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Abstract

We explore various ways in which a robust, nonparametric statistical tool, the data depth
function can be used to conduct inference on data which could be described as difficult.
This can include data which are difficult in structure, such as multivariate, functional, or
multivariate functional data. It can also include data which are difficult in the sense that
published statistics must satisfy privacy constraints.

We begin with multivariate data. In Chapter 2, we develop two robust, nonparametric
methods for multiple change-point detection in the covariance matrix of a multivariate se-
quence of observations. We demonstrate that changes in ranks generated from data depth
functions can be used to detect certain types of changes in the covariance matrix of a
sequence of observations. In order to catch more than one change, the first algorithm uses
methods similar to that of wild-binary segmentation (Fryzlewicz, 2014). The second algo-
rithm estimates change-points by maximizing a penalized version of the classical Kruskal
Wallis ANOVA test statistic. We show that this objective function can be maximized via
the well-known pruned exact linear time algorithm. We show under mild, nonparametric
assumptions that both of these algorithms are consistent for the correct number of change-
points and the correct location(s) of the change-point(s). We demonstrate the efficacy
of these methods with a simulation study and a data analysis. We are able to estimate
changes accurately when the data are heavy tailed or skewed. We are also able to detect
second order change-points in a time series of multivariate financial returns, without first
imposing a time series model on the data.

In Chapter 3 we extend these methods to the setting of functional data, where we
develop a group of hypothesis tests which detect differences between the covariance kernels
of J samples. These tests, called functional Kruskal Wallis for covariance tests, are based
on functional data depth ranks, which are combined using the classical Kruskal Wallis
test statistic. These tests are very robust; we demonstrate that these tests work well
when the data are very heavy tailed, both in simulation and theoretically. Specifically, in
order for the test to be consistent there is no need to assume that the fourth moment of
the observations is finite, which is a typical assumption of existing methods. These tests
offer several other benefits: they have a simple distribution under the null hypothesis,
they are computationally cheap and they posses linear invariance properties. We show via
simulation that these tests have higher power than their competitors in some situations,
while still maintaining a reasonable size. We characterize the behavior of these tests under
the null hypothesis and show consistency of the several versions of the tests under general
alternative hypotheses. We also provide a method for computing sample size and provide
some analysis under local alternatives when the ranks are based on L?-root depth.
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In Chapter 4 we present methods for detecting change-points in the variability of a
sequence of functional data, thus, combining the methods of Chapter 2 and Chapter 3.
Our methods allow the user to test for one change-point, to test for an epidemic period,
or to detect an unknown amount of change-points in the data. Since our methodology is
based on depth-ranks, we have no need to estimate the covariance operator, which makes
our methods computationally cheap. For example, our procedure can identify multiple
change-points in O(nlogn) time. Our procedure is fully non-parametric and is robust
to outliers through the use of data depth ranks. We show that when n is large, our
methods have simple behaviour under the null hypothesis. We also show that the functional
Kruskal Wallis for covariance change-point procedures are n~'/?-consistent. In addition to
asymptotic results, we provide a finite sample accuracy result for our at-most-one change-
point estimator. In simulation, we compare our methods against several other methods
from the literature. We also present an application of our methods to intraday asset returns
and f-MRI scans.

In Chapter 5 we investigate differentially private estimation of depth functions and
their associated medians. We then present a private method for estimating depth-based
medians, which is based on the exponential mechanism (McSherry and Talwar, 2007). We
compute the sample complexity of these private medians as a function of the dimension,
prior parameters and privacy parameter. As a by-product of our work, we present a
smooth depth function, which we show has the same depth-like properties as its non-smooth
counterpart. Another by-product of our work is uniform concentration for several depth
functions. We also present methods and algorithms for estimating private depth values
at in-sample and out-of-sample points. In addition, we extend the propose-test-release
methodology of (Brunel and Avella-Medina, 2020) to be used with depth functions and the
exponential mechanism. We show that when using propose-test-release to projection depth
values, the probability of no reply is small, and the private depth values concentrate around
their population counterparts. We also give an algorithm to approximate the “test” step in
propose-test-release, since it is computationally difficult. We show that this approximation
maintains the low probability of no-reply as in the original propose-test-release.

Chapter 6 presents some possible directions for future research related to network data
and shape data.
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Chapter 1

Introduction

On the real line R, there is a natural ordering of the numbers, which makes it straight-
forward to define quantiles, order statistics, ranks and centrality. Such concepts underlie
much of nonparametric univariate inference, think boxplots, medians, rank tests et cetera.
In higher dimensional Euclidean spaces R? and in many general Banach spaces, there is no
natural linear ordering. As a result, defining quantiles, order statistics, ranks and central-
ity is inherently more difficult and there is no agreed upon definition. However, extending
many existing univariate, nonparametric methods to higher dimensional spaces requires a
method of ordering the points in a sample; some way of relating multiple points to each
other in the space. This is because nonparametric procedures must rely on the properties of
the space and not those of a parametric model. This predicament has led to many different
generalisations of order statistics and surrounding concepts to R¢, and, consequentially, to
general spaces.

In R?, data points can be represented as d-dimensional vectors, say X; = (21, . .., Tiq)-
This representation inspires the tendency to use a component-wise approach. For exam-
ple, to estimate location we could use the component-wise mean and the component-wise
median. We can also define component-wise ranks by computing the univariate rank of
each point for each variable, giving R; = (R;1, ..., Riq) and then averaging the ranks over
the variables or components (Bickel, 1965). There are documented problems with the
component-wise median and component-wise ranks, which can be summarised by two de-
ficiencies. The first of which is a failure to account for the correlation structure of the
data. Hypothesis tests based on component-wise averaged ranks can be problematic when
several of the variables are highly correlated (Bickel, 1965). Suppose we are computing,
say a rank-sum test for a difference in distribution between two groups. If there are numer-
ous, highly correlated components which have no marginal differences then any differences



between remaining components will be washed out by noise. Further, if one component
sees consistently high ranks and one low ranks for some group, then these may be washed
out in the average rank. Some early works that account for this first issue are (Horrell and
Lessig, 1975; Katz and McSweeney, 1980).

The second issue with many component-wise procedures is that they are not affine
equivariant /invariant or even similarity equivariant/invariant. If we represent a multivari-
ate sample X,, with an n x d matrix, we then say that a d-dimensional statistic 7'(X,,) is
affine equivariant if

T(AX, +b) = AT(X,) + b,

where A is an invertible matrix and b is some column vector. A statistic 7'(X,,) is affine
invariant if

T(AX, +b) = T(X,.),

for the same A and b. Similarly, a statistic is similarity equivariant/invariant if the above
holds for orthogonal A. In a practical sense, affine equivariance implies that if the data
are translated, re-scaled, rotated or reflected, the statistic is also translated, re-scaled,
rotated or reflected. Similarly, affine invariance means the statistic is unchanged by such
transformations. Affine invariance/equivariance enforces the idea that changing our mea-
surement scales or coordinate system should not affect the inference procedure. Similarity
invariance/equivariance is a weaker property and ensures that the statistic is immune to
homogeneous scaling (scaling all variables by the same number), translations, rotations
and reflections.

The component-wise median is not affine equivariant or even similarity equivariant, nor
are the component-wise ranks affine invariant or similarity invariant. The component-wise
median has also been shown to fall outside the convex hull of the data (Serfling, 2006). As
a result of these flaws, nonparametric procedures that both take the correlation structure
into account and are affine invariant/equivariant were then developed for individual testing
and estimation problems (see, e.g., Oja, 1983; Randles and Peters, 1990). Such procedures
were standalone, and restricted to solving one inference problem, e.g., location estimation.
It was later presented that nonparametric description and inference could be performed
from within a single framework if the procedures were derived from an underlying data
depth function (Liu et al., 1999; Serfling, 2006).

A data depth function gives meaning to centrality, order and outlyingness in spaces
beyond R. Data depth functions do this by giving all points in the working space a rating
based on how central the point is in the sample. For example, restricting to R?, multivariate
depth functions can be written as D: R? x X — R™T; given a sample and a point in the
domain, the depth function assigns a real valued depth to that point. Figure 1.1(a) shows

2



Figure 1.1: (a) Sample halfspace depth values, i.e., D(X;; F},), are displayed in white text.
The heatmap of the sample depth function, i.e., D(+; F},), is also displayed. This sample
is drawn from a standard, two dimensional normal distribution. (b) Theoretical halfspace
depth contours for the standard, two dimensional normal distribution.

a sample of 20 points labelled by their depth values, we can see that the points in the
centre of the data cloud have larger values. Note that it is not necessary to restrict the
domain of the depth function to points in the sample; we can compute depth values for
each point in the sample space. The heatmap in Figure 1.1(a) gives the depth value for
each point in the plot.

The concept of depth predates its extensive study by two decades, first studied by Tukey
(1974), where his goal was to picture data in a way such that we can learn from it, rather
than imposing what we suspect to be true on the data and creating an affirmative picture.
Tukey recognized the usefulness of order statistics, and what they tell an analyst about
univariate data. However, he also commented that direct generalisations of order statistics
‘fail miserably’ in the multivariate setting. He instead represented the information carried
by order statistics in the univariate setting with a picture in the bivariate setting, using
the concept of depth.

How is Figure 1.1(a) akin to univariate order statistics? First, we know that points
in the lightest, triangle shaped region are very central, and can serve as medians or near



medians of the data. Further, the shape of the regions tells us that the data is spread
somewhat symmetrically about the centre. This is akin to the distance of certain univariate
quantiles from the centre. Lastly, we can see the observations which are outlying: those
observations which have low depth. Obviously, we cannot create such a picture beyond 3-
dimensions, however, we shall see that the principle ideas laid out by Tukey (1974) underlie
many depth functions and their associated data visualization and inference procedures.

1.1 Multivariate depth functions

So far, the depth of a point has been taken to be with respect to some set of sample of
points X,, € X. We will now identify samples with empirical measures F;, and the depth of
a point will be reinterpreted as depth with respect to a measure rather than a sample. This
formulation provides a natural definition for population values of depth D(-; F') and makes
it easy to write down mathematically. If we let F be the set of distributions on R? we can
write multivariate depth functions as D: R¢x F — R*. Figure 1.1(b) shows the theoretical
halfspace depth contours D(-; F') when F' = N5(0,1); F is the bivariate standard normal
distribution. Notice the shape is circular like that of the normal distribution, and that the
depth is largest in the centre.

We have not discussed how depth functions measure centrality. To do this, we must
present a list of precise mathematical properties that, when possessed, ensure a function
does indeed measure centrality of a point with respect to a distribution. In their seminal
paper Zuo and Serfling (2000a) give a concrete set of mathematical properties which a
multivariate depth function should satisfy in order to be considered a statistical depth
function. These properties include:

1. Affine invariance: This implies any depth based analysis is independent of the co-
ordinate system. Particularly, the analysis is independent of the scale on which the
data is measured.

2. Maximality at centres of symmetry: If a distribution is symmetric about a point,
then surely this point should be regarded as the most central point.

3. Decreasing along rays: This property ensures that as one moves away from the
deepest point, the depth decreases.

4. Vanishing at infinity: As a point moves toward infinity along some ray, the depth
vanishes.



A function D: R? x F — R* which satisfies these four properties is known as a statistical
depth function. The last three properties are all related to centrality, where the first is
to ensure there is no dependence on the measurement system. Not all popular depth
functions satisfy all four of these properties, but they typically satisfy most of them. We
have already discussed affine invariance, let us discuss each of the remaining properties in
detail. Maximality at centre means that if a distribution is symmetric about some point 6,
the depth is maximal at that point. Think of the median coinciding with the mean in the
univariate case. There are multiple definitions of symmetry in the multivariate setting (see
Zuo and Serfling, 2000b, for more details.) Decreasing along rays means that as one moves
away from the deepest point along some ray, i.e., moves away from the centre, the depth
decreases. This property can be replaced by quasi-concavity. Suppose that o € (0,1) and
x,y € X. Then, a depth function is quasi-concave if

D(ax + (1 — a)y; F) > D(x; F) AD(y; F),

where x A y = min{z,y} for two real numbers = and y. It is clear that quasi-concavity
implies the decreasing along rays property; suppose that D(6; F') = sup, D(x; F), then:

D(0; F) > D(af + (1 — a)x; F) > D(x; F).

Vanishing at infinity means that as the point moves along a ray to infinity, its depth
approaches zero. If all four of these properties are not satisfied, it does not necessarily
mean that a depth function is invalid or not useful in data analysis. It is merely a limitation
to consider.

Aside from coordinate invariance and centrality, there are other properties that are
desirable for a depth function to satisfy:

e Robustness: A robust depth function implies subsequent inference will be robust.
For example, robust depth functions generally lead to high breakdown multivariate
medians (Chen and Tyler, 2002; Zuo, 2003).

e Consistency/Limiting Distribution: Consistency of the sample depth values for pop-
ulation depth values and existence of a limiting distribution of the sample depth
values is useful for developing hypothesis tests and confidence intervals.

e Continuity: Continuity can be a building block for asymptotic inference and for
optimizing the depth function.

e Computation: Obviously, we would want the function to be quickly computable.



From the list above, it is certainly not surprising that there are many depth functions;
there are many desirable properties, making it difficult to cover them all. We now intro-
duce several depth functions, the first of which being the halfspace depth (Tukey, 1974;
Rousseeuw1 and Ruts2, 1999).

Definition 1 (Halfspace depth). Let S¢°! = {u € R?: |ju|| = 1} be the set of unit vectors
in RY. Define the halfspace depth HD of a point x € R with respect to some distribution
X ~ F as,

HD(z; F) = inf Pr(X'u<z'u)= inf F,(z),

ucSd—1 ucSd—1

where F, is the distribution of X "u.

Halfspace depth is the minimum of the projected mass above and below the projection of
x, over all univariate projections. Halfspace depth satisfies all four properties corresponding
to a statistical depth function, including the stronger version of decreasing along rays:
quasi-concavity. The halfspace sample depths are uniformly consistent and, in some cases
outlined in (Massé, 2004), these sample depth values each weakly converge to some non-
normal random variable. Halfspace depth is an upper semi-continuous function which
identifies the distribution in certain cases (but not always) (Zuo and Serfling, 2000a; Nagy,
2018). However, halfspace depth is frequently cited as being computationally complex
(Serfling, 2006), especially for moderate dimensions. Recently an algorithm for computing
halfspace depth in high dimensions has been proposed (Zuo, 2019) that may aid in this
regard.

We can replace the infimum in Definition 1 with an average (Ramsay et al., 2019).

Definition 2 (IRW Depth). Define integrated rank-weighted depth as

IRW (z; F) = / Pr(XTu<z"u) A(1—Pr(X u <z ) dvu),
gd—1

where v denotes the Haar measure.

IRW depth vanishes at infinity and is maximal at points of symmetry of F. It is
invariant under similarity transformations, which is a weaker than affine invariance. It
is conjectured that this function also has the decreasing along rays property. This depth
function does not have as many desirable depth-like properties as halfspace depth, but
instead it can be approximately computed quickly, even in high dimensions, with statistical
guarantees. This depth function also has a natural extension to functional spaces (Fraiman
and Muniz, 2001), which will be covered later. IRW sample depths are also uniformly

6



consistent and asymptotically normal, under mild assumptions and this depth function is
continuous except at atoms of the distribution (Ramsay et al., 2019). We can replace the

Pr(XTu<az"u)A(1—Pr(XTu<az"u))

in Definition 2 with
Pr (XTu < .TTU) (1 — Pr (XTU < J:Tu)) .

This is integrated dual depth, which we denote by IDD. Integrated dual depth which has
many of the same properties of IRW depth and was introduced by Cuevas and Fraiman

(2009).
After halfspace depth, simplicial depth was introduced (Liu, 1988).

Definition 3 (Simplicial Depth). Suppose that X, Y1, ..., Y1 are independent, R*-valued
random variables, each having distribution F. Define simplicial depth as

SMD(z; F) = Pr(X € Sim(Y1, . .., Yar1)),

where Sim(Y7, ..., Yay1) is the simplex with vertices Yi,. .., Yii1.

The sample simplicial depth values are asymptotically normal under some conditions,
which can make inference based on simplicial depth values easier to work with (Liu, 1988).
Simplicial depth is, however, difficult to compute in even moderate d > 3 dimensions.
This depth function is a statistical depth function if F' is angularly symmetric (see Zuo
and Serfling, 2000b), but fails to satisfy the maximality at centre and decreasing along
rays for some discrete distributions. Seeing as we are typically concerned with continuous

distributions in a depth-based inference context, this is not a major issue (Liu, 1988; Zuo
and Serfling, 2000a).

The investigation of depth functions by Zuo and Serfling (2000a) lead to the study
of a general and powerful statistical depth function based on outlyingness functions. An
outlyingness function O: R? x F — R measures the degree of outlyingness of a point.
Intuitively, we can then define a depth as

1
D(flf,F)—HO—(x;F)?

which is referred to as a Type C depth by Zuo and Serfling (2000a). A particular version
of a Type C depth function is projection depth.



