7,
a; = 0 for j > 2. In this case,

0]2 = @?.
Case C. 3 (Mixed Components). The components contain both an independent and
dependent term. Let a; = (0,...,s;,... ,0)T" the vector which is s; > 0 at point j and
zero everywhere else, and agy1 = ®4 = (®1,...,P4)7, a; =0 for j > d+2. Then

2 _ 2 2
oj =85 +@;

This mixed case allows consideration of dependency structures between cases C|1| and

c

Of course, many other dependency structures are possible, but these three cases give
insight into the cases of no, complete and some dependency respectively. In particular,
as the change is always one dimensional, taking a one dimensional form of dependency,
as in cases C{2|and CJ3] still allows somewhat general conclusions to be drawn.

- aq,5(d)"
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2.2 Change point statistics

Standard statistics such as the CUSUM statistic are based on partial sum processes, so
in order to quantify the possible power gain by the use of projections we will consider
the partial sum process of the projections, i.e.

[Tz] T
1
Uar(z) = (Z7(2), Pa) f Z (Xa(t), pa) Z . (20
j:].
[Tz]
1 | Tx]
ZT,i( ) T1/2 Z th - T Zth (22)
t=1 t=1

where X4(t) = (X1.1,..., Xar)T.

Different test statistics can be defined for a range of g in (L.1)), however, assuming that
g # 0, the hypothesis of interest is

Ho : Ad =0
versus the alternative

HliAd#O.

Test statistics are now defined in order to give good power characteristics for a particu-
lar g function. For example, the classic AMOC statistic for univariate and multivariate
change point detection is based on Uy r(z)/7(pq), with

7(pa) = Py var (e1(d)) pa- (2.3)

Typically, either the following max or sum type statistics are used

)

1 ZT:w(k/T) ’Ud,T(k/T)

max w(k/T) , T 2 ()

Uar(k/T)
1<kLT

7(Pa)

where w > 0 is continuous (which can be relaxed) and fulfills (2.9) (confer e.g. the
book by |Csorgd and Horvath| [1997]). The choice of weight function w(-) can increase
power for certain locations of the change points [Kirch et al., 2014+].

For the epidemic change, typical test statistics are given by

X Tpd)\Ud,T (k2/T) = Ua,r (k1 /T) |,

or

% > @HLLTUCQ/T)—Ud,T(kl/TH.

1<ky <ka<T

In the next section we first derive a functional central limit theorem for the process
Ugr(x), which implies the asymptotic null behavior for the above tests. Then, we
derive the asymptotic behavior of the partial sum process under contiguous alterna-
tives to obtain the high dimensional efficiency for projection statistics. This efficiency
provides information as to how small changes can be in comparison to the dimension
while still being detectable.
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2.3 Asymptotic behavior of Change point tests based on projections

In this section, we derive the asymptotic behavior of change point tests based on
projections under rather general assumptions. We will see that the size behavior is very
robust with respect to deviations from the assumed underlying covariance structure.
The power on the other hand turns out to be less robust but more so than statistics
taking the full multivariate information into account.

2.3.1 Null Asymptotics

In the following theorem d can be fixed but it is also allowed that d = dp — oo, where
no restrictions on the rate of convergence are necessary.

Theorem 2.1. Let model (1.1)) hold. Let py be a possibly random projection indepen-
dent of {eir : 1 <t < T,1 <i<d}. Furthermore, let p} cov(ei(d))pa # 0 (almost
surely), which means that the projected data is not degenerate with probability one.

a) Under Assumption All] and if {pq} is independent of {n;¢(d) :i > 1,1 <t < T},
then it holds under the null hypothesis

{W:O<x<1|pd} Pl {B(z):0<z <1} a.s., (2.4)

7(Pa)

where B(-) is a standard Brownian bridge.

b) For i.i.d. error sequences {e;(d) : t =1,...,d}, e;(d) = (e1,4(d),...,eq(d))T with
an arbitrary dependency structure across components, and if Ele1+(d)|” < C < oo
for all t and d as well as

Ipall?
pz; cov(et)pg

where ||a||; = 2?21 la;|, then (2.4) holds.

=o(T'"2") a.s., (2.5)

The assertions remain true if 72(pq) is replaced by ?dQ’T such that for all e > 0

d

Assumption is always fulfilled for the multivariate situation with d fixed or if
d is growing sufficiently slowly with respect to T as the left hand side of is
always bounded by V/d if p} cov(e)pa/||pa||? is bounded away from zero. Otherwise,
the assumption may hold for certain projections but not others. However, in this case,
it is possible to put stronger assumptions on the error sequence such as in a), which
are still much weaker than the usual assumption for panel data, that components
are independent. In these cases projection methods hold the size asymptotically, no
matter what the dependency structure between components is and without having to
estimate this dependency structure.

~2
T4,

2oy

> 6) —0 a.s. (2.6)

This is in contrast to the multivariate statistic which suffers from considerable size dis-
tortions if this underlying covariance structure is estimated incorrectly. The estimation
of the covariance structure is a difficult problem in higher dimensions in particular since
an estimator for the inverse is needed with additional numerical problems arising. The
problem becomes even harder if time series errors are present, in which case the long-
run covariance rather than the covariance matrix needs to be estimated [Hormann and
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Kokoszkal, 2010}, |Aston and Kirch| |2012b], [Kirch et al. 20144]. While the size of the
projection procedure is unaffected by the underlying dependency across components,
we will see in the next section that for optimal power we need not only to know the
change Ay but also the inverse of the covariance matrix. Nevertheless the power of
projection procedures turns out to be more robust with respect to misspecification
than a size-corrected panel statistic, that takes the full multivariate information into
account.

The following lemma shows the consistency of two different estimators for 7(pg) under
the null hypothesis. The second one is typically still consistent in the presence of
one mean change which usually leads to a power improvement in small samples. An
analogous version can be defined for the epidemic change situation. However, it is
much harder to get an equivalent correction in the multivariate setting because the
covariance matrix determines how different components are weighted, which in turn
has an effect on the location of the maximum. This problem does not arise in the
univariate situation, because the location of the maximum does not depend on the
variance estimate.

Lemma 2.2. Consider

T T 2
7A—12,d,T(pd) Z (Pd ei(d) — % Z pget(d)> (2.7)

j=1
as well as
1 ji?\d,T de 2 T ) T
ERUTRED o] (HTEES S NT) RS ol VRS o
=t j=ka,r+1 i=kq r+1
(2.8)

where %d);p = arg max Uar(t/T).

a) Under the assumptions of Theorem a) both estimators (2.7) as well as ({2.8))

fulfill (26).

b) Under the assumptions of Theorem b), then estimator (2.7)) fulfills (2.6) under
the assumption

2
- ||de1 = 0<T1—2/m1n(y,4)) a.s.,

P, cov(et)py

while estimator (2.8)) fulfills it under the assumption

||PdH% 1—2/ min(v,4) -1
——————— =0o(T min S (logT) ™) a.s.,
P cov(e,)py

The following theorem gives the null asymptotic for the simple CUSUM statistic for
the at most one change, other statistics as given in Section [2.2] can be dealt with along
the same lines.

Corollary 2.3. Let the assumptions of Theorem be fulfilled and 7(pq) fulfill (2.6
under the null hypothesis, then for all x € R it holds under the null hypothesis

P <1r<nka<xTw (k/T) %A_ r(+/T) < x‘pd> — P (max w?(t)B(t) < m) a.s.

2(pa) 0<t<1

P % S w2y L (/))ga:‘pd %P(/Ole(t)BQ(t)dtgx) a.s.