Definition 4 (Projection Depth). Given a univariate, translation equivariant and scale
equivariant, location measure o and a uniwwariate, scale equivariant and translation invari-
ant measure of scale o, we can define projected outlyingness as

u'z —o(F,)|
O(x: F: — |—“
o) = P o)
and thus, projection depth as,
PD(z; F ) L
x; F00)= .
e 14+ O(x; F;0,0)

Typically, o and o refer to the median and median absolute deviation, but most prop-
erties of projection depth have been investigated for general o and o. In this work, we will
typically use

|uTz — MED (X u)|

O1(x; F,) = Os(x; F,) = ’uT:c—MED(XIuH
BE T ST MAD (X[ u) o e T IR X w)

where we use a slight abuse of notation and let X u refers to the sample {X| u, ..., X, u}.

Projection depth was discussed in various forms by Stahel (1981); Donoho (1982); Liu
(1992); Zuo and Serfling (2000a) but a thorough investigation of the properties of projection
depth was done in the successive papers Zuo (2003, 2004). As a result of these papers,
it has been shown that projection depth is a statistical depth function, is quasi-concave
and is Lipschitz continuous under very mild conditions on ¢ and p. Computation is again
difficult; there are approximation algorithms for moderate to large dimensions, but they do
not have any statistical guarantees (Liu, 2017; Dyckerhoff et al., 2021; Shao et al., 2022).

Another popular depth function is spatial depth (Serfling, 2002), see also (Small, 1990)
for more background on the spatial median and spatial depth. Let v € S!, where S¢~!
is as defined in Definition 1. Spatial depth is based on spatial quantiles:

Qu; F) = min k UX =yl + (u, X —y) = [ X = (u, X)]. (1.1)

Spatial quantiles are extensions of univariate quantiles. Inverting this function at a point
r € R? gives a measure of outlyingness: ||Q~!(z; F)|| (Serfling, 2002). Let
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and then define
Q7 (s F)|| = 1B [S(z — X)]II.

We can now define spatial depth.

Definition 5 (Spatial Depth). Define the spatial depth of a point x € RY with respect to
some distribution X ~ F' as,

SD(z; F) =1— || Q" (a; F)||. (1.2)

Spatial depth satisfies three of the above four properties required for a depth function
to be classified as a statistical depth function. Spatial depth is invariant under similarity
transformations but is not invariant under all affine transformations. One useful feature
of spatial depth is that it has a natural extension to Banach spaces, since it’s definition is
based on a norm. In addition, the norm-based definition makes it easier to compute.

Related to spatial depth is Mahalanobis depth. Instead of using the Euclidean norm
in Definition 5, we can obtain affine invariance by using ||z|y = V2 T3z, where ¥ is the
covariance matrix related to F.

Definition 6 (Mahalanobis Depth). Define the Mahalanobis depth MH of a point x € R?
with respect to some distribution F' as,

1
L+ o —E[X]ls

MH(z; F) (1.3)

Mahalanobis depth satisfies all four properties required to be a statistical depth func-
tion. One criticism of Mahalanobis depth is that ¥ and E [X] are usually replaced by
estimators which are not robust, such as the sample covariance matrix and sample mean,
respectively. In order for the Mahalanobis depth function to remain robust, it is necessary
to use robust estimators of > and E [X]. Examples of such estimators are the re-weighted
MCD estimators studied by Rousseeuw and van Zomeren (1990). We denote the depth
values computed using these MCD estimators by MH75, where the 75% comes from the
fact that we are using the 25% breakdown version of the MCD estimators. There exists
other multivariate depth functions, not covered here, but we have tried to cover ones that
are popular and are useful for inference procedures proposed in this thesis.



Intraday Log Returns of SNAP stock

0.0 0.2 0.4 t 0.6 0.8 1.0

Figure 1.2: Intraday log returns of SNAP stock for 50 days. Data were smoothed to fit
50 basis functions and each edge was trimmed by 10%.

1.2 Functional depth functions

Figure 1.2 shows 50 curves, each curve is one trading day of logarithmic returns per minute
for SNAP stock, these curves are a sample of functional data. The analysis of functional
data is one of the most active research areas developed in recent decades (Ullah and
Finch, 2013; Wang et al., 2016). In this setting, the observed data are not vectors but
smooth functions on some domain. Generally, functional data comes in vector form or
discretized form, and so it can appear multivariate at first glance. The difference from
multivariate data is that there is reason to assume there is some underlying smoothness
relating the columns of the vectors; there is reason to assume we have observed pieces of a
function rather than separate variates. Incorporating the smoothness condition often leads
to improved inference on such data. Observed functions are often assumed to have domain
[0,1], we adopt that assumption as well, but the domain can be multivariate as well. For
example, an image can be viewed as a function on a bivariate domain.

The analysis of functional data can be involved; the data generally have to be smoothed

10



(Ramsay and Silverman, 2006) and sometimes aligned (Srivastava et al., 2011) before an
inference procedure is applied. There is a large amount of literature simply regarding the
smoothing and aligning process, (see e.g., Ramsay and Silverman, 2006; Srivastava et al.,
2011). After prepossessing, inference procedures then often require at least an elementary
understanding of functional analysis and stochastic processes, which makes such procedures
not as easily accessible as univariate methods. For example, functional principle component
analysis (Dauxois et al., 1982), a central technique in functional data analysis, requires some
understanding of the Karhunen—Loeve expansion; spectral decomposition of functions. To
aid the reader, we provide a brief introduction to some of these concepts in Appendix B.
In addition, there is lack of well-known parametric models for functional data outside of
Gaussian process models. This has lead to the wide-spread development and application
of nonparametric inference procedures for functional data (Wang et al., 2016). As a result,
in the past two decades, depth functions have been extensively developed for functional
data.

We can define depth in general spaces as follows: Let F be the set of measures on some
space §, then, we can write depth functions generally as D: § x F — R™, where larger
values of D imply that the point x € § is deep with respect to some F' € F. In the setting
of functional data, typically § is a subset of one of two spaces. First, § may be a subset
of £%([0,1], 4, 11), the space of all Borel measurable, square integrable functions on the
interval [0,1]. We denote the Borel sets over [0, 1] by % and the Lebesgue measure over
[0,1] by u. We may write £2([0,1], B, u) as £? for short when the context is clear. F
would then be the set of measures on .#?. The other popular choice for the working space
§ is the space of continuous functions €([0, 1]). One may also interpret functional data as a
continuous time stochastic processes indexed by ¢ € [0, 1]. We typically assume conditions
on the observations such that they may be interpreted equivalently as random draws from
£ or as stochastic processes characterized by their finite dimensional distributions X (¢),
see Section 2.3.

The space § could also be a Cartesian product of function spaces .£2 or €, which would
mean that the observations are vectors of functions. Such data are known as multivariate
functional data, we will see that many functional depths are defined for such data. To
avoid confusion, we use §? to represent the space of multivariate functional observations,
that is p-dimensional vectors of F-valued functions. We will reserve § for representing a
function space. Note that multivariate functional data encompasses the case where p = 1.

The interpretation of depth in the functional setting differs from that of the multivariate
setting. In earlier work on functional depth measures, for univariate functions, a function
would be ‘deep’ if that function was ‘surrounded’ by many other functions contained in
the sample (Fraiman and Muniz, 2001; Lopez-Pintado and Romo, 2009). The definition of
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Figure 1.3: A sample of Gaussian processes with a shape outlier highlighted in pink.
Notice that the outlier is deep in terms of magnitude but the shape is different from the
rest of the sample.

depth in the functional context evolved to include the shape of the function as well (Hubert
et al., 2015; Serfling and Wijesuriya, 2017; Dai and Genton, 2018; Harris et al., 2020). In
other words, a function is considered ‘deep’ if it is both surrounded by many functions in
the sample and similar in shape to many functions in the sample. Figure 1.3 shows an
example of a shape outlier. Notice that the outlier is deep in terms of magnitude but the
shape is different from the rest of the sample. Such an observation may have a low depth
value due to its shape.

Beyond the meaning of deep, there are other differences between the functional setting
and the multivariate setting. Functional depth functions have different transformation
invariance requirements (Gijbels and Nagy, 2017; Serfling and Wijesuriya, 2017). We can
characterize transformation invariance properties as follows,

D(X; F) =D(g(X);9(F)), forge¥, (1.4)

where ¢ is a class of function mappings g from § — § and g(F') can be interpreted as
the distribution of g(Y) if Y ~ F. Note that g(F},) results in the empirical measure of g
applied to the random sample of size n. We state two types of invariance, following the
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notation of Gijbels and Nagy (2017), the first of which is scalar invariance
P1-S: 9 ={g: g(X)=aX +b, a €R, b€ F},
and the second is affine invariance in the sense that
PI-F: 9 ={g: g(X)=aX +b, a,b€F, a(t) #0, t €[0,1], aX € F}.

The need for translation invariance is obvious, but it is not obvious that P1-F is necessary
as opposed to only P1-S. The scale invariance property P1-S has the same motivation
as that of affine invariance in the multivariate setting; we would like the inference to be
unaffected by changes in measurement units. It is difficult to understand the motivation for
invariance under scaling all sample functions by an arbitrary function. Since the columns
of the observed vectors are thought to be smoothly related, it may seem strange to have
the depth function invariant with respect to some arbitrary, heterogeneous column scaling,
in fact, Serfling and Wijesuriya (2017) argues this is not desirable. It could be desirable to
have the depth function be unaffected by reflections and rotations of the sample, neither
of which are covered by P1-F. For many existing functional depth functions, it is trivial to
show that they are invariant under reflections of the data, so this is not much of a concern.
Rotational invariance, however, could be added, as its own property. We can also define
an equivalent property of P1-F for multivariate functional data, that is, for X € §P?, affine
invariance could mean

P1-Fb: 4 ={g: g(X) = AX +b, AX +beF?, A(t) is invertible V¢ € [0, 1]}.

A popular method is to incorporate the derivatives of the observations! into the analysis
by defining a new depth function as follows: For some differentiable function x, consider
the pair (x, (). Take the depth of 2 to be the multivariate functional depth of (z, 2™)
with respect to the sample {(X7, Xl(l)), o (X, Xr(Ll))}. This method often provides sub-
stantially better results (Cuevas et al., 2007; Hubert et al., 2012), one can also incorporate
higher orders of derivatives or other functions related to the observations. However, com-
puting depth this way creates a transformation invariance issue; this new depth function
will not satisfy P1-F, even if the multivariate functional depth used satisfies P1-Fb. In-
deed, scaling each X; by a € § results in a different transformation of the derivative and

LOf course, the observations are then assumed to be differentiable, which technically modifies the
assumed space §.
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produces different observations
(aX;, aXi(l) +aVX;),

which would not give the same depth values. However, in order for Xi(l) to be affected
overly by arbitrary scaling, the derivatives of a must be large relative to function X,
suggesting the scaling function a is quite steep in some places. It is hard to see a reason
to scale the data by steep functions in practice. If a is a constant function, then scaling
the data corresponds to scaling the derivative and all is well; P1-S will still be satisfied.

As seen by the discussion on transformation invariance, it is not straightforward to
provide an analogue of Zuo and Serfling (2000a) for the functional setting. There have
been some properties, which were first outlined by Nieto-Reyes and Battey (2016) and then
later expanded and refined in Gijbels and Nagy (2017). Some desirable properties have
also been discussed by Serfling and Wijesuriya (2017). Summarizing all such properties is
somewhat complex and so instead we can list a set of criteria we deem suitable for using
functional depth measures in a hypothesis testing problem, which is conducive to the work
in Chapters 3 and 4.

Namely, we would like the depth measures to admit definitions on multivariate func-
tional data. Choosing depth measures that admit definitions for multivariate functional
data allows for the use of derivatives, warping functions or other functions in the depth
computation.

It is also desirable for the depth measures to be uniformly consistent with a rate of
O(n~'/?) under some general conditions, which gives that for large n. So far, this has only
been shown for the depth of Fraiman and Muniz (2001) by Nagy and Ferraty (2019). We
extend their result to the random projection depth and a special case of the multivariate
halfspace depth in Chapter 3 and Chapter 4. Uniform consistency allows for asymptotic
critical values for test statistics based on depth values and eliminates the computational
burden of re-sampling methods. Lastly, we use functional data depth measures which have
implementations in R or software that can be integrated into R. This last restriction allows
us to readily provide simulation results for the hypothesis tests, as well as implementations
that can be used in practice.

We first discuss multivariate functional halfspace depth (Hubert et al., 2012; Claeskens
et al., 2014), which was introduced in the thesis by Slaets (2011). This depth is defined for
multivariate functional data, so we can assume that each observation can be represented as
X; :[0,1] — RP. To compute the multivariate functional halfspace depth of = : [0, 1] — RP
we need to compute the pointwise multivariate halfspace depth (Definition 1) of each
x(t) with respect to Fi,, the empirical distribution of {X;(¢),...,X,(t)}. For each ¢,
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HD(z(t); F};,) then gives one depth value. The pointwise depth values HD(xz(t); F},,) are
then combined by computing a weighted average of them, where the weight function down-
weights regions where all curves are similar in amplitude.

Definition 7 (Multivariate Functional Halfspace Depth). Let o € [0,1/2), F; be the dis-
tribution of X (t) if X ~ F and HD,(F;) = {y € R?: HD(y; F;) > a}. Then, multivariate
functional halfspace depth is defined as

_ vol(HD,(F}))
~ [vol (HD,(F})) dt’

MFHD (z: a; F) — / wa(t) HD(x(t): F,)dt, where we(?)

Here, « is a parameter that controls the degree of ‘downweighting’. If we choose o = 0
and p = 1, multivariate functional halfspace depth reduces to the functional depth measure
of Fraiman and Muniz (2001). Multivariate functional halfspace depth is invariant under
transformations of the type P1-Fb. The sample depth values of this depth measure are
also uniformly almost sure consistent under fairly mild conditions (see Claeskens et al.,
2014). We can use the R package MFHD or the fda.usc package via depth.FMp to compute
the MFHD sample depth values. We opt for the latter in our simulations in Section 3.4.
We use a = 0 throughout this thesis and thus suppress the notation to MFHD(z; F).

We next consider modified band depth. For some = € § and a set of functional obser-
vations Y7, ...,Y; we can define

B(x;Y1,...,Y;) = {te [0,1] : min Y () < 2(t) < max Y;T(t)},

r=1,..., J r=1,.., .7

as the set such that x is in the j-band delimited by Y;,...,Y].

Definition 8 (Modified band depth). If Yi,...,Y; are independent and come from the
distribution F', we can define

MBDY = Ep [un(B (2:Y1,....Y)))]

where ug is the standard Lebesque measure on R. Then the ‘modified’ band depth with
parameter J is equal to

This depth measure is invariant under transformations described by P1-F. The sample
modified band depths are uniformly consistent under very mild conditions (see Gijbels
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and Nagy, 2015, 2017). There are two multivariate functional extensions of this depth
measure, leva and Paganoni (2013) and Lopez-Pintado et al. (2014). We use that of
leva and Paganoni (2013) because of its existing implementation in R. This multivariate
extension of modified band depth is defined as

p p
MMBD,(z; F) = > wyMBD,(2; F¥),  and ) wy=1,
k=1

k=1

where F? is the marginal distribution pertaining to the p'* univariate functional argument
in the vector of observations.

Functional spatial depth, described in Chakraborty and Chaudhuri (2014), is the infinite
dimensional extension of multivariate spatial depth. Define spatial depth to be

SD(a; F) = 1 — [|E [s(z — X)]I|,

e ol ol #
_ Loyl iyl # 0
s(y) = { 0 ow.
Here, ||-|| refers to the .#? norm, but this definition is valid on any Banach space. An

interesting extension of spatial depth is the kernelized spatial depth (Sguera et al., 2014).
Consider a mapping into a feature space p: £? — F and some kernel function on .£?, say

v: L? x £* — R defined as
(@, 2) = (p(x), ¢(2)).
We can now define the kernel depth as

KSD(z; F) = 1 — |[E [s(p(z) = p(X))]I| -

Spatial depth and kernelized spatial depth are invariant as in P1-F if a is surjective, which
is a fairly mild restriction. The sample versions of these depth measures are also uniformly
consistent, (see Gijbels and Nagy, 2015, and the references therein). We can extend these
depth measures to the multivariate functional setting by computing the spatial functional
depth values marginally and then taking an equally weighted average of such marginal
depth values; analogous to what is done above for the modified band depth (Ieva and
Paganoni, 2013). One might also take a multivariate depth of the marginal functional
depths, but this is more computationally expensive. Both kernelized and standard spatial
functional depths are implemented in the R package fda.usc.

The last of the functional depth measures we discuss is the random projection depth
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of Cuevas et al. (2007). The idea behind this depth measure is to choose many, say M,
random unit functions according to some valid measure P on the unit sphere S in Z2.
Then, for each direction wu,,, compute a separate depth value based on the projections onto
U, 1.€., D((x, up,); Fl,,). Recall that F,,  is the CDF of the random variable (X, u,,) where
X ~ F. The depth values D({(z,u); F,,) are then averaged to give a final depth value, viz.

M

RPy(z; F) Z (2, um): Fy, ) & /SD(@,w;Fu) dP(u). (1.5)

m=

We will denote the right hand term as simply RP. In this work, we take D((z,u); F},) =
Fu(z)(1 — F,(z)), use M = 20 projections and uy,...,up are Gaussian processes with
exponential variogram (s, t) = exp(—5|s—t|), standardized such that they have unit norm.
Cuevas et al. (2007) introduce a second version in which they calculate both the projection
of the function and the projection of the function’s first derivative, which provides pairs of
observations. They then use a multivariate depth on the couples:

RP,( Z D(((z, um), (D, um)); Fu) = /SD((@,u), <x(1),u));Fu7(1)) dP(u),

where F, (1) is the bivariate distribution of ((X,u), (XM, u)) if X is the first derivative
of X ~ F. For D (-) we take the likelihood depth (Miiller, 2005). Note that this depth
does not have any consistency or invariance properties presented in the original paper.
However, the random projection depth is a version of integrated dual depth (Cuevas and
Fraiman, 2009) for which consistency and invariance are established. The R function to
compute the sample depth values can be found in the fda.usc package.

In Chapter 3 and Chapter 4 we use depth values computed on the pair (z,2(). We
take the depth of x to be the multivariate functional depth of (:L’,x D) with respect to
the sample {(X7, Xfl)), ce (Xn,XT(ll))}. When we used the derivative of the function in
the depth computation, we will denote the depth by D’. For example, when computing
the multivariate functional halfspace depth with the derivative, we denote the depth by
MFHD'.

1.3 Inference based on depth functions

Precisely how can we use these depth functions to gain insights from data?” Depth func-
tions provide definitions of order statistics because observations can be ordered by their
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depth values. This idea provides immediate analogues of the aforementioned visualization,
estimation and hypothesis testing procedures. Since the ordering is center outward, the
definitions are modified. For example, the definition of the depth-based median is:

MED(F) = argmax D(z; F).

TEF

These medians are usually robust, much more so than the sample mean vector (Fraiman
and Muniz, 2001; Chen and Tyler, 2002; Zuo, 2004). Furthermore, they inherent any
transformation invariance properties possessed by the depth function. We can subsequently
define sample depth ranks as

R = #{X;: D(X;; F,) <D(X;;F,) for j e {1,...,n}}, ie{l,....n}.  (16)

Depth-based ranks are a building block of various multivariate and functional rank tests
(Liu and Singh, 1993; Serfling, 2002; Lépez-Pintado and Romo, 2009; Chenouri et al.,
2011). Ranks also give a means with which to construct multivariate, trimmed means
(Fraiman and Muniz, 2001; Zuo, 2002).

The depth values can also be directly used in testing procedures (Li and Liu, 2004;
Lépez-Pintado and Wrobel, 2017; Flores et al., 2018). We have also seen depth used for
functional boxplots (Serfling and Wijesuriya, 2017) and multivariate bagplots (Rousseeuw
et al., 1999). In the same vein, we can visualise multivariate distributions through one
dimensional curves based on depth values (Liu et al., 1999). Such curves describe scale,
kurtosis, skew and more. In summary, depth functions facilitate a framework for robust,
nonparametric inference in §-space. In fact, in the past decade this depth-based inference
framework has expanded to include solutions to clustering (Jornsten, 2004; Jeong et al.,
2016; Baidari and Patil, 2019), classification (Jornsten, 2004; Cuevas et al., 2007; Sguera
et al., 2014; Hubert et al., 2017), outlier detection (Hubert et al., 2015; Sguera et al.,
2016; Kuhnt and Rehage, 2016), change-point and process monitoring problems (Liu, 1995;
Chenouri et al., 2020b) and discriminant analysis (Chakraborti and Graham, 2019). We
further expand this framework in this thesis.

1.4 Contributions

Starting in Chapter 2, we develop a method for detecting multiple change-points in the
variability of a series of multivariate observations. In change-point problems, the goal is
to detect sudden changes in the underlying distribution of the data; the idea is to identify
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points in time in which the model from which the data is generated changes. This can
be a detection in real time (online change-point detection) or retrospectively (offline). In
the offline setting, there is a distinction between methods that can detect at most one
change-point, and methods that can detect multiple change-points.

Change-point detection problems originate from quality control (Page, 1954), but they
have since been developed for a multitude of applications. Some of these include climate
change (Reeves et al., 2007), health (Aston et al., 2017), speech recognition (Aminikhang-
hahi and Cook, 2017) and finance (Galeano and Wied, 2017). Despite being an old prob-
lem, there have even been some rather large innovations in the univariate setting quite
recently (Killick et al., 2012; Fryzlewicz, 2014). We have also seen developments for higher
dimensional data (Aston et al., 2017; Wang et al., 2020) including functional data (Aue
et al., 2009a; Horvath and Kokoszka, 2012; Gromenko et al., 2017; Aue et al., 2019; Li and
Ghosal, 2018; Sonmez, 2018).

Moving from univariate to multivariate data, detecting change-points becomes more
difficult. This is a result of both the ‘usual problems’, which include visualization, com-
putation and model complexity, as well as the fact that in the multivariate setting there
exists additional types of structural changes which can occur; changes in the dependence
structure of the data. In addition, we wish to consider the robustness of the procedure,
especially since the lack of visualization can make detecting outliers difficult.

In fact, robustness is often ignored in the analysis of statistical techniques, including
that of change-point estimation methods. It can be easy for a change-detection method to
fail on an outlier, since methods are designed to set off alarms when relatively large values
are observed. Despite this, many authors do not consider robustness when evaluating their
change-point methodologies. In a recent comparison of popular change-point methods van
den Burg and Williams (2020) consider fourteen methods, but only four (Knoblauch and
Damoulas, 2018; Taylor and Letham, 2018; Fearnhead and Rigaill, 2019) of the original
papers consider robustness and even less are actually robust. It is not however, that real
data do not contain outliers. For example, Figure 1.4 contains the returns of four European
stocks, originally analysed by Galeano and Wied (2017). Notice the two large outliers in
the Siemens returns.

In addition to robustness, many multivariate change-point algorithms are not concerned
with changes in the second order properties of the data. Many of the algorithms for
multivariate change-point detection in the covariance or correlation matrix are very recent,
e.g., (Aue et al., 2009b; Galeano and Wied, 2014; Wang et al., 2020). There does not exist
one procedure which robustly and nonparametrically accounts for multiple changes in the
variability of multivariate data. In Chapter 2 we present such a procedure, applying it
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Figure 1.4: Financial returns for four European stocks. Notice the outliers in the bottom
left panel.

to the data in Figure 1.4. Our method combines ideas from data depth ranks (Chenouri
et al., 2020b), the PELT and wild binary segmentation algorithms (Killick et al., 2012;
Fryzlewicz, 2014) and classical Kruskal Wallis k-sample testing (Kruskal, 1952). We are
able to match some change-points detected by Galeano and Wied (2017) for these returns,
without modelling the underlying time series.

In Chapter 3 we again use the classical Kruskal Wallis k-sample test, this time in the
context of functional data. We make use of functional data depth functions to detect dif-
ferences in the covariance kernels of k-samples. Equality of covariance kernels is analogous
to testing for a difference in variance in the univariate set up; the covariance kernel of a
continuous time stochastic process X (t) is defined as:

K(s,t) = E[X ()X (s)] = E[X()] E[X(s)].

Tests of this type have been applied to problems in engineering (Jaruskovd, 2013), DNA
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microcircles (Panaretos et al., 2010) and biology (Fremdt et al., 2013). In this thesis, we
apply our procedure to the curves in Figure 1.4, as part of applying a functional GARCH
model (Cerovecki et al., 2019). There have been a few tests of this type proposed (Panaretos
et al., 2010; Fremdt et al., 2013; Pigoli et al., 2014; Paparoditis and Sapatinas, 2016; Guo
and Zhang, 2016; Cabassi et al., 2017; Lopez-Pintado and Wrobel, 2017; Boente et al.,
2018; Guo et al., 2018; Kashlak et al., 2019), but they typically have not been evaluated
for robustness. In Chapter 3, we show that under some heavy tailed observations, many
of these tests break down.

Many of these tests also involve estimation of the covariance kernel for each group,
and/or resampling procedures which can be computationally expensive (Fremdt et al.,
2013; Cabassi et al., 2017). Additionally, some of these tests do not possess desirable
transformation invariance properties, which means they may depend on the coordinate
system (Guo and Zhang, 2016). Through the use of functional data depth functions and
ranks, we provide a robust nonparametric test that possesses desirable invariance properties
and is computationally efficient. We show with simulation that, in some scenarios, our test
is more powerful than many existing tests.

The results of the Chapters 2 and 3 can be combined to give a method for detecting
change-points in the covariance kernel of a sequence of functional observations. This is
the subject of Chapter 4. Detecting the presence and location of change-points in the
covariance operator of a sequence of observed functions has received some recent interest
in the statistics literature, see, e.g., (Aston et al., 2017; Harris et al., 2021). For example,
recently change-point methods have been developed and applied to f-MRI data where the
authors aim to detect many change-points, each occurring at the subject level within the
data (Aston et al., 2017). This data is not only very high dimensional, but it is dependent,
noisy and computationally difficult since the change-point algorithm must be run once for
each subject. In Chapter 4 we introduce three procedures to perform covariance operator
change-point detection: a hypothesis test for the presence of at most one change-point,
a hypothesis test for the presence of an “epidemic period” and an algorithm to estimate
the locations of multiple change-points when the number of change-points is not known.
We may call these methods FKWC methods, or Functional Kruskal-Wallis Covariance
operator methods. Since our methodology does not include estimation of the covariance
operator our methods are computationally cheap. For example, our procedure can identify
multiple change-points in O(nlogn) time. Our procedure is fully non-parametric and is
robust to outliers through the use of data depth ranks. We show that when n is large,
our methods have simple behaviour under the null hypothesis. We also show that the
FKWC change-point procedures are n~'/?-consistent. In addition to asymptotic results,
we provide a finite sample accuracy result for our at-most-one change-point estimator. In
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simulation, we compare our methods against several others. We also present an application
of our methods to intraday asset returns and f~-MRI scans.

In Chapter 5 we explore ways in which depth-based methods can be used to conduct
differentially private inference. Analyses that satisfy differential privacy protect study par-
ticipants from harmful adversaries who wish to learn sensitive information about them. It
has been shown in numerous papers, e.g., (Sweeney, 2007) that removing metadata from a
database does not necessarily make a dataset private. In fact, in large data sets, given little
information about the user, it is possible to identify them in the database (Narayanan and
Shmatikov, 2008; Sankararaman et al., 2009; Dwork et al., 2017). For example, Narayanan
and Shmatikov (2008) show that in the Netflix prize dataset, a dataset which contains
the movies ratings of half of a million subscribers, knowing around 8-12 ratings is enough
to identify the entire record in the database with very high certainty (>99%). They ad-
ditionally argue that such a case study is valuable, in that it may be possible to learn
sensitive information based on movie ratings. For example, a user may have rated movies
with “predominantly gay themes” highly, which obviously may be sensitive information to
some users. Further, once a released database is non-private, it is ”forever non-private”.
By this, it is meant that any new online identity can be linked back to the database, if
that new identity reveals information about their movie preferences. As a result of this
work, and many related works, differential privacy was developed (Dwork et al., 2006).

Differential privacy gives the database participant the guarantee that an adversary
cannot (virtually) determine whether or not they were part of the database, even if the
adversary is given auxiliary information. Such a guarantee implies that there is no privacy
cost (aside from leaks by say, the data curators) to participating in the database. Some
other privacy definitions have been presented, however differential privacy has several ad-
vantages that have lead to its recent extensive study. First, it is resistant to many types of
database attacks. Determining, or attempting to determine whether or not an individual
is in a database is called a tracing attack. As a result of being resistant to tracing attacks,
differentially private databases and analyses are also resistant to ‘larger’ privacy breaches,
such as database reconstruction attacks (Dwork et al., 2017). Secondly, the definition of
differential privacy is very general; it does not make rigid assumptions about what infor-
mation the attacker has. The attacker can have as much information about the individual
as possible; for example they may know the values of all but one of the attributes included
in the dataset about the individual they are trying to trace.

To be precise, the meaning of “a study is differentially private” is that any statistic
or sanitized database made public satisfies the mathematical definition of differential pri-
vacy, which we defer until Chapter 5. A non-private statistic or database is privatized
through differentially private mechanisms, which are stochastic algorithms used to com-
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pute statistics or sanitized databases. A major goal when developing both private inference
procedures and private database release schemes, is to estimate and limit the information
or utility loss endured as a result of privatization.

In this interest, one area of statistics that has been shown to be amenable to priva-
tization is robust statistics. In robust statistics, the goal is to limit the influence of a
small group of observations, deemed outliers. In the private setting, the goal is to limit
the influence of any single observation, rather than that of a small group. Clearly, these
two goals are closely related. The relationship to robust statistics has been identified and
studied in a few recent works (Dwork and Lei, 2009; Lei, 2011; Sarwate and Chaudhuri,
2013; Hsu et al., 2014; Avella-Medina, 2019; Avella-Medina and Brunel, 2019; Brunel and
Avella-Medina, 2020). We continue this line of work by exploring to what extent data
depth functions and associated inference procedures can be privatized.

In Chapter 5 we investigate the differentially private estimation of depth functions and
their associated medians. We then present a private method for estimating depth-based
medians, which is based on the exponential mechanism (McSherry and Talwar, 2007). We
compute the sample complexity of these private medians as a function of the dimension,
prior parameters and privacy parameter. We show that, even for a decreasing privacy
parameter in the dimension, the sample complexity is polynomial in the dimension. As a
by-product of our work, we develop a smooth depth function, which we show has the same
depth-like properties as its non-smooth counterpart. Another by-product of our work is
uniform concentration inequalities for several depth functions. We also present methods
and algorithms for estimating private depth values at both in-sample and out-of-sample
points. We further extend the propose-test-release methodology of (Brunel and Avella-
Medina, 2020) to be used with depth functions and the exponential mechanism. We show
that when using propose-test-release to projection depth values, the probability of returning
a ‘null value’ is small, and the private depth values concentrate around their population
counterparts. We also give an algorithm to approximate the “test” step in propose-test-
release, since it is computationally difficult. We show that this approximation maintains
the small probability of returning a ‘null value’” mentioned above.

In the last chapter, we present some directions for future research. Recently, depth
functions have been introduced on Riemennian manifolds (Fraiman et al., 2019; Harris
et al., 2020). These depth functions allow for, among other things, the use of depth-based
inference on shape spaces. There are also depth methods described for general Banach
spaces (Cuevas and Fraiman, 2009; Chakraborty and Chaudhuri, 2014), networks Small
(1997) and Hermitian positive definite matrices (Chau et al., 2019). We have yet to see
serious study of inference procedures based on such concepts, and we hope to develop some
of these in the future.
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Chapter 2

Kruskal-Wallis type statistics for
multivariate change-point problems

2.1 Introduction

The manufacturing industry motivated the development of change-point methods, that is,
methods for detecting and dating distributional changes in a sequence of observations
(Page, 1954). Change-point methods have since been applied to a much wider vari-
ety of research areas including climate change (Reeves et al., 2007), speech recognition
(Aminikhanghahi and Cook, 2017) and finance (Wied et al., 2012), among others. With
respect to a sequence of observations, the terms ‘structural break’ and ‘change-point’ refer
to time points in the sequence during which there is a sudden change in the distribution
from which the data is being generated. Change-point detection can be separated into two
settings: ‘online’ and ‘offline’. In the online setting, the data are being received by the
analyst one datum at a time, and the goal is to detect a change as soon as possible, without
too many false alarms. In the offline setting, the analyst has access to the entirety (or at
least enough) of the data set, and the goal is to identify if and when changes occurred over
the course of observation. In this thesis, we focus on the offline setting, for a summary of
nonparametric methods in the online setting see (Chakraborti and Graham, 2019).

There are different variants of the offline change-point problem. Instead of identifying
general changes in distribution, one might only be interested in identifying changes in the
mean of the sequence (Chenouri et al., 2020a; Fryzlewicz, 2014), changes in the correlations
of the sequence (Galeano and Wied, 2014) or changes in the covariance matrix of the
sequence (Chenouri et al., 2020b; Wang et al., 2021). One may also be interested in
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another type of distributional change entirely. In this chapter, we aim to detect changes
in the variability of a sequence of multivariate observations.

To elaborate, suppose that the analyst suspects that there may exist time point(s) at
which there are increases or decreases in the variance of one or more variates, or that
there may exist time point(s) at which there is a change in the strength of the relationship
between at least two variates. One can think of an analyst looking for changes in the
variability and /or correlation strength of several financial asset returns. We call this type of
change-point a multivariate variability change-point. For example, changes in a commonly
used norm of the covariance matrix would be considered a change in variability. Another
way to interpret changes in variability is through how the data cloud is affected; changes
in variability produce changes in the magnitude and/or shape of the data cloud, rather
than say, rotations or translations of the data cloud. A change in variability is the result
of expansions and/or contractions of one ore more parameters of the covariance matrix.
Note that this type of change-point differs from a change in the covariance matrix; it
doesn’t include cases where the covariance matrix is multiplied by an orthonormal matrix.
For example, it does not include the situation where the correlation between two variates
switches signs.