1<k<T 7(
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Figure 2.1: Size of tests as the degree of dependency between the components increases.
As can be seen, all the projection methods, Oracle, Quasi-Oracle, Pre-
Oracle and Random projections defined in Section maintain the size
of the tests. Those based on using the full information as described in
Section [3| have size problems as the degree of dependency increases. The
simulations correspond to Case C[3| with s; =1,®; = ¢, j = 1,...,d with
d = 200, where ¢ is given on the x-axis).

for any continuous weight function w(-) with

lim t“w(t) < oo, lim(1 —¢)%w(t) for some0 < a<1/2,

t—0 t—1

1
sup  w(t) < oo forall0<n< <.
n<t<1-n 2

(2.9)

As can be seen in Figure regardless of whether the variance is known or estimated,
the projection methods all maintain the correct size even when there is a high degree
of dependence between the different components (the specific projection methods and
indeed the non-projection methods will be characterised in Section below). The
full tests, where size is not controlled, will be discussed in Section

2.3.2 Asymptotic absolute high dimensional efficiency

As usual in statistics, large enough alternatives, i.e. large enough changes, will be
detected by all statistics with the restriction that the change is not orthogonal to the
projection vector for the projection method. In asymptotic theory this corresponds to
fixed changes, where |A|| = ¢ # 0, for which the test has asymptotic power one.
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To understand the small sample power of different statistics such asymptotics are
therefore not suitable. Instead we consider the asymptotics for local or contiguous
alternatives, meaning that we consider ||A|| — 0 with such a rate that the test statistic
has not power one asymptotically but is unbiased, i.e. the power is (strictly) larger
than the size asymptotically. This notion is related to absolute relative efficiency: If
the rate, with which changes can disappear is the same for all statistics of interest,
and the limit distribution under the null is the same, then the additive shift in the
limit distribution under those contiguous alternatives gives the absolute efficiency of
the statistic (confer Noethers theorem for the case of a standard normal limit). In
our setup, we obtain different contiguous rates for different statistics so that it is no
longer the additive constant that is of interest but rather the rate with respect to d,
that shows which statistic has the better power.

Theorem 2.4. Denote

_ lAdl?lpall® cos®(@a,pa) _ (A, Pa)l?

9 .
EX (A4, pa): 72(pa) ~ 72(pa)

(2.10)

where 7%(pg) is as in (2.3) and ayy is the (smallest) angle between u and v. Under
the assumptions of Theorem either a) or b) above on the errors respectively pqg, it
holds for the projection procedure:

a) If VTE (Ag, pa) — 00 a.s., then

{ Ud’T(l')
7(pa) $aVT E1(Ad, Pa)

where sq = sgn(ALpy).

b) If VTE(Ag, pa) — C1 > 0 a.s., then

{U;défj)_sdcl (/Oig(t)dt—x/olg(t)dt) ;0<x<1|pd}

where as in a) sq = sgn(ALpy).

2
=
ey
B
o

¢) If VTE (Ag, pa) — 0 a.s., then
{Ud,T(x)

———:0<z«<1 pd}—> B(x):0<x <1 a.s.
e | (B() )

Corresponding assertions in a P-stochastic sense follow from the subsequence-principle
if the assertion on the contiguous rate hold only in a P-stochastic sense.

We will call the rate £ (A4, pq) high dimensional efficiency as the above theorem
shows that this is the rate with which changes can disappear such that appropriate
tests have power strictly between the size and one. This can be seen via the term on
the right-hand side of part a) of the theorem, which determines which type of statistic,
e.g. maxima or sum type statistic with respective weights, has highest power for a given
g. As this behavior is the same whether a projection or the full information is used,
we concentrate on the high dimensional efficiency in this work. Similarly, one could
consider local or contiguous changes, where not the size of the change || A,4|| disappears
asymptotically but rather the duration of the change. We excluded this case by using
the rescaled time version of the change by the function g. Particularly for multiple
changes it makes sense to allow for the duration of the changes to get increasingly
smaller asymptotically [Frick et all 2014]. As the dependence on this type of change
is the same for the projection, in both the multivariate as well as the panel statistic,
as long as the same type of functional of the combined partial sum process is used,

10

T 1
:ngglpd}Dﬂ]{/ g(t)dt—x/ g(t)dt:0<x<1} a.s.,
0 0
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this does not give any additional insight in comparing the power of these statistics.
However, some preliminary investigations suggest that while in the case of the second
choice, using projections based on principle component analysis similar to [Aston and
Kirch| [2012a] can be advantageous, this is not true for the setting discussed in this

paper.

As an example, we state in a corollary that the weighted CUSUM-statistic has asymp-
totic power one for any non-constant g if the TE?(Ag4, pg) — oo. If additionally there
exists exactly one change, the corresponding change point estimator is consistent in
rescaled time.

Corollary 2.5. Let the assumptions of Theorem a) hold.

a) It holds for a weight function w(-) as in Corollary[2. and any ¢ > 0

r ( max wz(k/T)UiT(k/T) > c|pd) —1 a.s,
2
if w?(z) (fom g(t)dt —x fol g(t) dt) # 0. This shows in particular that for w(z) > 0

for 0 < x < 1 any deviation from a stationary mean is detected by this statistic
with asymptotic power one if TEX (A, pg) — .

b) Under the alternative of one abrupt change, i.e. g(x) = liz~9) for some 0 <9 <1,
the estimator

~ arg maxyU2 1(k/T)
U = T .

is consistent for the change point in rescaled time, i.e.
P(’@Tfﬂ’kdpd)%() a.s.

An analogous statement holds, if the arg max of wQ(k/T)UjT(k/T) is used instead

and w?(z) ((x — 94 — 2(1 — 9))* has a unique mazimum at ¥, which is the case for
many standard weight functions such as w(t) = (t(1—1t))~# for some 0 < B < 1/2.

In the next section we will further investigate the high dimensional efficiency and see
that the power depends essentially on the angle between X'/2p, and the ’standardized’
change ¥7'/2A if ¥ is invertible. In fact, the smaller the angle the larger the power.
Some interesting insight will also come from the situation where ¥ is not invertible by
considering case C[2] above.

2.4 Oracle and random projections

In this section, we will further investigate the power gain obtained by projections — in
particular, we will that the power depends only on the angle between the used projec-
tion and the change both properly scaled with the underlying covariance structure.

The highest power is obtained by o = X' Ay as the next theorem shows, which will
be called the oracle projection. This oracle is equivalent to a projection after first
standardizing the data on the 'new’ change ©~'/2A,. In order to have a reasonable
benchmark, we will compare this power to a scaled random projection rqx = ¥ ~'/2r,,
where r; is a random projection on the d-dimensional unit sphere. This is equivalent
to a random projection onto the unit sphere after standardizing the data. Both pro-
jections depend on X which is usually not known so that it needs to be estimated.

11



2 Change Points and Projections

The latter is rather problematic in particular in high dimensional settings without
additional parametric or sparsity assumptions (see|Zou et al.[[2006], Bickel and Levina,
[2008] and [Fan et al|[2013] including related discussion). Furthermore, it is actually
the inverse that needs to be estimated which results in additional numerical problems
if d is large. For this reason we check the robustness of the procedure with respect to
not knowing or misspecifying 3 in a second part of this section

In Section 3] we will compare the power of the above projections with a procedure
taking the full information into account. To this end we will use a panel data setting
where d — oo as T — oo because then the full power information (including the
information about d) is in the rates, whereas in the multivariate approach for d fixed
it is harder to quantify as the information about d enters the asymptotic distribution
in terms of different scales of the limit distribution. We will show that we lose an order
d'/* in terms of high dimensional efficiency between the oracle and the full panel data
statistic and another d'/# between the panel and the random projection.

2.4.1 Correctly scaled projections

The following proposition characterizes which projection yields an optimal high di-
mensional efficiency associated with the highest power.