In order to detect changes in the variability of the data, we first compute the depth
value of each of the datum in the sequence. This transforms the sequence of multivariate
observations into a univariate sequence of depth values. We then compute the linear ranks
of the depth values to form a sequence of ranks. We then try to detect multiple changes
in the mean of this univariate sequence of ranks. We introduce two methods to complete
this procedure, the first of which is a wild binary segmentation type algorithm based on
rank CUSUM statistics (Fryzlewicz, 2014; Chenouri et al., 2020b). The second method
is based on finding the set of change-points which maximize a penalized version of the
classical Kruskal-Wallis test statistic used in nonparametric ANOVA (Kruskal, 1952). The
implementation of this second method is based on the “pruned exact linear time” algorithm
(Killick et al., 2012). To see the benefits of our proposed methods, we must first review
existing methods.

There is a vast literature relating to the change-point problem, going back almost a
century (Shewhart, 1931; Page, 1954). The literature includes a variety of approaches
for both univariate, multivariate, single and multiple change-point detection methods (see
the following review papers Reeves et al., 2007; Aue and Horvath, 2013; Aminikhanghahi
and Cook, 2017, and the references therein). Much of the literature, especially in the
multivariate setting, has focused on the detection of shifts in the mean of the process, e.g.,
(Truong et al., 2020).
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Considerably less attention has been given to shifts in the second order behaviour of
a sequence of observations. When second order change-points in the multivariate setting
have been studied, the bulk of the literature has been concerned with detecting changes in
the correlation structure. Galeano and Pena (2007) proposed a parametric framework for
detecting changes in the correlation and variance structure of a multivariate time series,
using both a likelihood ratio and a CUSUM statistic approach. Wied et al. (2012) proposed
a nonparametric approach based on cumulative sums of sample correlation coefficients to
detect a single change-point in the correlation structure of bivariate observations. This
was later extended to multiple change-points (Galeano and Wied, 2014) and further to the
multivariate setting (Galeano and Wied, 2017). Posch et al. (2019) has further extended
the methods of Galeano and Wied (2017) to the high-dimensional setting by first apply-
ing dimension reduction techniques. One draw-back to the methods of Galeano and Wied
(2014) is that they assume constant variances and expectations over time. Rather recently,
a few alternative methods have been proposed, which include methods related to eigenval-
ues (Bhattacharyya and Kasa, 2018), residuals (Duan and Wied, 2018), semi-parametric
CUSUM statistics (Zhao, 2017) and kernel methods (Cabrieto et al., 2018).

Literature related to estimating a change-point in the covariance matrix is quite recent,
and relatively sparse. Aue et al. (2009b) take a CUSUM statistic approach similar to that of
Galeano and Wied (2014). Kao et al. (2018) suggested a CUSUM statistic procedure based
on eigenvalues. Chenouri et al. (2020b) considered a CUSUM based on ranks generated by
data depth functions for detecting a single change-point. The high-dimensional setting has
been tackled by Dette et al. (2018) and Wang et al. (2021). Dette et al. (2018) considers
a two-step procedure based on dimension reduction techniques and a CUSUM statistic.
Wang et al. (2021) is the only paper, to the best of our knowledge, seeking to identify mul-
tiple change-points, rather than a single change-point. They compare binary segmentation
procedures (Venkatraman, E., 1992) and wild binary segmentation procedures (Fryzlewicz,
2014) based on a CUSUM statistic, under the assumption of sub-gaussian observations.

Fryzlewicz (2014) developed wild binary segmentation as an improvement on the well-
known univariate multiple change-point algorithm binary segmentation (Venkatraman, E.,
1992). Binary segmentation has been used to extend single change-point algorithms to mul-
tiple change-point algorithms in many settings (such as Aue and Horvath, 2013; Galeano
and Wied, 2014, 2017; Duan and Wied, 2018; Wang et al., 2021; Chenouri et al., 2020a).
The extension and study of wild binary segmentation in the multivariate setting, with
respect to changes in the covariance structure of a time series has only been done by Wang
et al. (2021).

In addition to methods where the change-point type is specified, there exists several
nonparametric algorithms designed to detect general changes in the distribution of the ob-
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servations. Matteson and James (2014) studied the e-divisive algorithm, which can detect
the location and number of change-points in the distribution of a sequence of multivariate
observations. Their method is based on distances between characteristic functions and
a hierarchical clustering inspired iteration. Their methods are extended in Zhang et al.
(2017), where a pruning component is added to an existing, dynamic programming-based
change-point algorithm. These authors apply this pruning method to the e-divisive algo-
rithm and the kernel change-point methods of Arlot et al. (2012). This group of methods
are implemented in the ecp R package (James and Matteson, 2015). At first the rank-
based multiple change-point method of Lung-Yut-Fong et al. (2011) may seem similar to
our methods, but their procedure requires the number of change-points to be known. Fur-
ther, their methods are based on component-wise ranks, which have several known issues,
such as a lack of transformation invariance (Bickel, 1965).

The change-point literature lacks methods for specifically detecting multiple changes in
the variability of multivariate data. Many of the papers discussed focus on the at most one
change problem, or are not designed to detect changes in variability, or even changes in the
covariance matrix of the data. The only directly comparable paper is that of Wang et al.
(2021). Even this method is designed for the high dimensional setting; in our simulation
study, when the dimension is low to moderate, our method outperforms this method. The
other comparable methods would be those that detect multiple, general changes in the
distribution of the data, such as those of Zhang et al. (2017). We demonstrate that our
method is able to outperform these general methods in simulation, when the change-points
are all variability change-points. This is not surprising; our method sacrifices generality
for accuracy.

In addition, the aforementioned change-point methods do not consider robustness to
outlying observations. For example, many of the existing methods assume that the data
are sub-gaussian (Dette et al., 2018; Wang et al., 2021). Furthermore, existing papers
often present no simulation results concerning a method’s performance under heavy tailed
data. For example, we show in simulation that the methods of Matteson and James (2014);
Wang et al. (2021) do not perform well when the data are heavy tailed. By contrast, our
theoretical and simulation results show that our method works well in scenarios where the
data are heavy tailed.

The rest of the chapter is organized as follows, Section 2.2 introduces the data model.
Section 2.3 outlines the proposed change-point detection procedures. Section 2.4 presents
consistency results (with rates) for both of our presented methods. Section 2.5 presents
simulation results, including a discussion of the tuning parameters. We test the proposed
change-point methods in a variety of scenarios and compare the methods to one another
as well as to the methods of Matteson and James (2014); Zhang et al. (2017); Wang et al.
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(2021). In Section 2.6 we analyze four European daily stock returns. This is the same data
set analyzed by Galeano and Wied (2017) and we compare our results to theirs.

2.2 The data model, variability changes and their re-
lation to depth ranks

We now describe the change-point model that we will focus on. Suppose that X;,..., X,
is a sequence of zero mean, independent random variables such that Xy,  1,..., X}, have
law Fj, with, kg =0 < ky < -+ < ky < kgy1 = n for some fixed, unknown £. Suppose that
k; = [nb;] for all : € {0,1,...,0+1}. Let ¥; =0, — Z;;ﬁ 6; be the approximate fraction
of the observations coming from F; and define

F, =0 F +0F, +093F5+---+9,F, + 79£+1F£+1-

The aim is to estimate ¢ and each k;; the correct number of change-points along with their
location, given only the sample. We further suppose that for any ¢« = 1,...,¢, F; differs
from Fj;,; only in variability. That is, if we let ¥; be the covariance matrix corresponding
to Fj, recall that we can write ¥; = R;S;S;R; , where R; is an orthonormal matrix and S;
is a scale matrix. If S; # S;11, then there is a difference in variability between F; and Fj ;.

We will use depth based ranks to assess the change in variability. The relationship
between variability and combined sample depth values has already been explored by several
other authors, e.g., (Li and Liu, 2004) and we give a more mathematical discussion in
Chapter 3. For now, we give an intuitive explanation. The reader may also view a short
simulation study of the distribution of the depth ranks under different covariance changes
in Appendix A.2.

The fact that changes in the variability of the data produce a change in the mean of
the data depth values is guaranteed from the construction of depth functions, specifically
the maximality at center property combined with the quasi-concavity property. Since
we assume that the pre-change and post-change data have the same location, we can
also assume that the combined sample depth function will be maximized roughly at that
location. Additionally, recall that a change in variability is a change in the magnitude
and/or shape of the post-change data cloud. The change in the magnitude and/or shape
of the data cloud will result in the post-change data being, on average, a different distance
from the centre. Due to the quasi-concavity property, this change in distance will result in
the post-change data having higher/lower combined sample depth values, on average.
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(a) (b) ()

Figure 2.1: Two samples of 1000 points with different covariance matrices. The differences
can be characterised as (a) an expansion difference (b) a sub-matrix expansion difference
(c) a sign change. Notice the magnitude or shape of the data cloud changes in panes (a)
and (b), but not in pane (c).

For example, panel (a) of Figure 2.1 shows two bivariate normal samples overlaid. The
blue sample has an expanded covariance matrix relative to the black sample. Notice that
both data clouds have the same shape, but the magnitude differs between them. It is
easily seen that the black points are more central, relative to the shared center of the
samples. Therefore, when we compute the depth values with respect to the combined
sample, the black points will have, on average, higher depth values. Panel (b) shows again
two bivariate normal samples overlaid, but this time the expansion is only in one parameter
of the covariance matrix. In this case, the shapes of the two data clouds differ, which results
in the black points being more central. This results in the black points having generally
higher depth values in the combined sample. Panel (c¢) of Figure 2.1 shows again two
bivariate normal samples overlaid, except only the sign of the correlation between the two
variates differs between the two samples. Notice that the data cloud does not change in
size or shape, it is simply rotated. The combined sample depth values will not change in
this case, since one sample is not more central relative to the other.

It is entirely possible that changes in the direction of outlyingness, e.g., a sign change
in correlation, are outside of the scope of interesting, or plausible changes in a particular
dataset. For example, the hypothesis that the spread of the data is increasing or decreasing
in a particular direction is considerably different from the hypothesis that the relationship
between two or more variates has reversed. If there is reason to believe that the only plau-
sible changes in the data process are variability changes, rather than say, general changes,
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or even general covariance changes, it is beneficial to use the depth-based procedure. This
is reflected in our simulation study where we compare our method to some change-point
methods which make less assumptions about the type of change in the data (see Section
2.5). This is intuitive; including more information about the data into the assumptions of
the procedure should improve the results of the procedure. The downside of course would
be missing other types of changes if they are not suspected to be present.

2.3 Proposed change-point algorithms

In this section we describe two multiple change-point algorithms that can be used to detect
changes in the variability of multivariate data. The first algorithm, takes a local approach,
in the sense that the idea is to look at small sections of the data and treat the problem as
a single change problem within each small section. The second algorithm takes a global
approach, such that all of the change-points are simultaneously estimated. We will compare
the methods in the subsequent sections.

2.3.1 WRBS and a depth rank CUSUM statistic

Wild binary segmentation, introduced by Fryzlewicz (2014) was originally developed for
detecting multiple change-points in the mean of univariate data. Seeing as the problem here
is essentially to detect changes in the mean of the depth-based ranks, it seems natural to
use a similar approach. In fact, Chenouri et al. (2020a) combined wild binary segmentation
with univariate rank statistics with quite favourable results. In the ‘at most one change’
setting Chenouri et al. (2020b) proposed using the following rank CUSUM statistic

" R; — 1) /2
Zin(min) = 2 m

to detect scale changes in a sequence of multivariate data. Recall from Chapter 1 that
R; are the depth-based ranks, see (1.6). Our first algorithm pairs this CUSUM statistic
with wild binary segmentation. Let [k] = {1,...,k} for any integer k and let e, s € [n]
and s < e. We define the following rank CUSUM statistic for the set {X,,..., X} of size
Nge=¢€—5+1

/\

Zsemnse = . 256_ nse"‘].)/Q7
)= =3 o
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where Ei,s,e are the linear ranks resulting from ranking the depth values of the observations
in the subsample { X, ..., X, }, with respect to only the observations in { Xy, ..., X.}. More
precisely, the depth values are taken with respect to the empirical distribution generated
by {Xs, ..., Xc}. These ranks range from 1,...,ng,.

Following the lines of Fryzlewicz (2014) we can now outline our algorithm as follows.
First choose many, say J, uniformly random intervals and let

INT = {(sj,e;): j€[J], 5 —s; > Zn, s, e; € [n]}

be the set of those intervals whose length is at least An. Note that A is an algorithm
parameter. After choosing the intervals, the algorithm runs recursively. In one recursive
iteration, the algorithm starts with a supplied interval (s, e) and the aim is to detect the
prominent change-point in this interval, if one exists. First, INT;. C INT is computed;
INT; . is the set of intervals (sj,ej) such that e; < e and s; > s. This is the set of sub-
intervals whose end-points are in (s,e). Then for each sub-interval (s;,e;) € INT, ., the
maximal CUSUM statistic is computed:

sup |Zs]-,ej (m/ns,e) |
s;<m<e;
This produces | INT, . | change-point estimates paired with their respective CUSUM statis-
tics, where |A| denotes the cardinality of a set A. The change-point estimate which pro-
duces the maximal CUSUM statistic out of all the computed CUSUM statistics is then
selected as the candidate change-point
m—s;+1

* _ - 1
‘Zsj*,e_* (wﬂ ST, (2.1)

J
Nse

(75, m")se = argmax
(j;m): (sj,e;)€EINT; e, me{s;,....e;—1}

If it holds that

for some threshold T, then the algorithm adds the index m* to the list of change-points.
Additionally, if (2.1) holds then the algorithm calls itself twice, once with the new supplied
interval being (s,m*) and once with the new interval being (m* + 1,¢e). If (2.1) does not
hold then the algorithm stops and returns the set of current change-points. Pseudo-code
for this algorithm is summarized in Algorithm 1.
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Algorithm 1 Rank-Based Wild Binary Segmentation

procedure WBS_RANK(e, s,T,INT)
if e — s <1 then
STOP
else
INT, . == intervals (s;, e;) € INT such that (s;, e;) C (s,e)
Zeye, (#525°)
with B = {(j, m) (sj,e;) € INT, ., m € {s;,

(j*,m*) == argmaxg ,

if | Z,,.,. (“52)| > T then
Append m* to the list of change-points k
WBS_Rank(s,m*, T,INT)
WBS_Rank(m* + 1,e, T,INT)
else
STOP
end if
end if
return k

end procedure

c.,e;—1}}
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2.3.2 KW-PELT: A Kruskal-Wallis change-point algorithm

As mentioned above, Algorithm 1 takes a local approach to the problem, utilising only
sections of the data to estimate each change-point. Additionally, there is the issue of
subjectivity with regard to choosing the number of intervals. As an alternative, we can
instead maximize a single objective function based on the whole data set. Recall from
Section 2.2 that a mean change in the depth values is implied by a change in variability of
the original data. Recall that the Kruskal-Wallis test statistic is used to check for median
differences among multiple groups of univariate data. In other words, if there is a median
difference among the groups then it is expected that the Kruskal Wallis statistic will attain
a large value. It is very natural to then base the objective function on the Kruskal-Wallis
ANOVA test statistic. To this end, we propose using the following as an estimator of the
change-points

{41 —2

> (ki — ki) R, = 3(n+1) = Bu(C+ 1), (2.2)

i=1

-~ 12
k = argmax —
ko=0<k1< - <kg<n=koy1 n(n + 1)

where 3, is a parameter for which higher values correspond to higher penalization on the

number of estimated change-points and EZ is the mean of the sample depth ranks in group
1, Viz.

One can recall that ﬁj are defined in (1.6), or, also in relation to the wild binary segmen-
tation algorithm ﬁj = }?ij,lyn. Note that the penalization is necessary to avoid overfitting;
without it the solution to this maximization problem is simply choosing every point as a
change-point. It is apparent that (2.2) is a difficult maximization problem in the sense that
the number of possible solutions is 2". However, we can circumvent this issue by applying
the pruned exact linear time algorithm (Killick et al., 2012). Indeed, rewrite the objective
function, in (2.2), by which we denote G(n), as

/+1
G(n) = Z —C(ki,1 +1: ]fl> — ﬁnz

i=1
where )
2e—3s)| 1 <=5 n+l
l:e)=— R, — . 2.3
cls+1:e) n(n+1) e—siz 2 (2:3)



Letting kg = 0 and ks, = e, we can write the maximization problem in (2.2) as
041

2
max G(e) = mi LZ—(ki—ki_l)(ﬁi—néH) + Ba(0+1)

n
O<ki < <ko<e 0<ki<-<ke<e n(n + 1) 4 -
1=

¢
= min { min Z(c(k;i,l +1:k)+Pn)+e(s+1:e)+ ﬁn}

s ko<k1<---<ke<s

=1

= m;n{—G(s) +e(s+1:e)+Bu}.

It is straightforward to show that (2.2) satisfies the assumption in (Killick et al., 2012)
required for PELT to be applicable: We need to show for 0 < s < e < ¢’ < n that there
exists a constant C”

c(s+1l:e)+cle+1:e)+C"<c(s+1:€).

Letting p, = (n + 1)/2, observe that this condition is equivalent to
2

+C" >

, 2
e
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Let p € (0,1) and a,b,c € R. The above expression can be written in the form

pla—cf+ (1 =p)b—c)*+C" > (pa+ (1-p)b—c)?
= pa® + (1 — p)b®> + C” > (pa + (1 — p)b)?
— p(1 —p)a® + ((1 —p) — (1 = p)*)b* — 2pa(1 — p)b+ C" > 0.

We can view the expression
p(1 = p)a* +((1 = p) — (1 = p)*)0* — 2pa(1l — p)b
as a quadratic form in a. The discriminant of this quadratic form is
(2p(1 = p)b)* — 4p(1 — p)(p(1 — p))b* =0

which means that the quadratic form has one root. Additionally, the quadratic form opens
upward since p(1 — p) > 0, implying that this function is positive for all a,b. Therefore,
the condition

c(s+1l:e)+cle+1:e)+C"<c(s+1:€)
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is satisfied. Algorithm 2 outlines this procedure, which we call KW-PELT, in pseudo-code.

Algorithm 2 KW-PELT

procedure KW_PELT(R, 6,&)
n = length(R)

K(0) = NULL
No = {0}
G(0) = -5

for kel,...,ndo

G(k) = mingepn, {G(s) +c((s +1) : k) + 8}

K1 = argmin, g {G(R) + (s + 1) : k) + B)

k(k) = (k(k'), k')

N1 ={kYU{s e Ni: G(s) +c((s+1) : k) < G(k)}
end for
return k(n)\{0}

end procedure

We end this section with a remark about computation time. Computationally, the lim-
iting factor for both procedures will (in general) be the computation time for the sample
depths. Consequentially, we expect Algorithm 2 to be faster, due to the fact that sample
depth functions need only be calculated once rather than once for every sampled interval.
If f(n;d) is the time it takes to compute the sample depths, then Algorithm 1 would take
O(Jnlogn + Jf(n;d)) time as opposed to O(nlogn + f(n;d)) time for Algorithm 2. It
is worth noting that Algorithm 2 was implemented partially in C++ whereas Algorithm 1
was implemented completely in R (except for possibly the depth computations, for which
existing packages were used) so the empirical times in simulation are not directly compa-
rable. This being said, both algorithms ran within minutes on a desktop computer when
applied to the data set analyzed in Section 2.6.

2.4 Consistency of the algorithms

In this section we provide consistency results for both algorithms under some assumptions.
For j € [0 +1], let Y; ~ F}, let H;j(z) = Pr(D(Y}; Fy) < z), let p;; = Pr(D(Y;; Fy) >
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D(Y;; Fy)) for i, j € [¢] and let F,,, denote the empirical distribution invoked by the com-
bined sample X7, ..., X,,. The following assumptions are used in the consistency theorems
that follow.

Assumption 1. H,(x) are Lipschitz continuous with constant C, that is
|Hj(x) = H;(y)| < Claz —yl,

for x,y € R%
Assumption 2. [t holds that
E |sup [D(z; F.,,) — D(a; F\)|| = O(n™"/?).
zeR4

Assumption 3. The number of change-points ¢ and their locations |nb;| = k; are fized
forallie{l,... (}.

Assumption 4. There exists po > 0 such that for all i € [{], it holds that
11/2 = piit1] > po.
Assumption 5. The threshold T is such that T = o(y/n) and T — oo as n — oo.

Assumption 6. There exists py > 0 such that for any j € [( + 1] it holds that
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= Po-

Assumptions 1 and 2 are satisfied by most depth functions under absolutely continuous
F'| including those defined in Section 1.1 (see Liu et al., 1999, and the references therein).
Assumption 3 says that the number of change-points is fixed, and their positions are fixed
in n. This assumption is restrictive, but we hope to relax it in the future. Assumptions 4
and 6 are concerned with the type of changes that can be detected. In the setting of rank
statistics the size of each the change-point is measured by |p;;+1 — 1/2|. Assumption 4
says that the size of the change must be greater than some quantity fixed in n. Similarly,
Assumption 6 assumes that for each segment j, the weighted average change-size between
segment 7 and another segment is non-zero and fixed.

For example, suppose there is a single change-point and that X7, ..., Xj, ~ Ny(0, ) and
that Xy, 11,..., X, 4 vaX; with a > 1. Clearly, if X ~ F, then we have that Ep, [X] =0
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and X, = (V1 +a(1 —9,))I = 02I. Here, %, is the covariance matrix corresponding to the
distribution F,. It follows that

1 a
|X1 —Ep, [X]llgor ~ x5 and [ X, —Eg [X][lgr ~ 5x5

2
Y Y

Now, for any z € R* we have that
Ee (02z) > Fe (02z/a),

where F,2 represents the cumulative distribution function of a X% random variable. It
follows immediately that p1o =1 — po1 # 5. Additionally, if Y ~ x3/0?, then

Borg [P (02Y/a)| < Boag | (027) ] = %;

both Assumption 4 and Assumption 6 are satisfied. Clearly, neither Assumption 4 or
Assumption 6 hold if a = 1.
Theorem 1. Suppose that A < min;ee1) |0; — 0i—1|.  Let the estimated change-points

%1 < %2 <-ee < %Z be as in Algorithm 1. Suppose that Assumptions 1-5 hold, and that the
number of intervals J, — oo as n — oco. Then, there exists a universal constant C > 0
such that the following holds

Pr ({Z: é} N {maX |/k?l — k| < Cn'/? logn}) — 1 as n — oo.
i€[f]

Theorem 1 states that for large n, it is highly probable that the change-point estimates
produced by Algorithm 1 will be close to the location of the true change-points and that
the number of these estimates is equal to the true number of change-points. The next
theorem gives a similar, but weaker result for Algorithm 2 under a wide range of penalty
terms.

Theorem 2. For (3, as in (2.2), assume that 5, — oo as n — oo and that 3, = o(n). Let
r be a constant such that 1/2 < r < 1. Provided Assumptions 1-3 hold and Assumption 6

holds, for k and { as in Algorithm 2, there exists a constant C' > 0 such that

Pr ({Z: 6} N {max ki — ki < C’nr}) — 1 asn — oo.
1€[¢]

The rate given in Theorem 1 is better than that of Theorem 2. In addition, Assumption
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3 is restrictive and could be relaxed in the future, to account for an increasing number of
change-points and varying locations of the change-points. Additionally, 4 and 6 could ac-
count for py — 0, analogous to that of Fryzlewicz (2014). We have kept simple assumptions
to lay the theoretical groundwork and will improve the results in the future by adjusting
the current proofs. Once we relax the assumptions, we can compare our results to the
optimal rates of convergence given by Hernan Madrid Padilla et al. (2019).

2.5 Simulation study

In this section we use a simulation study to compare our methodology to existing proce-
dures as well as to investigate different choices of the algorithm parameters: the penalty
B, and the threshold T'. Specifically, we compare our method to the Binary Segmentation
in Operator Norm (BSOP) algorithm and the Wild Binary Segmentation through Inde-
pendent Projection (WBSIP) algorithm developed by Wang et al. (2021), as well as to the
methods in the R package ecp (James and Matteson, 2015). It should be noted that the
aim of Wang et al. (2021) was to detect change-points in the high dimensional setting, and
not necessarily in low or moderate dimensions. The WBSIP algorithm performed much
better than the BSOP algorithm, and so we only present the results of the WBSIP algo-
rithm. As mentioned above, we also compare to the nonparametric change-point methods
in the ecp R package (James and Matteson, 2015). These methods are designed to detect
general types of change-points; time points where there was a change in distribution. We
compared our methods with the e.divisive, e.cp3o_delta and e.kcp3o methods. The
other methods in the package were either too slow to run with our simulation set-up or
performed much worse than the chosen methods. The best of these three methods in our
simulation set-up was by far the e.divisive method, and so we do not present the results
of the other two methods.

The threshold parameter for the WBSIP algorithm was chosen to be 561, which was
based on visually assessing the error ¢ — ¢ so that the median was zero in most of the
scenarios. We also tried choosing the threshold in order to minimize the empirical mean
squared error of the estimate ¢ (which would not be known in practice) and the results
were similar. For Algorithm 1 and the WBSIP algorithm we used 100|logn| intervals.

The simulation study is limited to evenly spaced change-points, from distributions with
independent marginals. Note that the transformation invariance properties possessed by
the depth functions imply the results from similarity transformations of the data would
be the same. This transformation invariance implies that the study also covers some cases
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where the marginal distributions of the data are not independent. We set the mean of all
distributions to be 0.

The simulation study consisted of several scenarios. The first scenario is a set of ex-
pansions and contractions controlled by the parameter o. We let ¥; = U?Id for each Fj,
J € [0+ 1]. We set

ol =1, 03=25 05=4, 01 =225 02=5, 0 =1,
e.g., for 2 change-points, 0 would vary as follows 1 — 2.5 — 4. The second scenario is
another set of expansions and contractions, of which the results were so similar that we do
not present them here.

We simulated data from three different distribution types, normal, Cauchy and skewed
normal with skewness parameter v = 0.1/d. We ran the simulation for values of d =2, 3,
5 and 10 under 2, 3 and 5 change-points. To see results on zero change-points and one
change-point (see Chenouri et al., 2020b). We used sample sizes of n =1000, n =2500, and
n =5000, running each scenario 100 times. We tested our methods with halfspace depth,
spatial depth and both kinds of Mahalanobis depth introduced in Section 1.1.

Lastly, we ran several simulations designed to assess the performance of our methods
under sparsity and/or high dimensions. In these scenarios, d was at most 500 and/or the
expansions/contractions were only applied to a submatrix of the covariance matrix.

R codes to replicate this simulation study, as well as implementations of Algorithm
1, Algorithm 2, the WBSIP algorithm and the BSOP algorithm are available (Ramsay,
2019b).

2.5.1 Choosing the algorithm parameters

In order to have consistency of the estimates produced by Algorithm 1, the threshold must
satisfy T = o(y/n). One option is to choose a fixed threshold 7%, which will produce a set of
change-point estimates and their corresponding CUSUM statistics. The final set of change-
points could then be chosen by testing each change-point for significance using a Bonferroni
correction or Benjamini-Hochberg correction (Benjamini and Hochberg, 1995) along with
the quantiles of sup |B(t)|, where B(t) is the standard Brownian bridge. This would imply
a threshold T" > T*. However, it might be that smaller sampled intervals are not large
enough for the asymptotic approximation to work well. Additionally, one has to choose the
significance level, and the threshold T™. As a result of these considerations, we suggest a
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Figure 2.2: Empirical root mean squared error of ? for different values of (' under spatial
depth for all the simulation parameter combinations, under Algorithm 2.

data driven thresholding approach, based on the generalized Schwartz Information Criteria,
as done by Fryzlewicz (2014).

Algorithm 1 produces a nested set of models, indexed by the threshold parameter. Low-
ering the threshold can only add new change-points to the model; all previously estimated
change-points remain. In other words, as the threshold decreases, new change-points are
added to the model one at a time. It is then easier to re-index the models by the number
of estimated change-points ¢. The threshold problem can then be reformulated as a model
selection problem.

Suppose we have a univariate sample 71, ..., Z, and the goal is to estimate a change-
point in the mean. For this problem, Fryzlewicz (2014) chooses the ‘best’ model by mini-
mizing the following criteria:

~ n ~
Ggt) = B log(c3) + £log™ n, (2.4)

with 6122 equal to the average within group squared deviation (a group is an estimated period

of constant mean) and 7 is the estimated number of change-points. Let Z;, for i € [n], be
the empirical, within group mean for the group that contains univariate observation Z;.
Then we can write

i=1
Here, « is a parameter such that the larger a, the larger the penalty against choosing a
model with many change-points.

The only difference for the multivariate, variability problem is that ¢ must be modified.
As mentioned previously, each of the nested models produced by Algorithm 1 will produce
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Figure 2.3: Each curve shows the empirical root mean squared error of ? for different
values of a under Algorithm 1 paired with Mahalanobis depth, for a given simulation
parameter combination, following the legend of Figure 2.2. Mahalanobis depth is used
rather than spatial depth because of computational efficiency.

a candidate set of change-points 0 = wy < w; < ... < w, < wy11 = n. We recall from
Section 2.2 that a variability change is equivalent to a change in the mean depth-based
ranks. We can treat the sample depth-based ranks produced by the depth functions as a
univariate sample and thus, for a given model, define the within group deviation as

~

We then choose the model with the smallest value of G(¢), out of all of the nested models

~

produced by Algorithm 1. We remark that the use of ranks ensures G(¢) is still robust.

In order to make a practical recommendation for the parameter o, we rely on the
simulation study. Figure 2.3 shows the empirical root mean squared error of ¢ under
Algorithm 1 for a range of a values. Each curve is for a different combination of parameters
in the first simulation scenario. The depth function used was Mahalanobis depth, which was
chosen for computational ease. Figure 2.3 shows that choosing « in the range (0.75,1.25)
works well.

For consistency of Algorithm 2 to hold, the penalty term should satisfy £, — oo and
Bn = o(n); this gives a wide range of choices for the penalty term. In practice what penalty
term should be used? The results of the simulation study suggested using a penalty term
of the form (3, = C1y/n + Cy. Figure 2.2 plots the empirical root mean squared errors of
7 under spatial depth for different values of C, and n, with C5 fixed at 3.74. Each curve
represents one combination of the parameters in the first simulation scenario described
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above. Notice that the curves are not shifting laterally as n increases, meaning that an
increase in n is sufficiently captured by the y/n term in the penalty. Additionally, Figure
2.2 also shows a flattening of the RMSE curves with increased n, which is expected from the
consistency theorem. Based on low root mean squared error in simulation, we recommend
to fix Cy = 3.74 and run Algorithm 2 for a grid of penalties defined by C; € (0.15,0.25).
One can then choose the set of change-points according to a model selection criteria or by
visual inspection. In the simulation study, we fix C; at 0.18.

It should also be noted that a non-linear penalty could be applied, as discussed in Killick
et al. (2012). Some non-linear penalties were tested in the simulation study, such as log ¢,
but the results were not as good as when using a linear penalty. Our investigation into
non-linear penalties was fairly limited, as such, more investigation into non-linear penalties
could be done in the future.

2.5.2 Analysing and comparing the algorithm performance

We only present the results of the simulation when the algorithms were paired with spatial
depth. Spatial depth was the best performing depth function when taking into account
computational speed and estimation accuracy. Halfspace depth performed similarly to
spatial depth, but computationally it was much slower. Halfspace depth is affine-invariant
whereas spatial depth is only similarity-invariant, therefore if affine invariance is desired
in the analysis the analyst should use the halfspace depth function. Modified Mahalanobis
depth and Mahalanobis depth both performed slightly worse than the other two depth
functions if the data was Gaussian, but performed considerably worse when the distribution
of the data was Cauchy, which could be attributed to the robustness considerations of
Mahalanobis depth discussed in Section 1.1.

Figure 2.4 shows boxplots of {—( under Algorithm 1, Algorithm 2, the WBSIP algorithm
and the e.divisive algorithm, for the first simulation scenario with n = 1000. Recall that
¢ — ¢ is the estimated number of change-points minus the actual number in the simulation
run. Each boxplot represents a different combination of simulation parameters, e.g., the
first boxplot represents the (empirical) distribution of £ — ¢ with simulated two-dimensional
Gaussian data that had 2 change-points. The empirical distributions are computed over
the 100 replications of each combination of simulation parameters.

Figure 2.4 shows that both Algorithm 1 and Algorithm 2 estimate the number of change-
points more accurately than the WBSIP algorithm and the e-divisive algorithm. One reason
for this is that our method is less general in terms of the types of changes it can detect
when compared to the other two algorithms; our method trades generality for accuracy.
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Figure 2.4: Boxplots of 7 — ¢ for the rank-basd algorithms (row 1) and the competing
algorithms (row 2) with a = 0.9, ¢} = 0.18 and Cy = 3.74 when n = 1000. Each boxplot
represents the values of {—(fora particular simulation parameter combination. Here, the
color of the boxplot represents the distribution. The top number on the horizontal axis
represents the number of true change-points and the bottom number on the horizontal axis
represents the dimension. The colors follow the legend of Figure 2.2.
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Figure 2.5: Boxplots of E/n — 0 for the different algorithms with a = 0.9, C; = 0.18 and
Cy = 3.74. The distribution of the data was made up of independent normal marginals
with d = 10. Each boxplot represents the ability to estimate a particular change-point
for a fixed number of true change-points. For example, the first two boxplots are the
empirical distributions of ky /n — 0; and ks /n — 6 when there were two true change-points.
The numbers on the horizontal axis represent the number of true change-points in that
simulation parameter combination. Each boxplot represents the ability to estimate a single
change-point in a run.
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Figure 2.6: Boxplots of ? — ¢ for the third simulation scenario under spatial depth,
where the colours indicate the different values of b, the size of the submatrix to which the
expansion/contraction was applied. In other words, the submatrix in which an expansion
or contraction was applied had dimension b x b. The numbers on the horizontal axis
represent the number of true change-points in the simulation.