Proposition 2.6. If ¥ is invertible, then

E1(A,pa) = [|E7V2A | cos(as 12, 51/2p,)- (2.11)

Proposition [2.6] shows in particular, that after standardizing the data, i.e. for ¥ =
14, the power depends solely on the cosine of the angle between the oracle and the

projection (see Figure [2.2)).

From the representation in this proposition it follows immediately that the ’oracle’
choice for the projection to maximize the high dimensional efficiency is 0 = E 1A, as
it maximizes the only term which involves the projection namely cos(as-1/2a, 511/2p,)-
Therefore, we define:

Definition 2.1. The projection o = X~ 1Ay is called oracle if L1 exists. Since the
projection procedure is invariant under multiplications with non-zero constants of the
projected vector, all non-zero multiples of the oracle have the same properties, so that
they correspond to a class of projections.

By Propositionthe oracle choice leads to a high dimensional efficiency of & (Ag4,0) =
2712 A4

Another way of understanding the Oracle projection is the following: If we first
standardize the data, then for a projection on a unit (w.l.o.g.) vector the variance
of the noise is constant and the signal is given by the scalar product of ¥~1/2A
and the (unit) projection vector, which is obviously maximized by a projection with
N-12A /L2 A|| which is equivalent to using pgy = ¥~'A as a projection vector
for the original non-standardized version.

So, if we know ¥ and want to maximize power close to a particular search direction
sq of our interest, we should use the scaled search direction sy 4 = Y-lg, as a
projection.

Because the cosine falls very slowly close to zero, the power will be good if the search
direction is not too far off the true change. From this, one could get the impression
that even a scaled random projection rs g = Y ~1/2r; may not do too badly, where

12
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Figure 2.2: Power of tests as the angle between the search direction and the oracle
increases. As can be seen, the search projection method decreases similarly
to cosine of the angle, while the random projection and Horvath -Huskova
tests as introduced in Section [3| are given for comparison. (Here X4 = I,
d = 200, and Ay = 0.05 14, corresponding to Case C.

ry is a uniform random projection on the unit sphere. This is equivalent to using a
random projection on the unit sphere after standardizing the data, which also explains
the different scaling as compared to the oracle or the scaled search direction, where
the change Ay is also transformed to X~1/2A by the standardization. However, since
for increasing d the space covered by the far away angles is also increasing, the high
dimensional efficiency of the scaled random projection is not only worse than the oracle
by a factor v/d but also by a factor d*/4 than a full multivariate or panel statistic which
will be investigated in detail in Section

Such a random projection is the opposite of the oracle in the sense that absolutely no
information about a possible change A, is used for the projection, while for the oracle
the full and true information about A, is available and used.

The following theorem shows the high dimensional efficiency of the scaled random
projection.

Theorem 2.7. Let the alternative hold, i.e. | Aq|l # 0. Let rq be a random uniform
projection on the d-dimensional unit sphere and ry g = N12ry, then for all € > 0
there exist constants ¢, C > 0, such that

d
2 _
P <c < 51 (Ad,rz)d) ”271/2 d||2 < C) >1—e
Such a random projection on the unit sphere can be obtained as follows: Let X1,..., X4

beii.d. N(0,1), thenry = (X1,..., Xa)T/|(X1,. .., Xa)T| is uniform on the d-dimensional
unit sphere [Marsaglial, [1972].

Comparing the high dimensional efficiency of the scaled random projection with the
one obtained for the oracle projection (confer Proposition it becomes apparent
that we lose an order v/d. In Section [3| we will see that the panel statistic taking the
full multivariate information into account has a contiguous rate just between those
two losing a power d*/* in comparison to the oracle but gaining d'/4 in comparison
to a scaled random projection. The finite sample nature of this can be clearly seen
in Figure where a change that can be detected for the oracle with constant power

13
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Figure 2.3: Power of the tests as d increases with a fixed sample size (T = 100). Here
|Ag|| = const.and Bg = Iy, ie. |Z~Y2A4|| = const., corresponding to
Case C[I] This gives roughly constant power for fixed angle projection
tests (as ||Ag4|| is constant), while results in decreasing power for both the
panel statistic test and random projections as predicted by theory.

as d increases rapidly loses power for the panel statistic as introduced in Section [3] as
well as for the random projection.

Let us now have a look at the situation if 3 is not invertible hence the above oracle
does not exist. To this end, let us consider Case C.2 above — other non-invertible
dependent situations can essentially be viewed in a very similar fashion, but become
a combination of the two scenarios below.

Case C.2 (Fully dependent Components). In this case ¥ = ®;®% is a rank 1 matrix
and not invertible. Consequently, the oracle as in Definition does not exist. To
understand the situation better, we have to distinguish two scenarios:

(i) If ®, is not a multiple of A, we can transform the data into a noise-free sequence
that only contains the signal by projecting onto a vector that is orthogonal to ®,4
(cancelling the noise term) but not to Ay. All such projections are in principle
equivalent as they yield the same signal except for a different scaling which is not
important if there is no noise present. Consequently, all such transformations
could be called oracle projections.

(ii) On the other hand if Ay is a multiple of ®,, then any projection cancelling the
noise will also cancel the signal. Projections that are orthogonal to ®; hence
by definition also to Ay will lead to a constant deterministic sequence hence to
a degenerate situation. All other projections lead to the same (non-degenerate)
time series except for multiplicative constants and different means (under which
the proposed change point statistics are invariant by definition) so all of them
could be called oracles.

The following interpretation also explains the above mathematical findings: In this
situation, all components are obtained from one common factor {n;} with different

14
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Figure 2.4: Power of tests as the angle between the change and the direction of de-
pendency increases. As can be seen, if the change lies in the direction of
dependency, then all methods struggle, which is in line with the theory of
Section However, if the change is orthogonal to the dependency struc-
ture the projection method works regardless of whether the dependency is
taken into account or not. H&H Sigma and Var as in Section [3] represent
the panel tests taking into account the true or estimated variances of the
components. All results are empirically size corrected to account for the
size issues seen in Figure (s;=1,®Q;,=¢,j=1,...,d with d = 200,
|Aqgl = 0.05v/d, corresponding to Case C, with ¢ as given on the x-axis.

weights according to ®, i.e. they move in sync with those weights. If a change is
proportional to ® it could either be attributed to the noise coming from {n;} or from
a change, so it will be difficult to detect as we are essentially back in a duplicated
one-dimensional situation and no additional information about the change can be
obtained from the multivariate situation. However, if it is not proportional to P,
then it is immediately clear (with probability one) that a change in mean must have
occurred (as the underlying time series no longer moves in sync). This can be seen to
some extent in Figure 2.4] where the different panels in the figure mimic the different
scenarios as outlined above (with a large value of ¢ being close to the non-invertible
situation).
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2 Change Points and Projections
2.4.2 Misscaled projections with respect to the covariance structure

The analysis in the previous section requires the knowledge or a precise estimate of
the inverse of ¥. However, in many situations such an estimate may not be feasible
or too imprecise due to one or several of the below reasons, where the problems get
worse due to the necessity for inversion

e If d is large in comparison to T statistical estimation errors can accumulate and
identification may not even be possible [Bickel and Levina) [2008].

e The theory can be generalized to time series errors but in this case the covariance
matrix has to be replaced by the long-run covariance (which is proportional to
the spectrum at 0) and is much more difficult to estimate [Aston and Kirch|
2012b|, |[Kirch and Tadjuidje Kamgaing] [2012].

e Standard covariance estimators will be inconsistent under alternatives as they are
contaminated by the change points. Consequently, possible changes have to be
taken into account, but even in a simple at most one change situation it is unclear
how best to generalize the standard univariate approach as in as opposed
to to a multivariate situation as the estimation of a joint location already
requires an initial weighting for the projection (or the multivariate statistic).
Alternatively, component-wise univariate estimation of the change points could
be done but require a careful asymptotic analysis in particular in a setting with
d — 0.

e If d is large, additional numerical errors may arise when inverting the matrix
[Higham)| 2002, Ch 14].

We will now investigate the influence of misspecification or estimation errors on the
behavior of a misscaled oracle o,; = M~'A, in comparison to the misscaled ran-
dom projectionryg g = M~1/2r;, where we only assume that the assumed covariance
structure M is symmetric and positive definite and model A[T]is fulfilled.

The next theorem quantifies the high dimensional efficiency of the misscaled random
projection by generalizing Theorem to the misscaled situation.

Theorem 2.8. Let the alternative hold, i.e. ||Ag4|| # 0. Let rq be a random projec-
tion on the d-dimensional unit sphere and rag,q = M~1/2y, be the misscaled random
projection. Then, there exist for all € > 0 constants ¢,C > 0, such that

tr (M~1/25M~1/2)
M2 A2

P (C < 512<Ad7rM,d) < C) 2 1-— €,

where tr denotes the trace.

We are now ready to prove the main result of this section stating that the high di-
mensional efficiency of a misscaled oracle can never be worse than the corresponding
misscaled random projection.

Theorem 2.9. Let Assumption Al hold. Denote the misscaled oracle by oy =
M~'Ay, then

M2 Ay
tr(M-1/25M-1/2)

EX(Ag,0n) =

where tr denotes the trace and equality holds iff there is only one common factor which
is weighted proportional to Ay,
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2 Change Points and Projections

Because it is often assumed that components are independent and it is usually fea-
sible to estimate the variances of each component, we consider the correspondingly
misscaled oracles, which are scaled with the identity matrix (pre-oracle) respectively
with the diagonal matrix of variances (quasi-oracle). The quasi-oracle is of particular
importance as it uses the same type of misspecification as the panel statistic discussed
in Section ] below.

Definition 2.2. (i) The projection ,0 = Aq is called pre-oracle.

(ii) The projection 0 = A]'Ag = (61/0%,...,64/02)T, Ny = diag(o?,...,02) is
called quasi-oracle, if sz >0,5=1,...,d.

As with the oracle, these projections should be seen as representatives of a class of
projections.

The following proposition shows that in the important special case of uncorrelated
components, the (quasi-)oracle and pre-oracle are of the same order if the variances in
all components are bounded and bounded away from zero. The latter assumption is
also needed for the panel statistic below and means that all components are on similar
scales. In addition, the quasi-oracle is even in the misspecified situation always better
than an unscaled random projection.

Proposition 2.10. Assume that all variances are on the same scale, i.e. there exist
¢,C such that 0 < c < 02 < C < oo fori=1,...,d.

a) Let ¥ = diag(o?,...,02), then
2

361 (A, 0) S EF(Ad, 10) S EX(A, ) = =12 A,

b) Under Assumption All} it holds

2 2
2 C ||Ad||
A >
E1(Aa; 0) 2 C2? tr(%)

We are now able to turn to our standard examples:

Case C.1 (Independent components). If the components are uncorrelated, each with

variance o7, i.e. ¥; = diag(o7,...,03), we get
d
tr(3y) = g o?
1 R
i=1

which is of order d if 0 < ¢ < 032- < C < oo. Proposition Theorem and
Theorem [2.8] show that in this situation both the high dimensional efficiency of the
pre- and (quasi-)oracle are of an order V/d better than the correctly scaled and unscaled
random projection.

The next case shows that high dimensional efficiency of misscaled oracles can indeed
become as bad as a random projection:

Case C. 2 (Fully dependend components). As already noted we have to distinguish
two cases:

(i) If A4 is not a multiple of ®,4, then the power depends on the angle of the
projection with ®; with maximal power for an orthogonal projection. So the
goodness of the oracles depends on their angle with the vector ®.
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2 Change Points and Projections

(ii) If Ay is a multiple of ®4, the pre- and quasi-oracle are not orthogonal to the
change, hence they share the same high dimensional efficiency with any scaled
random projection as all random projections are not orthogonal to ®; with prob-
ability 1.

The following case is essentially a mixture between the above two cases and a typical
situation of how dependence between components can be introduced. Letting the
weights of the common factor increase we get closer and closer to the fully dependent
case C.2. For this reason, in addition to the following, we also illustrate the behavior
with finite sample simulations (see Figures and .

Case C. 3 (Mixed case). Let a; = (0,...,s;,...,0)" the vector which is s; > 0 at
point j and zero everywhere else, and agy1 = ®4 = (®1,...,®4)T, a; = 0for j > d+2.
Then 3 = diag(s?,...,s3) + @di’g and

d d
r(Ss) =Y s2+ > @k (2.12)
j=1 j=1

The high dimensional efficiency of the pre-oracle can become as bad as for the random
projection if the change A, is a multiple of the common factor ®,; and there is a
substantial common effect. This is similar to Case C[2[ (which can be seen as a limiting
case for increasing ||®4||). Intuitively, the problem is the following: By projecting
onto the change, we want to maximize the signal i.e. the change in the projected
sequence while minimizing the noise. In this situation however, the common factor
dominates the noise in the projection as it essentially adds up in a linear manner, while
the uncorrelated components add up only in the order of v/d (CLT). Now, projecting
onto Ay = P, maximizes not only the signal but also the noise, which is why we
cannot gain anything (but this also holds true for competing procedures as in Section

below).

2
More precisely, in C.3 it holds 72(,0) = Z;‘i=1 5?5? + (ijl 5j(I>j) . If additionally

Ay = k®,y, for some k > 0, we get the following high dimensional efficiency for the

pre-oracle by ([2.10))
Al

d 2 i 2 2.
dlim1 8 (HAdH) + [[@all

The high dimensional efficiency for the unscaled random projection is given by (confer

Theorem and (2.12))
A4

_ .
VL 52+ @l

As soon as sj, ®; are of the same order, i.e. 0 < ¢ < 5;,P; < C < oo for all j, the
pre-oracle behaves as badly as the unscaled random projection. The same holds for the
quasi-oracle under the same assumptions. Interestingly, however, in this particular
situation, even the oracle is of the same order as the random projection if the s; are
of the same order, i.e. 0 < ¢ < s5; < C < 00. More precisely we get (for a proof we
refer to the Section

81 (Ad, pO) =

(2.13)
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Figure 2.5: Power of tests as the dependency increases. The covariance structure be-
comes closer to degenerate across the three graphs, but in all cases the
pre-oracle and quasi-oracle still outperform random projections, although
they become closer as the degeneracy increases. Here different variances
are used across components, namely s; = 0.5+ i/d, ®; = ¢, i =1,...,d,
d = 200, angle(®, Ay4)=m/4, corresponding to Case C' and size of change
as given on the x-axis (multiplied by v/d).

Figure [2.4] shows simulations which confirm the underlying theory in finite samples.

On the other hand, if A, is orthogonal to ®,, then the noise from ®, cancels for the
pre-oracle projection and we get the rate

A4

\/Zz 15 nAdu)

which is of the order ||Ag4||? if the s; are all of the same order. Anything between
those two cases is possible and depends on the angle between A and ®, (again see
Figures and for finite sample simulations).