A second reason for these results is robustness. When the data is Cauchy, neither of the
competing algorithms perform very well. Neither the WBSIP nor the e.divisive algorithm
are designed to handle outliers or heavy-tailed data. For example, when the data have
Cauchy marginals, the assumptions for consistency of the WBSIP procedure are violated.
One should also recall that WBSIP was designed for high dimensional data which is not
the main focus of this simulation study. In Figure 2.4 it is easily seen that as the dimension
increases WBSIP performs better. Speaking of dimension, both Algorithms 1 and 2 were
very insensitive to the dimension and the number of change-points.

In terms of accuracy when the change-point was detected, both algorithms performed
very well. Figures 2.5 shows boxplots of k/n — 0 for Algorithm 1, Algorithm 2, WBSIP
and the e-divisive algorithm when d was 10 and the distribution was normally distributed.
Boxplots under other simulation parameters were similar.! Generally, the estimates were
at most about 5% off of the true break fraction, with the majority of biases being in the
1% range.

This corresponds to 10 time units away when n = 1000; k was typically within 10 time

!They were of course worse when the data came from a Cauchy distribution.
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Figure 2.7: (a) Empirical root mean square error of ¢ as the dimension increases, but
the size of the change remains fixed. (b) Empirical root mean square error of % as the
dimension increases, but the size of the change remains fixed. The change-points were
estimated using the KW-PELT algorithm paired with spatial depth.

units of the true change-point k. Again our methods were insensitive to the dimension and
the number of change-points. When compared with the WBSIP algorithm and e-divisive
algorithm, we see that both Algorithm 1 and Algorithm 2 appear to estimate the location of
the change-points more accurately. We can then conclude that our algorithms outperforms
the WBSIP algorithm and e-divisive algorithm when the data only contains changes in
variability.

In a different simulation scenario, we fixed d = 5 and applied the expansions and
contractions of the first scenario to a b x b submatrix of the covariance matrix. Figure 2.6
shows boxplots of ¢ — ¢ for both algorithms, under this simulation scenario. Figure 2.6
shows the results for spatial depth, with n = 1000. The colour of the boxplot in Figure 2.6
represents b, the size of the submatrix to which the expansion/contraction was applied, i.e.,
the submatrix in which an expansion or contraction was applied had dimension b x b. The
numbers on the horizontal axis represent the number of change-points in that particular
simulation scenario. We see that as b decreases, the ability to detect the changes decreases.
This is expected, since a smaller change should be more difficult to detect. We can also see
that here, the KW-PELT algorithm performs better than the WBS algorithm. One remedy
for detecting changes in relatively low dimensions might be to subsample dimensions of
the data and run the procedure on each of the subsampled dimensions. We leave that for
future work.

Lastly, we ran simulations designed to assess the performance of our methods in high
dimensions. We use the KW-PELT algorithm with spatial depth, due to both its perfor-
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mance and the fact that spatial depth can be computed quickly in high dimensions. We
simulated normal data, with one change-point and with two change-points, at n = 1000
for d = 50 and d = 500. The KW-PELT algorithm estimated both the number of change-
points and the location of the change-points were detected with 100% accuracy. This is not
surprising since we might view an expansion of a very large matrix as a very large change
in variability. For example, the trace of the expanded matrix is increasing as the dimension
is increased, and so the signal is increasing with the dimension under an expansion-type
change. The story changes if the data is high dimensional and the data is sparse, i.e., the
change only occurs in a submatrix of the covariance matrix which has a fixed dimension.
We ran another simulation where there was a single change-point, and the change only
occurred in a 5 x 5 submatrix. Figure 2.7 shows that as we increase the dimension, the
algorithm has a more difficult time estimating the change-point accurately. This suggests
that when the data is suspected to be very sparse, we may wish to develop a depth function
that accounts for sparsity.

In summary, both algorithms performed very well relative to competitors in this simula-
tion set-up. The results also show that the rank based WBS algorithm and the KW-PELT
algorithm are very comparable. The KW-PELT algorithm is computationally faster, and
can be more accurate under sparsity. However, its tuning parameter requires some subjec-
tivity. Furthermore, both algorithms have the same theoretical rate of convergence. We
are tempted to recommended the KW-PELT algorithm with the understanding that the
performance of the algorithms is very similar. In terms of the depth functions, halfspace
depth and spatial depth performed better than the two Mahalanobis depth variants. Since
halfspace depth takes longer to compute, we would ultimately recommend using spatial
depth with either algorithm in practice.

2.6 An application to financial returns

In this section we apply the methodology to four daily stock returns. R codes for this
analysis can be found on Github at (Ramsay, 2019b). We analyze the same data set
analyzed by Galeano and Wied (2017) and compare our results to those produced by their
method. It is expected that algorithms will produce different results, due to the fact that
the aim of Galeano and Wied (2017) was to detect changes in the correlation structure
of the returns; not necessarily the covariance matrix. For example, they assume constant
variances over time. The results should be seen as complementary to those of Galeano and
Wied (2017).

It is clear that this data has some serial dependence; it does not fit the independence
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Figure 2.8: Left: Change-points estimated by Algorithms 1 and 2. ND stands for not
detected by the Algorithm. Right: Covariance matrix parameters at each interval for both
Algorithm 1 (pink dashed) and Algorithm 2 (blue solid) connected by lines to emphasize
the change in the parameter values.

assumption. That being said, we feel that the results still provide some insight into the
data. For example, the data appears to admit a weak dependence structure. As a result of
the concentration inequality for rank statistics for m-dependent data (Wang et al., 2019),
we only need Assumption 2 to hold under m-dependence in order for the consistency
properties to hold. In fact, the consistency of many depth functions is, in part, a result
of Glivenko-Cantelli type theorems. Seeing as extensions of such theorems exist for m-
dependent data (Bobkov and Gotze, 2010) it is likely possible to extend the results of
Section 2.4. The convergence of depth functions for dependent data is an interesting topic
for further research.

We applied Algorithm 1 and Algorithm 2 to the raw daily returns. We ran the WBS
algorithm with 700 intervals (100|logn]) using all depth functions with a = 0.9. When
running Algorithm 2, we used penalty constants C} = 0.24 and Cy = 3.74, these were
chosen according to the discussion in Section 2.5.1. The results did not vary at all among
the different depth functions for the Algorithm 1, and were virtually the same under
Algorithm 2, the only difference was that the modified Mahalanobis depth predicted the
December 2008 change-point on December 9th rather than on the 8.

Table 2.8 contains the estimated change-points produced by the Algorithms. Figure
2.9 plots the estimated change-points on the data from both Algorithms. Observe that
algorithms are also both unaffected by the outliers in the Siemens returns, which can
be seen to the left and right of January 2008. Some of the change-points have a clear
interpretation. For example, the first change-point (July 18, 2007) signifies the beginning
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Figure 2.9: Returns with estimated change-points from Algorithm 2 marked by solid,
blue lines and Algorithm 1 marked by dashed pink lines.

of the global financial crisis and the second (September 05, 2008) is associated with the
collapse of Lehman brothers. In the following months, measures to stem the effects of
the crisis may contribute to the next two change-points. For example, in early December
2008 the EU agreed to a 200 billion dollar stimulus package. The later change-points are
associated with the Greek government debt crisis; in July 2011, the Troika approved a
second bailout (of the Greek government).

The algorithms reproduced both change-points found by (Galeano and Wied, 2017)
(July 18, 2007 and September 05, 2008). Changes in correlation could be accompa-
nied by expansions or contractions in the covariance matrix of these returns. It is pos-
sible that these changes (correlation and covariance) are byproducts of a general in-
crease/decrease in systematic volatility. Many financial returns are generally thought to
have some systematic/market-wide dependence (Bodie et al., 2017). Figure 2.8 shows the
estimated pairwise covariances as well as the estimated variances of each stock within each
period of ‘no change’. The uniform movement of the parameters indicate contractions and
expansions, rather than some other type of change. Additionally, we note that all changes
under Algorithm 1 were significant when the Bonferoni correction was applied to the set
of test statistics at the 5% level of significance.
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Chapter 3

Kruskal-Wallis type statistics
covariance kernel testing problems

3.1 Introduction

Data such that the observations are each a smooth curve, deemed functional data, is being
increasingly observed in a variety of fields. For example, medical images (Lépez-Pintado
and Wrobel, 2017; Aston et al., 2017), intraday financial asset returns (Cerovecki et al.,
2019) and environmental “omics” data (Pina et al., 2018) can all be interpreted as func-
tional data. As such, many functional analogues of univariate and multivariate statistical
tools are needed. One such tool is the notion of common variance in the functional context;
common covariance operator or covariance kernel. In this chapter, we introduce new, non-
parametric functional k-sample tests for equality of covariance structures. We call this class
of tests the functional Kruskal-Wallis tests for covariance structure, or for short, FKWC
tests.

Before introducing the FKWC tests, we review the existing, related works. Early related
works include (James and Sood, 2006), who presented a test for a difference in the shape
of the mean function between two populations of curves and (Gabrys and Kokoszka, 2007;
Aue et al., 2009b; Horvath et al., 2010) who all consider tests related to serial dependence,
or time series characteristics.

Panaretos et al. (2010) were the first to discuss comparing the covariance structures
of two populations of functional data. They present a two sample test based on the
Hilbert-Schmidt norm for integral operators and restrict their attention to that of Gaus-
sian processes. Fremdt et al. (2013) later extended the methods of Panaretos et al. (2010)
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to compare two populations of non-Gaussian data. In a related work, Jaruskova (2013)
proposed a modification of the test of Panaretos et al. (2010), used for covariance operator
change-point detection. Zhang and Shao (2015) re-normalized the test statistic of Panare-
tos et al. (2010) to account for dependence in the data. Gaines et al. (2011) later proposed
a test for equality of two covariance operators based on univariate likelihood ratios and
Roy’s union intersection principle.

Up until this point, existing tests were based on the Hilbert-Schmidt metric. Pigoli
et al. (2014) presented a discussion of distances between covariance operators, including
criticisms of using finite dimensional distances on functional data. They argued that us-
ing a Hilbert-Schmidt metric ignores the geometry of the space of covariance kernels, and
therefore is not an appropriate distance. As a result, they introduced a two sample per-
mutation procedure, which Cabassi et al. (2017) later extended to the multi-sample case.
In the same vein of resampling, Paparoditis and Sapatinas (2016) proposed a k-sample
bootstrap test that can detect differences in the mean and/or the covariance structure
simultaneously.

Guo and Zhang (2016) further studied a multi-sample test, which was first proposed by
Zhang (2013). When the data comes from a Gaussian process, under the null hypothesis,
their test statistic is a y2-type mixture. This distribution must be approximated in prac-
tice. They also provided a random permutation method to be used in the case of small
samples and/or non-Gaussian data. Guo et al. (2018) developed a k-sample test inspired
by functional ANOVA. One feature of this test is that it does not require some form of
dimension reduction. Further, their method is scale invariant in the sense that re-scaling
the data at any time ¢ does not affect the test statistic. Similar to that of Guo and Zhang
(2016), the distribution of the test statistic under the null hypothesis must to be estimated.
The estimation of the critical value relies on parameters estimated from the data, which
may pose problems if the data are contaminated.

Boente et al. (2018) studied a new type of bootstrapping method to calibrate crit-
ical values for the covariance kernel testing problem. They focused on norms between
covariance operators and the resulting distribution under the null hypothesis is based on
eigenvalues of fourth moments, which must be estimated. They suggested bootstrapping
the eigenvalues of fourth moment operators. This can be problematic if the data is heavy
tailed or contaminated.

Kashlak et al. (2019) provided a concentration inequality based analysis of covariance
operators, which includes a k-sample test and a classifier. They used concentration results
to develop confidence sets based on p-Schatten norms. They then used ‘tuned’ confidence
sets to define rejection regions for k-sample tests. This test tends to underestimate the
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confidence level in the case where the data is heavy tailed.

Some other related works include the following: Lépez-Pintado and Wrobel (2017) used
a version of band depth defined on images to test for a difference in dispersion between two
sets of images. The measure of dispersion ignores shape or ‘wigglyness’ differences between
the two samples. Sharipov and Wendler (2019) extended the bootstrapping procedures of
Paparoditis and Sapatinas (2016) to change-point problems and dependent data. Rice
and Shum (2019) introduced a test for change-points in the cross-covariance operator of
two functional time series. Flores et al. (2018) presented a test for homogeneity of two
distributions based on depth measures. They explicitly stated that the paper was not
focused on means or covariance operators. They provided four test statistics, based on the
deepest functions or absolute values of differences in the depth distributions. Aston et al.
(2017) focused on testing for a condition called separability which is specific to hypersurface
data such as f-MRI.

FKWC tests have several advantages over these other methods. First, FKWC tests are
very robust, a feature that has not often been discussed in other works. FKWC tests are
based on rank statistics, generated via functional data depth measures. Functional data
depth measures are, among other things, used for outlier detection and trimmed means;
data depth measures are designed to produce robust inference procedures. A test statistic
based on ranks of data depth measures would thus, inherent the robustness properties of
both the depth measure and of rank statistics in general. We demonstrate this robustness
via simulation in Section 3.4.

Aside from being robust, many functional data depth measures are invariant under
certain transformations of the data (Gijbels and Nagy, 2017). If the functional observations
are all scaled by an arbitrary function, we would like the test statistic to remain unchanged.
Guo et al. (2018) points out that many existing tests for equality of covariance structures
are not invariant under this type of transformation, e.g., those of (Panaretos et al., 2010;
Guo and Zhang, 2016). On the contrary, many data depth measures remain unchanged if
the data are scaled by an arbitrary function. Such invariance properties are then inherited
by the FKWC test statistic, provided derivatives are not included in the calculation of the
depth, see Section 1.2. If derivatives are included, the FKWC test satisfies a weaker form
of transformation invariance.

Furthermore, using data depth measures allows us to leverage existing consistency
results (Nagy and Ferraty, 2019) and provide asymptotic analysis of the FKWC tests
under both the null and alternative hypotheses. We show that under the null hypothesis
the test statistic is a chi-squared random variable. This is a particularly nice feature,
as it circumvents the need to estimate the distribution of the test statistic under the
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null hypothesis using the data, which many other tests require, e.g., (Pigoli et al., 2014;
Paparoditis and Sapatinas, 2016; Cabassi et al., 2017; Guo et al., 2018; Boente et al., 2018;
Kashlak et al., 2019). To elaborate, for many of the existing methods, under the null
hypothesis, the theoretical distribution of the test statistic contains unknown parameters
that must be estimated from the data. If this is not the case, then most existing methods
require data-driven bootstrap or permutation methods. Using the data to estimate the
distribution of the test statistic under the null hypothesis can be complicated when the
data are contaminated. This can also be computationally expensive if resampling methods
are used.

Not only is there no need to use the data to estimate the distribution of the FKWC test
statistic under the null hypothesis, there is also no need to estimate the sample covariance
operators in the computation of the FKWC test statistic. This fact implies that one
does not need to reduce the dimension of the data via truncated basis expansions of the
covariance kernels, as is needed by the methods of (Fremdt et al., 2013; Pigoli et al., 2014;
Paparoditis and Sapatinas, 2016; Boente et al., 2018). An additional byproduct of avoiding
estimation of the covariance operators is that we do not require finite fourth moments or
any fourth moment related assumptions for our theoretical analysis. Such assumptions are
required for many other tests, for example, (Panaretos et al., 2010; Gaines et al., 2011,
Fremdt et al., 2013; Paparoditis and Sapatinas, 2016; Guo et al., 2018; Boente et al., 2018)
all require some type of fourth moment assumption on the data.

In terms of the alternative hypothesis, we show that under some mild conditions, the
FKWC tests are consistent under a wide class of alternatives. We also provide a method
for estimating the power and sample size under general alternatives. Some recent works
have explored various local alternatives for this testing problem (Gaines et al., 2011; Guo
and Zhang, 2016; Guo et al., 2018; Boente et al., 2018). We also provide a class of local
alternatives under which a particular FKWC test is consistent. This FKWC test is based
on a new depth measure L?-root depth, for which we prove several elementary properties.
This depth measure has a particular interpretation in this testing problem, which provides
the basis for its development.

The rest of the chapter is organised as follows. Section 3.2 covers the methodology of
the hypothesis tests, including the data model and the intuition behind the test statistic.
Section 3.3 presents asymptotic results on the behaviour of the test statistic under both
the null and alternative hypotheses. Section 3.4 presents a simulation study, in which we
compare the FKWC tests to some competing tests, including those of (Guo et al., 2018;
Boente et al., 2018). The last section, Section 3.5 shows an application of the FKWC
test to two data sets. We first compare several samples of intraday financial asset return
curves. Here, we test to see if the residuals of a functional GARCH model have similar

93



covariance structure. We next analyse speech recognition data, where the observations
are log periodograms of five groups of recorded syllables. We perform FKWC multiple
comparisons on these data to determine which pairs of syllables are similar in terms of
covariance structure.