5 Ad, pO

’

The following interpretation also explains the above mathematical findings: In situa-
tion C each component has a common factor {n;} weighted according to ®4 plus
some independent noise. If a change occurs in sync with the common factor it will be
difficult to detect as in order to get the correct size, we have to allow for the random
movements of {n;} thus increasing the critical values in that direction. In directions
orthogonal to it, we only have to take the independent noise into account which yields
comparably smaller noise in the projection. In an economic setting, this driving factor
could for example be thought of as an economic factor behind certain companies (e.g.
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3 Power comparisons with change point tests for panel data

ones in the same industry). If a change occurs in those companies proportional to this
driving factor it will be difficult to distinguish a different economic state of this driving
factor from a mean change that is proportional to the influence of this factor.

We will see in Section [3| that the same statement holds true if we use a panel data (or
multivariate) statistic (which can also be seen in Figures and . As a matter
of fact, the high dimensional efficiency of the misspecified panel statistic (i.e. where
the statistic but not the critical values are constructed under the wrong assumption of
independence between components) will be of the same order as a random projection
for any choice ®4 with ‘I>dT<I'd ~ d, irrespective of the direction of any change that
might be present.

3 Power comparisons with change point tests for panel
data

In this section, we will compare the power of the above projection tests with corre-
sponding CUSUM tests that take the full multivariate information into account. First
statistics of this type were developed for the multivariate setting with d fixed [Horvath
et al., [1999]. The multivariate change point statistic (using the full multivariate in-
formation and no additional knowledge about the change) for the at most one mean
change is given as a weighted maximum or sum of the following quadratic form

VdM(J;) =Zp(2)T AZ7 ()7, (3.1)

where Zp(z) = (Zr(), ..., Zra(2))T is defined as in (2.2). The usual choice is
A = ¥7! where ¥ is the covariance matrix of the multivariate observations. The
weighting with 7! has the advantages that it (a) leads to a pivotal limit and (b)
the statistic can detect all changes no matter what the direction. The second remains
true for any positive definite matrix A, the first also remains true for lower rank
matrices with a decorrelation property of the errors, where this latter approach is
essentially a projection (into a lower-dimensional space) as discussed in the previous
sections. For an extensive discussion of this issue for the example of changes in the
autoregressive structure of time series we refer to [Kirch et al.| [2014+]. The choice
A = X! corresponds to the correctly scaled case, while the misscaled case corresponds
to the choice A = M1,

However, this multivariate setup is not very suitable for the theoretic power compari-
son we are interested in because the limit distribution (a sum of d squared Brownian
bridges with covariance matrix ©/2A%Y/ 2) still depends on d as well as the possible
misspecification. Therefore, a comparison needs to take both the rates, the additive
term and the noise level (which depends also on the misspecification of the covariance)
present in the limit distribution into account. For the panel data settings on the other
hand, where d — oo, all the information about d is contained only in the rates rather
than the limit distribution as in the previous sections. This makes the results inter-
pretable in terms of the high dimensional efficiency. The panel null limit distribution
differs from the one obtained for the projections but they are at least on the same
scale, and not dependent on d nor the covariance structure . Furthermore, the panel
statistic is strongly related to the multivariate statistic so that the same qualitative
statements can be expected, which is confirmed by simulations (results not shown).

We will now introduce the statistic for detecting changes in the mean introduced by
Horvéath and Huskové [2012]. Unlike in the above theory for projections, it is necessary
to assume independence between components. Because the proofs are based on a
central limit theorem across components, they cannot be generalized to uncorrelated
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3 Power comparisons with change point tests for panel data

(but dependent) data. For this reason, we cannot easily derive the asymptotic theory
after standardization of the data. This is different from the multivariate situation,
where this can easily be achieved.

We are interested in a comparison of the high dimensional efficiency for correctly
specified covariance, i.e. A = ¥ 7!, in addition to a comparison in the misspecified case,
A = M~'. The latter has already been discussed by Horvath and Huskova [2012] to
some extent. To be precise, a common factor is introduced as in C.3 and the limit of the
statistic (with A = A~!) under the assumption that the components are independent
(i.e. A being a diagonal matrix) is considered. Because of the necessity to estimate
the unknown covariance structure for practical purposes, the same qualitative effects
as discussed here can be expected if a statistic and corresponding limit distribution
were available for the covariance matrix .

3.1 Asymptotic behavior for panel change point tests for
independent panels

The above multivariate statistics have been adapted to the panel data setup under the
assumption of independent components by Bail[2010] for estimation as well asHorvath
and Huskovéd| [2012] for testing. Those statistics are obtained as weighted maxima or
sum of the following (univariate) partial sum process

_ T2 )(T - LTJJJ)>

d
Var(z) = % ; (UllQZ%l(a:) T2 (3.2)

where Zr; is as in (2.2) and 02 = vare, ;.

The following theorem gives a central limit theorem for this partial sum process (under
the null) from which null asymptotics of the corresponding statistics can be derived.
It was proven by [Horvath and Huskovd| [2012, Theorem 1], under somewhat more
general assumptions allowing in particular for time series errors (in the form of lin-
ear processes). While this makes estimation of the covariances more difficult and less
precise as long-run covariances need to be estimated, it has no effect on the high di-
mensional efficiency. Therefore, we will concentrate on the i.i.d. (across time) situation
in this work to keep things simpler purely in terms of the calculations.

Theorem 3.1. Let Model (1.1) hold with {e;  : i,t} independent (where the important
assumption is the independence across components) such that vare;; > ¢ > 0 for all

i and limsudeOOéZf:lEki’tr’ < 0o for some v > 4. Furthermore, let £ — 0.
Then, it holds under the null hypothesis of no change

Var(e) 2 Va1 - 2w <(1f$)2> ,

where W () is a standard Wiener process.

The following theorem derives the high dimensional efficiency in this setting.
Theorem 3.2. Consider

E3(Ag) = 2P

1
=
va!
Let the assumptions of Theorem[3.1] on the errors be fulfilled, which implies in partic-
ular that 3 = diag(c3,...,02), then the following assertions hold
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3 Power comparisons with change point tests for panel data

a) If VT E3(Ay) — oo, then

2
Va T(I) DJ0,1] /I /1

AT 0<a < s - 0<r<

{TDCQI,T( ] 0<z 1|pd} {( ; g(t)dt —x ; g(t) dt 0<z<l1

b) If VT E5(Ag) — Dy, then
Var(e) 22 a1 — 22w (””62)2> n (/Owg(t) dt — x/olg(t) dt) D2,

¢) If VT E3(Ag) — 0, then

2
{Var(z):0< 2z <1|pa4} bloJ] V2(1 — 2)*W (M) a.s.

Equivalent assertions to Corollary can be obtained analogously.

Comparing this high dimensional efficiency with the ones given in Theorem Propo-
sition [2.6] as well as Theorem we note that the high dimensional efficiency of the
full multivariate statistic is an order d'/* worse than for the oracle but a d'/* better
than the scaled random projection (also see Figure . By Theorem |2.4] we also get
an impression on how wrong our assumption on Ay can be and still get a better effi-
ciency than with the full multivariate information.We can see the finite sample nature
of this phenomena in Figure [2.2

3.2 Asymptotic behavior for panel change point tests under
dependence between Components

We now turn again to the misspecified situation, where we use the above statistic in
a situation where components are not uncorrelated. Following Horvath and Huskova
[2012], we consider the mixed case C.3 for illustration. The next proposition derives
the null limit distribution for that special case. It turns out that the limit as well as
convergence rates depend on the strength of the contamination by the common factor.

Theorem 3.3. Let Case C@ hold with v > 4,0 < c< s; < C <00 and $? < C < 0

for all i and some constants c¢,C and consider Vyr(x) defined as in (3.2), where

2

o; = vare; 1 but the rest of the dependency structure is not taken into account. The

asymptotic behavior of Vg r(x) then depends on the behavior of

Ad::ZU"

i=1 ¢

= [\3‘:9::'}

a) If Ag/v/d — 0, then the dependency is negligible, i.e.

) 2ol Y x2
B———.

where W (+) is a standard Wiener process.

b) If Ag/v/d— €, 0<E<1, then

1.2
(1—x)?

where W (-) is a standard Wiener process and B(-) is a standard Brownian bridge.

Var(x) Dﬂ}] \/5(1 — )W ( > + & (B*(x) — z(1 — x)),
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3 Power comparisons with change point tests for panel data

¢) If Ag/v/d — oo, then

VAYir() 003 5 1,
d

where {B(z) : 0 < x < 1} 4s a standard Brownian bridge.

Because Ay in the above theorem is not feasible for estimation, this result cannot
be used to construct test statistics with asymptotically correct size. On the other
hand, it indicates that using the limit distribution from the previous section to derive
critical values will result in asymptotically wrong sizes if a stronger contamination
by a common factor is present. The simulations in Figure [2.I] also confirm this fact
and show that the size distortion can be enormous. It does not matter whether the
variance of the components in the panel statistic takes into account the dependency or
simply uses the noise variance (Figure (a)), or whether a change is accounted for or
not in the estimation (Figure 2.1](b)-(c)). This illustrates, that the full panel statistic
is very sensitive with respect to deviations from the assumed underlying covariance
structure in terms of size.

In the situation of a) and b) above, the dependency structure introduced by the com-
mon factor is still small enough asymptotically to not change the high dimensional
efficiency as given in Theorem [3.2] which is analogous to the proof of Theorem [3.2}
Therefore, we will now concentrate on situation ¢) in the below proposition, which is
the case where the noise coming from the common factor does not disappear asymp-
totically.

Theorem 3.4. Consider the contiguous alternative sequence

1 1 1
EXAY) = — AL i Ay
5(Ad) A, 4 mg(s%—k@%’ ’si—l—@i) d

Let the assumptions of Theorem on the errors be fulfilled and Ay/v/d — oo, then
the following assertions hold

a) If VT E3(Ay) — oo, then

{%:osxslpd} Dﬁﬁ{(/ozg(t)dt—x/olg(t)dt)

b) If VT E3(Ag) — Do, then

2

T 1
Var(e) - Daftale) "8 Be) a1+ ([ gtoie—a [ atyar) 08,
0 0
where supg¢ <1 |Rr(x)] = Op(1).
¢) If VT E3(Ag) — 0, then

(Var(z):0 <z <1|pa} " B22) —2(1—2)  as.

The next corollary shows that the quasi oracle (which is scaled with diag ( 92_& 7o 2 i 32 )
S1TeY aT%a

analogously to the panel statistic) has always at least as good a rate as the panel statis-

tic. Additionally, the panel statistic becomes as bad as the corresponding (diagonally)

scaled random projection if A;/d — A > 0, which is typically the case if the depen-

dency is non-sparse and non-negligible.
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4 Conclusions

Corollary 3.5. Let the assumptions of Theorem [3.3 on the errors be fulfilled, then
the following assertions hold:

a) The high dimensional efficiency of the quasi-oracle is always at least as good as
the one of the misspecified panel statistic, i.e. with ¥ = diag(o?,...,0%) + 3T,
Ay = diag(o?,...,03%), it holds

ATA' A,

2
A > ,
81( ds qo) 1+Ad

where equality holds iff Ag ~ ®.

b) If Ay/d — A > 0, then the high dimensional efficiency of the panel statistic is as
bad as a randomly scaled projection, i.e.

ATA A,

E3(Ag) = g

(Ag +o(1)).

In particular, for A;/d — A > 0 the misscaled panel statistic is always as bad as the
random projection, this only holds for the misscaled (quasi-) projection if Ay ~ ®.
This effect can be clearly see in Figures and where in all cases H&H Sigma
refers to the panel statistic using known variance, and H&H Var uses an estimated
variance.

4 Conclusions

The primary aims of this paper were to introduce projection based statistics into the
analysis of change points in high dimensions and compare and contrast these with
the panel based statistics that are currently available. In summary, the following
two assertions were proven: First, a suitable projection will substantially increase the
power of detection but at the cost of a loss in power if the change is at a large angle
away from the projection vector. Second, projections are more robust compared to
the panel based statistic with respect to misspecification in the covariance structure
both in terms of size and power.

One of the main tools for the comparison of the different tests in this paper is the
use of relative efficiency rates, particularly the concept of high dimensional efficiency.
This essentially allows a comparison of the magnitude of changes that can be detected
asymptotically as the number of dimensions increases. All the tests in the paper are
benchmarked against random projections. Because the space covered by far away
angles increases rapidly with the dimension, the power of these becomes very poor
in higher dimensions rendering random projections useless in practice for detecting
change points. The panel statistic [Bail, 2010, [Horvath and Huskovd), 2012] test works
well in situations where the panels are independent across dimension, and there is
little to no information about the direction of the change. However, as soon as depen-
dency is present, the size properties of these statistics become difficult and their high
dimensional efficiencies mimic those of random projections. Misspecification of the
covariance structure can be problematic for all tests. However, if the direction of the
likely change is known, then it is always preferable to use the corresponding projection
(scaled with the assumed covariance structure), rather than either the panel statistic
or a random projection, regardless of whether the covariance is misspecified or not.

This results in this paper raise many questions for future work. It would be of con-
siderable interest to determine whether projections can be derived using data driven
techniques, such as sparse PCA, for example, and whether such projections would be
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5 Proofs

better than random projections. Preliminary work suggests that this may be so in
some situations but not others. Further many multiple change point procedures use
binary segmentation or related methods to find the multiple change points, so much
of the work here would apply equally in suitably defined sub intervals which are then
assumed to contain at most one change. In addition, all the results here have been
assessed with respect to choosing a single projection for the test which is optimal if
the direction of the change is known. However, in some situations only qualitative
information is known or several change scenarios are of interest. Then, it could be
very beneficial to determine how best to combine this information into testing proce-
dures based on several projections, where a standard subspace approach may not be
ideal as the information about the likely direction of changes is lost. Finally, while the
framework in this paper concentrates on tests with a given size, as soon as a-priori in-
formation is considered, then it is natural to ask whether related Bayesian approaches
are of use, and indeed quantifying not only the a-priori direction of change, but also
its uncertainty, prior to conducting the test is a natural line of further research.

5 Proofs

Proof of Theorem We need to prove the following functional central limit
theorem for the triangular array of projected random variables Y; 4 = E;l:l p;(d)e;(d)

given the (possibly random) projection pg = (p1(d), ..., pa(d))*:

1 LT D[0,1
S Va0<a<1pyy 2

VT (pa) i

{W(z):0<z <1} a.s.,
(5.1)
where {W(-)} denotes a standard Wiener process.

The proof for tightness is analogous to the one given in Theorem 16.1 of Billingsley
[1968] as it only depends on the independence across time (which also holds condition-
ally given py due to the independence of pg and {e;(d)}). Similarly, the proof for the
convergence of the finite dimensional distributions follows the proof of Theorem 10.1
in Billingsley| [1968], where we need to use the Lindeberg-Levy-version of the univari-
ate central limit theorem for triangular arrays. More precisely, we need to prove the
Lindeberg condition given by

Vi
B ml{YLd/T(pdDEﬁ}‘pd =0 as.

for any € > 0. The following Lyapunov-type condition implies the above Lindeberg

condition:
‘ Pd) =E <

dl

where v > 2 as given in the theorem. Let

VEW
7(Pa)

pjei(d)
7(Pa)

|pd> = o(T”/Q_l) a.s., (5.2)

- Pd
Pa = )
Pfip cov e (d)Pd

then the above Lyapunov condition is equal to

E (’f)gel(dﬂy |pd) = o(T"/?71) a.s.
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5 Proofs

In the situation of a) covei(d) = > .-, a; (d)ajT(d) and we get by the Rosenthal
inequality (confer e.g. |Lin and Bai| [2010, 9.7c])

v

v/2

<0() 37 [phay(@)|” Elna (@) +001) | 37 (bfa;(d)” varm(d) |

3

where the right-hand side is bounded for any m,n with a bound that does not depend
on T or d and converges to zero for m,n — oo as E |n;(d)|” < C hence varn;(d) < 1+C
and by definition of pg it holds Ej ., [PTa;(d)]* < pYcover(d)pg < 1, hence also

bqa;(d)|” < [pga;(d)* and 357 [Pja;(d)]” < 1.