3.2 Model and test statistic

Suppose that we have observed J independent, random samples and that for each sample
jeA{l,...,J} we have Xj1,... , Xjn; functional observations. The combined sample size

is then n = ijl nj, where we assume that n;/n — v, as n — oco. We define ‘functional’
observations by the following assumptions: First, we assume that each Xj; is a mean
square continuous stochastic process, meaning for each ¢t € [0,1], Xj;(¢) is measurable
with respect to some probability space (2,7, P) and that lim, ., E [| X (¢) — X (s)|*] = 0.
Secondly, for each w € €, Xj;(-,w) is a continuous function. We use § to denote the
space of such processes. These assumptions imply that X;(¢,w) is jointly measurable with
respect to the product o-field Z x o7, where % denotes the Borel sets of [0, 1]. This joint
measurability implies that each Xj; can be interpreted as a random element which lies in
22([0,1], B, 1), where p is the Lebesgue measure on [0,1]. We will write .£2([0, 1], %, 1)
as .Z? for brevity. For more details see Appendix B or Chapter 7 of Hsing and Eubank
(2015). We also assume that E [X;;] = 0 where O is the zero function. If necessary, in
practice, data can be centered by a robust estimator of the mean. Some variants of the
proposed test involve derivatives, and for those tests we will additionally require that the
derivative of Xj;, by which we denote X j(ll )(t), exists on the interval (0,1) and satisfies
the same continuity assumptions imposed on Xj;;. We remark that our methods extend
to higher dimensional domains and range, i.e., X;;: [0,1]% — R? on which functional data
depths are defined, but we restrict our study to the univariate domain and range setting.

The covariance kernel of a mean square continuous stochastic process X, whose mean
is 0, is defined as

K(s,t) = E[X(£)X(s)]

and the associated covariance operator is defined as

(A f)@t) = [ f(s)K(s,t)ds .

[0,1]
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The goal is to construct a test statistic for testing the following hypothesis
Hy: Ki=---=Ky V.S. Hy: Kj # Ky, for some j # k.

Here K; refers to the covariance kernel of group j. The assumptions on the random
functions Xj; imply that this is equivalent to the hypothesis

Hy: == V.S. Hy: ; # X, for some k # j,

where JZ; is the covariance operator of group j. We can denote the probability measure
over .2 which describes the random behaviour of X;; by Fj. Let

F, =0F +0:.F +03F+ -+ 9., + 0, F),

which is a mixture of probability measures over .#?. Alternatively, this can be interpreted
in the stochastic process sense, such that the finite dimensional distributions of an element
from the combined sample X: (X (¢;),...,X(tx)) for £ € N, are mixtures of the J finite
dimensional distributions of each group, with weights {19]-}3]:1. Note that these finite
dimensional distributions can be identified by F, and Fj.

Typically, testing this hypothesis involves estimating ;. In order for estimates of K;
to converge weakly, it is typically required that E [||Xj,;||4] < 00, in some cases it is not
desirable to make this assumption. Estimation of K; is also high dimensional, and can be
computationally intensive if repeated a number of times, such as in a bootstrap procedure.
We take a different approach, and do not aim to estimate K;. Instead, the idea is to
reduce each observation to a one dimensional rank via a data driven ranking function. The
ranking function is designed such that differences in the samples’ mean ranks are implied
by differences in underlying covariance kernels. We can then use the classical Kruskal
Wallis test statistic (Kruskal, 1952) and perform a rank test. Specifically, the test statistic

proposed is
J 2
— 12 = n+1
Wy = —— E | Ry — :
n(n+1) 2" ( T2 )

i=1

Here, ﬁj is the mean rank of the observations in group j, where the ranking mechanism
will be explained in the next section. This test statistic also gives, for each sample j, a
measure of how much its covariance kernel differs from the average sample kernel via

= n+1 2
(Rj_ ! )
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Alternatively, we can perform FKWC multiple comparisons, see Section 3.5.2.

We can further modify this test statistic using the methods of Gastwirth (1965), who
presented powerful versions of several univariate rank tests. These more powerful tests were
later extended to multivariate, depth-based rank tests (Chenouri et al., 2011). We further
extend these methods to the functional setting. The percentile modification is predicated
on the fact that it is actually the extreme rank values that allow us to detect differences
between samples. The idea is to remove the middle portion of the data, and only use the
outlying data or, equivalently, the low depth-based ranks. To this end, let » € (0,1) and
let n’ = [rn|. Let §;(s) = 1 if the observation which has rank equal to s is in group j and
let 9,(s) = 0 otherwise. Define the percentile modified test statistic as

n’ 2

./(/l\n’r = Z ( - %) K; with K = % <Z(n’ —s+1)d;(s) — gj) . (3.1)

J=1 J s=1
where
0 = n;n' (n' +1) and o2 (n—mn;)n' (0 +1)[2n (20" + 1) — 3n' (n' + 1)]
2n ! 12n%(n — 1)

Choosing r is a matter of simulation and will be taken up in Section 3.4.

Like in Chapter 2, we use ranks based on data depth measures. In this setting, we use
ranks based on the functional depth measures discussed in Chapter 1. Precisely, for some
je{l,...,J} and some i € {1,...,n,}, define the sample depth-based rank of X;; to be

Rji = #{Xpm: D (Xpm; Fon) <D (Xji: Fu), L€{1,...,J}, me{l,... n}.

Note that in this chapter we rank the observations with respect to £ ,, which places equal
weight on each element of the combined sample. This means that the sample depth values
describe centrality with respect to the combined sample. Recall that in the setting of
functional data, central relates to both the location and the shape of the data.

Indeed, differences between the covariance kernels are often exhibited by changes in the
shape and/or scale of the data, precisely the features captured by functional data depth
functions. For example, Figure 3.1 shows two samples of 10 Gaussian processes and their
derivatives. Each sample has the same mean but a different covariance kernel. Visually, the
distinguishing factor between these two samples is the scale and shape of the curves and
their derivatives. Notice that the difference is more pronounced in the derivatives. In fact,
depth measures have already been shown to have good power for detecting scale changes
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Figure 3.1: Two samples of Gaussian processes (a) and their derivatives (b) each with the
same mean but a different covariance kernel. The samples have an exponential covariance
kernel with o = 0.3 in the first sample and o = 1 in the second sample (see Section 3.4).
Notice that the difference in covariance structure is exhibited by a changed in shape of the
original curves and a change in shape and scale of the derivatives.

in surface data (Lopez-Pintado and Wrobel, 2017). In fact, it appears that ranks based on
depth measures capture second order differences better in the functional setting than in the
multivariate setting. For example, recall from Chapter 2 that we cannot detect changes in
the rotation matrix of the covariance matrix. This is not the case in the functional setting;
the FKWC test based on the random projection depth can detect a difference of the type
T = U % for some unitary operator %, and Z* denotes the adjoint of % .

In addition to the random projection depth, we combine our methodology with mul-
tivariate halfspace depth and the modified band depth. As discussed in Chapter 1, these
depth measures that meet criteria suitable for the hypothesis testing problem. Using the
ranks of the norms of the observations is another natural approach to this problem. How-
ever, the scope of differences captured by the norms of the observations is limited. We will
see in Section 3.3 that some of the existing functional depth functions capture a much wider
scope of differences. Nevertheless, we compare using the depth-based ranks to ranking the
norms of the observations.

We can actually show that ranking the squared norms is a depth-based rank. If we
define depth as follows:

LTR(z; F) = (1 +Ep [z — X7 1/2> - (3.2)
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then the ranks from this depth function are equivalent! to ranking the squared norms,
provided the observations have mean equal to zero. We call this depth L?-root depth,
or LTR depth for short. We demonstrate that LTR depth actually measures depth in
Section A.3. Framing norm-based ranks as depth-based ranks, allows us to easily extend
the norm-based ranks to include the derivative information. L?-root depth can be extended
to account for p derivatives with

LTR, (z: F 14! f L ® _ xw2]"? N
; = + - [ - :| )
P(a: ) p o MADk F H.T H

where MAD,, is the median absolute deviation with respect to the law of the norm of the
k" derivative of X which has law F.

3.3 Theoretical results

This section is devoted to characterizing the behaviour of the FKWC tests under the null
and alternative hypotheses when the sample size is large. Note all proofs of theorems
presented in this section can be found in Section A.5. We also remind the reader that
throughout the chapter, including in all theorem statements, we have assumed that the
observations have zero mean and that n;/n — 9; as n — oo.

Theorem 3. Suppose that Pr(ﬁji = Eu) =0 for all ji # k¢, i.e., there are no tied ranks.
Then, under the null hypothesis

—

W, = X5_; asn — o0 and M, = X5_, as n — oo.

Tied ranks can be randomly broken to meet the requirements of Theorem 3. The be-
haviour under the null hypothesis is remarkably simple for such a complex testing problem.
Therefore, the critical values can easily be obtained independently of the data and thus,
this aids accuracy and computation time. The fact that the critical values are independent
of the data is important for robustness, as there is no need to assess the robustness of
procedures used to approximate the null distribution. Under the alternative hypothesis,
we must impose additional assumptions in order to have consistency of the test.

1By equivalent, we mean that inferences produced by each set of these ranks are equivalent. In actuality,
the ranks produced by the LTR depth function are the reverse of the ranks generated from the squared
norms; an LTR rank is equal to n minus the rank generated from the norms.
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Assumption 7. For all j, it holds that Pr(D (X;1; F.) < v), as a function of v, is a
Lipschitz function.

Assumption 8. It holds that E [sup,cs |D (z; F,.) — D (z; F,) || = O(n™1/2).

Assumption 9. Let F, ,, be the distribution of (X, u) if X ~ F.. It holds that E [||XJZH3] <
00. In addition, it holds that for any u, F.,, is three times differentiable, and that the first
three derwatives of F , are bounded functions in u. We will denote the density of Fi., by

f*,u-
Assumption 10. Suppose that

E [D(X1; F.) = D(Xg1; Fi)] # 0 = MED (D(Xj1; Fy) — D(Xya; Fy)) # 0,

forj#kandjke{l,...,J}.

Assumption 7 is generally satisfied when the finite dimensional distributions corre-
sponding to F, are continuous. Assumption 8 has been shown to be satisfied for MFHD,
see (Nagy and Ferraty, 2019). We can extend the results of Nagy and Ferraty (2019) to RP
depth. Recall from Chapter 1 that S = {u € §: ||u|| = 1} and that F, is the univariate
distribution associated with (X, u) is X ~ F. Suppose that the unit vectors us, ..., uys,
in the definition of RPyy, (see (1.5)) are drawn from some probability measure v on S and
that M,, = O(n). Recall that

RP(z; F) = / Fu((z,u))(1 = Fu((z, u)))dv(u). (3-3)

S

Then it follows easily that?,

E {sup |RPs, (2; Fy) — RPoo(; F)|| = O(N~Y/2). (3.4)

TE€F

Note that the same analysis applies when F,({x,u))(1 — F,({z,u))) is replaced with 1/2 —
|1 — F,((z,u))] in (3.3). Assumption 8 need not be satisfied for LTR depth since the
sample ranks are already based on LTR(:; F'). Assumption 9 is essentially a smoothness
condition on the projected distributions. In addition, we require the existence of a third
moment. For example, Assumption 9 is satisfied by Gaussian processes. Lastly, we impose
Assumption 10. This means that the distribution of the differences of the depth values

2For proof see Appendix A.5
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is not of the special kind where the mean is non-zero but the median is zero. This is
a common assumption for a rank test; for example, for the Wilcoxon Rank-Sum test to
consistently detect a difference in mean between two distributions, the distribution of the

differences must have a non-zero median. Now, if there exists k € {1,...,J} such that
4 1
>0, Pr (D (X ) > D (X, ) # 2. (3.5
j=1
then, under Assumptions 7-8, it holds that
Pr (W\n > 5) — 1, as n — oo, (3.6)

for any 6 > 0. This result shows that the set of alternative hypotheses which induce
consistency are contained completely in by (3.5). Firstly, for the FKWC test to detect a
difference in covariance operator, we must have that a difference in covariance operator
between groups implies that if there is a difference in the location of the depth values
between groups.® Specifically, the median of D (Xy1; F.) — D (Xj1; F.) is non-zero for some
¢ # j. The condition (3.5) has an additional caveat that says the differences between the
groups do not perfectly ‘cancel” each other out. This caveat applies to all tests based on
the Kruskal-Wallis statistic, and is a minor technicality. This is not an issue if J = 2.

As previously mentioned, we must demonstrate that changes in the covariance kernels
produce, on average, a location difference in the depth values. This can be argued qualita-
tively, seeing as changes in the covariance operator elicit changes in the shape or magnitude
of the data. Since depth measures rate the observation on how close it is in shape and
magnitude to the combined sample, then it is intuitive that observations with a different
covariance kernel will have different depth values.

Beginning with the two sample case, we analyse the relationship between the covariance
operator and the depth values for the RP depth. Let the sample rank of X;; based on the
true distribution F, be defined as

Then we define W, as the test statistic based on these ranks, which are unknown except
in the special case of the L2-root depth-based ranks. Let & be the set of all cumulative
distribution functions on R that are three times differentiable. Then, define H: ¢4 — R as

H(F) = 3fD(0) = (F(0)fD(0) — £2(0))-

3We only need at least one pair of groups to differ in depth location.
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Theorem 4 (Random Projection Depth). Suppose that J = 2, ui,...,u,, are drawn
independently from a probability measure v on S and that M, = O(n). Suppose that
Assumptions 7-10 hold for RP and define

(Xj1,u)

Then FKWC test based on W, using RPy, with D (z; F) = F(2)(1 — F(z)) is consistent
in the sense of (3.6) under alternatives of the form

Hy: /H(F*,u)ﬂ/“iflu,u)du(u)jLRl # /H(F*7u)<%u,u>dV(U)+R2.
s s

Remark 1. The interpretation of Hy being true is that on average (according to v),
(S, u) differs from (Hqu, u), which can only be true if the covariance kernels are different
between the groups. Indeed, the other terms H and R; are minor nuisances. For example,
we expect R; to be small in this context because X;1 have zero mean; the expected length
of the interval (0, (X;1,u)) is 0. We discuss H below.

The function H(F, ) is a weighting function which has two components. First, there
is a departure from symmetry term: qul)(())(% — F,(0)). This component will only play a
role in the procedure the skewness of the projected distributions varies considerably across
directions. In fact, as F, . approaches symmetry, H(F, .) approaches ff’*(O), the squared
height of the projected density at zero. This is the second component of H(F, .), which says
that H(F, .) gives more weight to directions where the height of the projected density is
large at the mean, thus, directions with low spread are magnified. Therefore, the integral
in H; can be described as a weighted average of the projections [ [ K(s,t)u(s)(t)dsdt.
Symmetry of the projected distributions implies a form of symmetry on F,. This is a
natural definition of symmetry, in the sense that it is analogous to halfspace symmetry in
the multivariate setting (Zuo and Serfling, 2000a). For example, consider the case where
X = g;(t)Z;; for some deterministic functions ¢g; and g, with and Z;; ~ N(0,1). If the
groups are equal sized it follows that

P =50 (55 ) + 50 (o)

where @ is the probit function. Therefore, H(F, ) ( 4 1 ), and it follows that
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if

(s o)t [ )

which is equivalent to

/S< ) + Tam)d #/9( o) + <%,u>>d’

then the procedure will be consistent?.

Theorem 4 highlights an important difference between the functional data setting and
the multivariate setting. Suppose that #; is unitarily equivalent to J#5, i.e., 7 = U U
for some unitary operator %. Assume that our samples are multivariate: X; € R?. The
covariance operators can then be represented by the covariance matrices >, 5. Unitary
equivalence in the multivariate setting corresponds to ¥ = UXU T for a rotation matrix
U. Letting @ = u'U, where one notes that ||| = 1, it is then easy to see that

H(F, )u" Sudu = H(F, )" Sotidu ~ H(F, )" Sotidu,
Sb—1 Sv—1 Sb—1
which is why we are unable to detect changes characterized by rotations of the data via
data depth functions based on projections in the multivariate setting. This equivalence
does not exist in the functional setting, since the measure v is not uniform on .S. Therefore,
it is not necessarily true that

/H wu) (Hu, u)du(u /”H wu) (Hou, u)ydv(u).

We verify this fact in Section 3.4; in the eigenvalue simulation scenarios 1-3, the covariance
operators differ between the samples, but are unitarily equivalent. We see that the FKWC
test based on the RP depth detects the difference.

Theorem 5 (L%-root Depth). Suppose Assumptions 7 and 10 hold and that J = 2. Then
the test based on W, using ranks based on the squared norms, is consistent in the sense
of (3.6) under alternatives of the form Hy: ||| pp # ||| rg . where ||-|| 5 refers to the
trace norm.

Note that, by assumption, J#; are trace class since the observed processes are mean

4Provided the remainder is small.
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square continuous; the kernel is continuous. Theorem 5 shows that the FKWC test using
the ranks of the squared norms is consistent if the trace norm of the covariance operators dif-
fer. The alternative hypothesis || || 5 # |- #l15 1s equivalent to Y po | Ap1 # D pey A2y
where {A1}52, and {A\g2}32, are the decreasing sequences of singular values resulting
from the singular value decomposition of Ky and Xy, respectively.