Consequently, the infinite series exists in an L”-sense with the following uniform (in
T and d) moment bound

E([pfei(@]” [pa) = 0(1) = o(T"/*7Y)  as. (5.3)

To prove the Lyapunov-condition under the assumptions of b) we use the Jenssen-
inequality which yields

E(yfé?el(d)/”|pd)=||f>d|zE<(Z |'f;d‘ﬁ'1 eia(d |> pd)

v

< [Ipallf Z ||]3“|l|| Elei( ”del = o(T"/?71) a.s.
\/pd cov(eq(d

(5.4)

Proof of Lemma With the notation of the proof of Theorem [2.1] both estima-
tors (as functions of pg) fulfill (j = 1,2)

GarPl) oy
(pg) T

First by the independence across time we get by the van Bahr-Esseen inequality (confer
e.g. [Lin and Bai| [2010} 9.3 and 9.4]) for some constant C' > 0, which may differ from
line to line,

2
b v/

v/2
Z ( poe;j(d))” — 1) < C(b— a)ymextv/H g ’(ﬁgel(d))Z -1

< C (b — a)>1r/4) max (17 Ep, !f)dTe1(d)’V)

C (b — a)max(tr/4) a.s., in a),

< v 5.5
C (b — a)™><(tr/%) max (1, (T I[Palls ) > , inb), (5:5)
v/ P} covei(d)pa

by (5.3) resp. (5.4]), where Ep, denotes the conditional expectation given pg. An

26



5 Proofs

application of the Markov-inequality now yields for any ¢ > 0

T
Z(pde] _1) >€’pd

—v/2+max(1,v/4) a.s., in a),
< < 2T u/2+max(1,y/4)0(Tu/2—u/ min(u,4)) a.s., in b),

—0 a.s.

Similar arguments yield
1 - T
T Zpdej(d) >elpa| =0 a.s.

proving a) and b) for 77 ; 1(pa)-
From (j5.5) it follows by Theorem B.1 resp. B.4 in [Kirch| [2006]

k
1glka<XT Z ( pd ej(d))” - 1)

v)qv
C«Tmux(l v/4) (10gT) 2(4 V) a.s., in a),

CTmaX(l v/4) (log T)i(%):r)u max <1 <M> > ) in b)v

\/pPL covei(d)pa

v/2

—0 a.s.
An application of the Markov inequality now yields for any ¢ > 0
1|~/ p )
P 1 Sher T z; (<<pd e;(d))” - 1) > € ‘ pa| =0 as

By the independence across time it holds

T 9 T—k
Z((p?jej(d)) —1);1<k<T £ (pde] —1):1<k<T
j=k+1 j=1

which implies

1 T 2
P max - _zk;rl ((pdej(d)) —1) > e’pd -0  as.
J:

P . . . k ~
Similar assertions can be obtained along the same lines for maxi<p<r 7 |>. =1 ple;(d)

as well as max<p<r 7 ’Z?:Hl pge;(d)|, which imply the assertion for 73 ; ;.(ps). ®
Proof of Corollary By an application of the continuous mapping theorem
and Theorem [2.1] we get the assertions for the truncated maxima resp. the sums over
[7T, (1—7)T] for any 7 > 0 towards equivalently truncated limit distributions. Because
we assume independence across time (with existing second moments) the Hajek-Rényi
inequality yields for all € > 0

k
Bl > .S.
P(lér%i)'l('Tw(k/T) tzzlpdet(d) Z € pd) =0 as
T
P k/T pre (d)| > 0 a.s.
(o3 nrm | 32 i) o0 o
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5 Proofs

as 7 — 0 uniformly in T, where the notation of the proof of Theorem [2.1] has been
used. This in addition to an equivalent argument for the limit process shows that the
truncation is asymptotically negligible proving the desired results. m

Proof of Theorem [2.4. Under alternatives it holds

Uar(z)  Ugr(z; LSY To) <~
Td&gi)) = d;?éd)e)+sgn(AdTPd)\/T51(Ad,Pd) TEQ(Z/T)_ LTQJJZZ;Q(J/T) :

where Uy r(x; e) is the corresponding functional of the error process. By Theorem [2.1
it holds

{BH8) 0 o< apa} 2 (B) 0< <)) as
7(Pa)

Furthermore, by the Riemann-integrability of g(-) it follows

1 | Tx] . LTQTJ T ‘ T 1
2 |7 3 atm) - 1 ;g(J/T)—( [Cata—z [ gwar)| o

Putting everything together yields the assertions of the theorem. m

Proof of Corollary An application of Theorem a) yields for any 7 > 0

U2..(k/T
max w2(k/T)7d’§( /T)
r<k/T<1—7 72(pa)

— T (A pa) ( sw (o) ([Cowar-a | ) o)

T<eLl—T

2

+ Ode(].)) a.s.,

where P,, denotes the conditional probability given py. This implies assertion a),

2
because by assumption sup, <,<i_, w?(z) (fox g(t)dt — chol g(t) dt) > 0 for some
7 > 0, so that the above term becomes unbounded asymptotically. In the situation of
b) it follows similarly (where the uniformity at 0 and 1 follows by the assumptions on
the rate of divergence for w(-) at 0 or 1)

UziT(x)
72(pa)T € (Ad, Pa)

sup w?(x)
0<z<1

(= 0)s — a1 - W' = op,, (1) as.
which implies assertion b) by standard arguments on noting that
2

~ U2
I = arg max w?(z) d’TQ(x) , ¥ =arg max w?(z) ((z —9)y —z(1 —9))°.
0<z<1 72(pa)T £ (Ag; Pa) 0<z<l

]
Proof of Proposition [2.6. The assertion follows from

72(pa) = PLEpa = || =V *pal%,
(Adpa)| = (272897 (2 ?pa) = |72 A4]l |21 ?pall cos(as-1/2a, 51/2p,)-

Proof of Theorem Let Xg = (X1,...,X4)T be N(0,1;), then by Marsaglia
[1972] it holds ry4 £ (X1, X)T/(X1, ..., Xa)T|| and it follows by (2.10)

xTy=1/2 a0, 2

~ d £ | TS 7PA]
2 1/2 £ d
B8 X ) e e T XX,

EXTXq4
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5 Proofs

Since the numerator has a x? distribution (not depending on d), there exist for any
€ > 0 constants 0 < ¢; < (7 < 0o such that

2
XTy-12 A,

i Seni— I >1—
||E_1/2Ad|| S Cl = 1 €.

sup P | ¢1 <
d>1

Furthermore, the denominator has a X%—distribution divided by its expectation, con-
sequently an application of the Markov-inequality yields for any € > 0 the existence of
0 < (5 < oo such that

xT'x
sup P #202 <e
d>1 EX, ;X4

-1
By integration by parts we get E (XdTXd) < 2/d for d > 3 so that another ap-

plication of the Markov-inequality yields that for any € > 0 there exists co > 0 such
that

xXI'x
lim sup P ddegg <k,
d— o0 EXdXd

completing the proof of the theorem by standard arguments. m

Proof of Theorem Let X4 = (X1,...,X4)T be N(0,14), then as in the proof
of Theorem 2.7 it holds

XTM-12 a7
e2(A M1y BMTEEMIYZ) o MR
1( ) I'd) ||M71/2Ad||2 = Xz;Mfl/ZEMfl/ZXd .

tr(M-1/2xM~-1/2)

The proof of the lower bound is analogous to the proof of Theorem by noting that
(A=M"125M~1/2)

d d d
EXTAX =E Z (Liijin = Z ai’jéi,j = Zam = tl"(A)
i,j=1 i,5=1 i=1

For the proof of the upper bound, first note that by a spectral decomposition it holds

XTM-1/25M~1/2X Zd:

d
2 _
tr(M-1/2xM~-1/2) 2 a; X7, for some 0 < ag < ... < o, j;ozj =1.

From this we get on the one hand by the Markov inequality

d 1/4
P X2<e| <Plnx?<o< (L) EB(x?V4
Do) < Paxf < (£)" exzr,

where E(|X?|1/4) = T'(1/4)/(2'/*\/7) exists (as can be seen using the density for a
x3-distribution). On the other hand it holds for any ¢ < 1/2 by another application
of the Markov inequality

d d
P> aX7<c| <P D oyX7—11>1/2] <8) o <8an.
j=1 j=1
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5 Proofs

By chosing ¢ = min(1/2, (E(|X?|71/4))~*/8 €®) we finally get

d
sup P Zan? <ec
=1

0<ag<...<a, 3¢ a;=1

e\ /4
< sup min | € (8) ,8aq | <e,
0<ag<...<a1,> 0, a;=1 ai

completing the proof. m
Proof of Theorem By the Cauchy-Schwarz inequality
M 'Ay) = ATM ! ZajanflAd — Z( ™™A,)? ZaTM a; AIM~A,
jz1 j=1 j=1
=tr [ M~1/? Zaja?M_l/Z AdTM_lAd,
jz1
which implies the assertion by (2.10). m

Proof of Proposition Assertion a) follows from

2

d 6’2T ’ d 6’2T 2
|<Ad,po>|2=(Z;’zU?) > (Z J> = (Au o)

i=1 " i=1
T d 52T
T2(10) = 0,0 = Z ;72 o} <C*[(Ag, 0)].
i=1 ?

Concerning b) first note that by the Cauchy-Schwarz inequality with A = diag(c?, ..., 02)

ATA
T2(0) =D (AJA"a;)’ <AJATA, ) ala; < dc2 4 tr(%).
j>1 i1

This implies assertion b) by (2.10]) on noting that

AT A4

IATATIA? > o

| |
Proof of Equation [2.13] By Proposition [2.6] it holds for Ay = k ®4
EH(Ag,0) = [E72A4)7 = AG(D + ‘ﬁdi’g)_lAm

where D = diag(s?,...,s2)T. Hence

—1
Ag(D + ‘I’d(I)T) 1Ad <D_1/2Ad) (Id + (D—l/Q(I)d)(D—l/Q(I,d)T) D_l/QAd

(DA )TD A
- 1+D_1/2<I>TD_1/2<I>d’

where the last line follows from the fact that D~/ A, =kD™ 1/2 ®, is an eigenvector
of Iy + (D728 ) (D™ Y?®,)T with cigenvalue 1+ (D™/2&,)T D~/2®, hence also
for the inverse of the matrix with inverse eigenvalue. ®

Proof of Theorem Similarly as in the proof of Theorem it holds

| Tz T
1
Zri(x) = Zri(v;€) + 6;,7VT T ; 9(3/T) + T2 ;9 i/T) | .
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5 Proofs

where Zr ;(z;e) is the corresponding functional for the error sequence (rather than
the actual observations). From this it follows

Var(z) =Var(z;e) + T522(Ad) (/Owg(t) dt — :U/O g(t)dt + 0(1)) + Rpr(x),

where Rr(z) is the mixed term given by

- Q\gi 502T (i) (/:g(t) dt — g;/o1 g(t) dt + 0(1)>

which by an application of the Hdjek -Rényi inequality (across time) yields

P (e e > ) =00) Lt o) raa)

o<zl

cQ\f

From this the assertions follow by an application of Theorem |

Proof of Theorem The proof follows closely the proof of (28) — (30) in Horvath
and Huskové|[2012] but where we scale diagonally with the true variances. We will give
a short sketch for the sake of completeness. The key is the following decomposition

Var(z)
2

L st 1 [T |Ta| (T — |Tx))
= : el ie(d) — i1 (d —

d; S+ O2T ;”’t() T ;”TU 72

[Tz] T | Tz

2 bis; 1 |Tx] 1
+—= it (d) — i1 (d — (d) —

d ;sf—i—@f \/T ;77,1‘( ) T ;77,7“( ) \/T ;nd+1,f( )

| Tx) T 2

|Tx| 1
+ = ;ndﬂ,t(d)— T ;ndJrl,t(d) ﬁAd-

The first term converges to the limit given in a). To see this, note that the proof of
the Lyapunov condition in Horvath and Huskovd [2012] following equation (39) still
holds because s?/(s? + ®?) is uniformly bounded from above by assumption (showing
that the numerator is bounded) while again by assumption

M&

>D>0,
(2 +¢2

showing that the denominator is bounded. Similarly, the proof of tightness in [Horvath
and Huskovd| [2012] (equations (43) and following) remains valid. The asymptotic
variance remains the same under a) and b) because by assumption

lii‘# 1< 34,50
de (3422 | Tat T

The middle term in the above decomposition is bounded by an application of the Héjek
-Rényi inequality

d [Tz]

1 Q%Si 1
Pl sup —= > s — | D miuld) -
0<9c1:<)1 d P Sg + ‘1)3 \/T =1 g 't( )

1d 2,42

i Si _ l
=0(1) p 32:31 [CET o(1) dAdv
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which converges to 0 for a) and b) — for ¢) we multiply the original statistic by v/d/Aq4,

which means this term is multiplied with d /Afl leaving us with 1/A, which converges to
0if Ag/v/d — co. Similarly, we can bound % ( tLle Nay1.0(d) — LTTwJ 23:1 77d+1,t(d))’
showing that the middle term is asymptotically negligible. The assertions now follow
by an application of the functional central limit theorem for

2
(ZFT Nar1(d) — ZE ST ﬂd+1,t(d)> .=

Proof of Theorem[3.4. The proof is analogous to the one of Theorem 3.2 on noting
that £3(A,) = f 82 (A4) and 02 = s? + @2 by using Theoremc above. Concern-

ing the remalnder term RT( ) note that e; ; = s;1m;.¢ + ®ifg+1,4, so that the remainder
term can be split into two terms. The first term can be dealt with analogously to

the proof of Theorem and is of order Op ( A%, TEg(Ad)), while for the second

summand we get by an application of the Cauchy-Schwarz-inequality

d | Tz

sup i Z 6;(2251 Z Nd+1,t —

A
0<z<1 d i—1 i

T
Z Nay1e || = Op(VT)
=1

=0 ( T5§(Ad)) .
| |

Proof of Corollary By an application of the Cauchy-Schwarz inequality it
holds

T p—1 1 : 2 s i ®s
AgAg ZA; A= Z ST T\ 2 a2
p . i—1 i i

d 2
Z’ (H—Z ) A7'AG (14 Ag),

i=1

2

which implies assertion a) on noting that

(AZA; A
ATAISA A,

512(Ad7 qO) =

b) This follows immediately from Theorem since by 0 < ¢ < 83 < C < 0 as well
as as ®2 < C, it follows that

1 1
Ayll? ~ AT di Ay
1Al d 1ag(s%+<1>%’ ’33—1—@3) d
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