It is useful to mention a few cases where Assumption 10 is surely satisfied. If, for all 7,
| X;5]|> has a symmetric distribution then Assumption 10 is satisfied. If

1A g = ol = Var (X0 ]%)? + Var (J[Xa)?

then Assumption 10 is satisfied (Page and Murty, 1982). If the distribution of the squared
norms is instead unimodal, Basu and DasGupta (1997) gives a sharper bound:

3
18~ el > (2 (Var (10l) + Var (1xa017) )
If X;; are Gaussian processes GP(0,.%;), then we have that

X112 Zxklvk and [ Xo® =D AeaVi, where Vi, Vi %y

It follows that the random variables || X11|*, || Xa1]|* are stochastically ordered, implying
that Assumption 10 is satisfied.

To give more insight into the behaviour of the test statistic, we provide some analysis
under local alternatives. Suppose Assumption 8 and (3.5) hold. A direct application of a
result in Fan et al. (2011) implies that W, is approximately distributed as a non-central
chi-squared random variable X?_;(7,) with non-centrality parameter

T, = (nli 1— Z {nZﬁk (Pr (Xj1; F) <D (Xg; F)) — %) } ) (3.7)

k#j

For L*-root depth, we are able to compute Pr(D (Xy1; i) < D (Xj1; F)), which is the same
quantity as Pr(|| X1] < ||X;1]|). Therefore one can compute the power and consequently
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sample sizes for any assumed F.,, usin
)

oo (S -l <o)

m=1
This could of course be done by Monte Carlo simulation for complicated models.

Theorem 6 (Local Alternative Analysis L?-root depth). Suppose that for all i, 7, k, ¢

V1 + O 2
16,0 2 [— Xl ~ G, (3.8)
’ Vi + 6

where G has a continuously differentiable density g for some real-valued 6;s. Let 0 =
E‘j]:l v;0; then, when based on the ranks of the squared norms,

2 J
W, % X2_,(T) with non-centrality parameter T = 12 (/ zg(z)de) Z 05 (6; — 3)2 :
R ey

Note that (3.8) holds when J%; = % [1+n~'/%§;] and | X;:||” form a scale family. For
example, if Xj; ~ GP(0, % [1+n~"/25;]), then Theorem 6 is applicable.

Due to the fact that Euclidean spaces are Hilbert spaces, the previous results provide
some consequences for similar methods based on depth-based ranks in the multivariate
setting. For example, Theorem 5 provides justification for assuming the hypothesis of
Theorem 2 of Chenouri et al. (2020b) as well as for Assumption 4 of Chapter 2, when the
ranks are based on L2-root depth. Note that the definition of spatial depth in (Chenouri
et al., 2020b) provides equivalent ranks to those of L2-root depth. Theorem 5 then implies
that the methods of Chapter 2 can detect changes in the sum of the eigenvalues of the
covariance matrix. Similarly, Theorem 4 provides justification for assuming the hypothesis
of Theorem 2 of (Chenouri et al., 2020a) and Assumption 4 of Chapter 2 under integrated
dual depth. Liu and Singh (2006) provide a k-sample test for the covariance matrix of
multivariate data. Theorems 5, 4 and 6 give analogous results for this multivariate k-
sample test.

64



Figure 3.2: Five observations generated from the uncontaminated distribution compared
to a drift outlier (left), wavy outlier (middle) and scale outlier (right).

3.4 Simulation results

3.4.1 Models and settings

In this section we evaluate the finite sample performance of the FKWC tests on both
infinite and finite dimensional models. We compare the performance of the tests using
the different functional depth functions, as well as the effect of the percentile modifica-
tion discussed in Section 2.3. We further compare the FKWC test against seven other
tests: the test of Boente et al. (2018) Boen, the L?-norm tests (Guo and Zhang, 2016)
Tmazx, L2nv, L2br, L2rp and the ANOVA inspired tests of Guo et al. (2018) GPFnv,
GPFrp, Fmaz. For the test of Boente et al. (2018) we used 10 principal components and
5000 bootstrap samples. For the tests of Guo and Zhang (2016); Guo et al. (2018) we used
1000 permutations.

We simulated data from both infinite and finite dimensional models. For the infinite
dimensional models, we simulated observations from J = 2 and J = 3 samples. The results
from the simulations with three groups were the same as with two groups, and are omitted.
We tested sample sizes of n = 100, n = 200 and n = 500 for the two sample case, where
the first sample size was ny = [¢gn] for ¢ € {0.2,0.3,0.4,0.5}. For the three sample case,
we used n = 150 and n = 300, with n; = N3 and ny = |gn| for g as above. In each infinite
dimensional case, the data were sampled from either a Gaussian process GP, a student-t
process with three degrees of freedom t3, or a skewed Gaussian process SG. For the infinite
dimensional runs we used a squared exponential covariance kernel

K(s,t;a,B) =B exp (_(S—_t)Q) :

202

65



Gaussian Student t Skewed Gaussian

nl/n : 02 03 04 02 03 04 0.2 0.3 04

MFHD | 1.00 1.00 1.00 | 0.87 0.95 098 | 1.00 1.00 1.00

RP 1.00 1.00 1.00 | 0.88 0.94 0.98 | 1.00 1.00 1.00
FKWC MBD 1.00 1.00 1.00 | 0.88 0.96 0.98 | 1.00 1.00 1.00
LTR 1.00 1.00 1.00 | 0.88 0.96 0.98 | 1.00 1.00 1.00
RPT 1.00 1.00 1.00 | 0.87 0.94 0.96 | 1.00 1.00 1.00
Boen 1.00 1.00 1.00 | 0.17 0.15 0.04|0.99 1.00 1.00
L2br 0.48 0.93 0.99|1.00 1.00 1.00| 0.49 0.94 0.99
L2rp 0.35 0.92 0.99 | 0.00 0.00 0.03]0.36 0.93 0.99
Tmax | 0.68 097 099 | 0.01 0.01 0.06 |0.63 0.97 1.00
GPFrp | 0.03 0.56 0.91 | 0.01 0.00 0.04 | 0.01 0.54 0.87
Fmax | 0.12 047 0.83|0.00 0.01 0.10| 0.11 0.51 0.85

Competing

Table 3.1: Empirical power of the different tests for J = 2, n = 500 when the group
sample sizes were unequal, under scale differences when 5, = 0.5 and Sy = 0.71. Notice
that when the sample sizes differ greatly, the competing tests do not perform as well. Note
that RPT is the FKWC test with the likelihood depth, rather than the simplicial depth.

and the sample differences were controlled via « (shape difference) and g (scale difference).

For the finite dimensional models, the data were simulated from a Gaussian process
where we directly specified K non-zero eigenvalues of the covariance operator. A Fourier
basis was used for the eigenfunctions. Here, we only tested the case of two samples and
we used the same sample sizes as described above for the infinite dimensional simulation
scenarios. We ran six scenarios, which resulted from combining short linear, long linear,
and long exponential eigenvalue decay with either a scale difference or a unitary operator
difference. See Appendix A.4 for details.

We also simulated the effects of different kinds of outliers on the different tests at
different levels of contamination. The contamination level was measured as a percentage
of the total sample size n and we tested levels of 0.01, 0.025, 0.05. We present the results
from 2.5%, since these are the most illustrative. The three kinds of outliers were: linear
drift, oscillating outliers and spike outliers, see Figure 3.2. We simulated the case where
there were outliers in both samples as well as the case where there were outliers in only one
sample. Lastly, we considered the affect of missing portions of the curves and the affect of
the number of directions on the random projection depth. The results of these simulations
can be seen in Appendix A.4.
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Figure 3.3: Empirical power curves of the different tests as the 5 parameter (left) and
a parameter (right) of the second sample moves away from the null hypothesis. Here,
n; = 100. The black curves correspond to the FKWC tests and the blue curves correspond
to the existing tests.
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Simulation Scenario

Test 1 2 3 4 ) 6

MFHD 0.90 1.00 1.00 0.99 1.00 1.00
RP 092 1.00 1.00 1.00 1.00 1.00
MBD 0.80 1.00 1.00 1.00 1.00 1.00
LTR 0.79 1.00 1.00 1.00 1.00 0.99
RP' 0.26 090 086 1.00 1.00 1.00

Competing 1.00 1.00 1.00 1.00 1.00 1.00

Table 3.2: Empirical power of the different tests under the finite dimensional models
when n; = ny = 100. The first row indicates the scenario number. “Competing” stands
for the competing tests; all competing tests had the same empirical power. Note that RPT
is the FKWC test with the likelihood depth, rather than the simplicial depth.

We ran each simulation scenario 200 times, a grid size of 100 was used to simulate the
functions. The codes can be seen on Github (Ramsay, 2019a). Note that the FKWC tests
require the observations to be on the same grid in order to compute the sample depth
values. If the observations are not observed on the same grid, then it will be necessary to
interpolate the curves in some way, such that they can be brought to the same grid. For
example, one can smooth the curves and then re-discretize them if necessary. To test the
affect of missing portions of the curve, we interpolated the data with splines using the zoo
package in R.

3.4.2 Results

Unanimously, the methods that incorporated the derivatives performed better than the
non-derivative methods. This includes when the data contained outliers or had unequal
group sizes. Also, one should note that with the exception of RP depth, the non-derivative
methods do not work for shape differences. In addition, the percentile modification had
little effect on the power and size in all simulation runs. Therefore, we proceed by only
presenting the results from the FKWC methods based on W that incorporated the deriva-
tives. In terms of which depth function was the best, they were all relatively similar in all
respects. That being said, the LTR and the MBD had the most power for detecting scale
differences, see Figure 3.3. Figure 3.3 also shows that for detecting shape differences, the
random projection depth with the likelihood depth has the highest power, especially under
heavy tails. The LTR depth and the MBD depth also performed well under shape differ-
ences. Under the very low dimensional models (three non-zero eigenvalues), the random
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Gaussian Student t Skewed Gaussian
50 100 250 50 100 250 50 100 250
MFHD | 0.06 0.03 0.06 | 0.03 0.06 0.07 | 0.08 0.07 0.06

RP 0.07 0.04 0.06 | 0.04 0.04 0.06 | 0.05 0.06 0.06

FKWC MBD 0.05 0.02 0.04|0.03 0.04 0.08 | 006 0.06 0.06
LTR 0.05 0.04 0.06 | 0.04 0.04 0.08 | 0.06 0.06 0.04
RPf 0.06 0.03 0.07 [ 0.04 0.03 0.07 | 0.07 0.04 0.06
Boen 0.21 024 0.34 | 0.00 0.00 0.00| 0.16 0.21 0.32
L2br 0.04 0.06 0.06 | 1.00 1.00 1.00 | 0.04 0.04 0.08
L2rp 0.06 0.06 0.06 [ 0.05 0.04 0.04 | 004 0.04 0.07
Tmax | 0.04 0.06 0.07 | 0.04 0.04 0.04 | 0.04 0.03 0.06
GPFrp | 0.06 0.06 0.06 | 0.06 0.04 0.04 | 0.05 0.03 0.06
Fmax 0.03 0.04 005|004 004 003 0.06 0.02 0.06

Test

Competing

Table 3.3: Empirical sizes for J = 2 for different tests under the infinite dimensional
models. The first row indicates the underlying process and the second row indicates the
sample size of each group. Note that RPT is the FKWC test with the likelihood depth,
rather than the simplicial depth.

projection depth with the likelihood depth did not work as well as the others. The best
performing depth functions in this scenario were the random projection depth with the
simplicial depth and the multivariate half-space depth, see Table 3.2. In terms of when the
group sizes differed or outliers were present, the depths were all comparable, see Table 3.1
and Figure 3.4. Computationally, the LTR and the modified band depth were the fastest,
followed by the random projection depths and lastly the multivariate half-space depth.
Overall, we recommend using the random projection depth with simplicial depth because

of its theoretical interpretation, or, if computation is a concern then the modified band
depth or the LTR depth can be used.

We now compare the FKWC tests to the competing tests. Note that the naive versions
of the L2 and GPF tests are omitted, since their performance was similar to that of their
biased-reduced counterparts. In addition, we only present the results from the FKWC tests
based on the derivatives without the percentile modification. For the infinite dimensional
models Figure 3.3 shows the power of the FKWC tests compared to the competing tests
under the Gaussian and Student ¢ processes for the two-sample case when n; = ny = 100.
Note that the skewed Gaussian results were similar to the Gaussian results, and the results
at other sample sizes were similar to Figure 3.3. Clearly, under the infinite dimensional
models, the FKWC tests outperform the competing tests, especially when the distribution
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Figure 3.4: Empirical power of the tests for detecting scale differences for J = 2 with
ny = ny = 100 under the infinite dimensional Gaussian process model such that 5% each of
the sample was contaminated. Note that the legend follows that of Figure 3.3. The black
curves correspond to the FKWC tests and the blue curves correspond to the competing
tests.

is heavy tailed. In addition, the heavy tails corrupt the L2pr test. Table 3.1 shows the
power of the tests for a fixed scale difference between the samples. Notice that many of the
competing tests do not work well under very imbalanced group sizes, whereas the FKWC
tests are unaffected. The tables for imbalanced group sizes with a shape change or under
the finite dimensional models are given in Appendix A.4. Table 3.2 shows the power of
the tests for the finite dimensional models. The competing tests all had power equal to 1,
this was also generally the case for the FKWC tests except in one case. When the model
had three non-zero eigenvalues, such that the covariance operators in the first and second
sample were unitarily equivalent, the FKWC test paired with the likelihood depth variant
of RP depth did not perform well. We can conclude that competing tests work better
for very low-dimensional, light tailed models. These results could be due to the fact that
the lower complexity allowed for easier approximation of the null distributions. Table 3.3
shows the size of the tests under the infinite dimensional models, note that the sizes of both
the FKWC tests and the competing tests are relatively close to 0.05, with the exception
of the Boen test and the biased-reduced L2 test.

As mentioned previously, we also simulated models where portions of the data were
contaminated with outliers. Figure 3.2 shows the three different kinds of outliers the data
were contaminated with. Figure 3.4 shows the power of the tests for detecting Gaussian
scale differences for J = 2 with n; = ne = 100 under 5% contamination of each of the
samples. For reference, this is 5 curves in in the context of Figure 3.4. Note that we expect
contamination in both samples to reduce the power of the test. The drift and spike outliers
have the most negative effects on the power of the competing tests. When there are drift
or spike outliers in both samples, we see that the power of the competing tests is reduced,
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MFHD RP MBD LTR RP'|L2br L2rp Tmax GPFrp Fmax
Drift 0.04 0.04 0.04 005 0.03] 081 047 0.25 0.36 0.09
Wavy | 0.04 006 0.04 0.04 0.03|0.08 0.10 0.06 0.10 0.08
Spike | 0.04 0.06 0.04 0.05 0.02{ 0.29 0.08 0.06 0.05 0.03

Table 3.4: Sizes of the tests when one sample was contaminated by the different kinds of
outliers. Specifically, 5% of the first sample was contaminated. We see that the size of the
competing tests is inflated in almost all scenarios. Note that RPT is the FKWC test with
the likelihood depth, rather than the simplicial depth.

while the power of the FKWC tests is roughly the same as it was for uncontaminated data.

Consider the case where the contamination is only in one sample. We expect contami-
nation in only one samples to increase the size of the test. Table 3.4 shows the size of the
tests when one sample was contaminated by the different kinds of outliers. Notice that the
size of the competing tests is inflated in almost all of the scenarios, even under the wavy
outliers. The drift outlier seems to have especially negative effects on the competing tests,
with the exception of the Frmax test. Note that we have omitted the Boen test in Table
3.4, as it did not perform well on the uncontaminated data. In conclusion, the FKWC tests
perform very well compared to the existing tests. This is especially true in the presence of
imbalanced groups, heavy tails and drift or spike type outliers. As mentioned previously,
we recommend always incorporating the derivative information in the test, and for choosing
a depth function we recommend using the random projection depth with simplicial depth
because of its theoretical interpretation and simulation performance, or, if computation is
a concern then the modified band depth or the LTR depth should be used.

3.5 Applications to real data

In this section we present an application of our methodology to two different functional
datasets. One is comprised of intraday stock prices and the other is comprised of digitized
speech.

3.5.1 F-GARCH residual analysis of intraday stock price curves

We analyse the daily asset price curves of J = 3 different stocks (twtr, fb and snap)
starting on June 24th 2019 and ending March 20th 2020, which gives n; = 207 and ng =
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ng = 208. Precisely, for each stock the price was measured over the course of the trading
day in one minute intervals, for a total of 390 minutes per day. In order to account for edge
effects from smoothing the curves, we trimmed 10% of the minutes from the beginning of
the day and 5% of the minutes from the end of the day. This resulted in 332 minutes of
stock prices. In actuality, we analysed the log returns, viz.

Xji(t) = In(Yjiisa10)+1) — In(Yjipsa1e)),

where Y}, is the j asset price on the i day at minute k. Figure 3.5(a) shows the intraday
log return curves {Xo;(¢) }2% of Facebook (£b) stock. The data was fit to a B-spline basis,
using 50 basis functions, see smooth.basis in the fda R package.

Notice that the magnitudes of the curves vary widely. Figure 3.5(b) displays the squared
norms of the daily curves as a function of the day i. We can see that the magnitude of each
observation is related to the day on which it was observed. For example, around March
2020 the norms are higher, likely due to the volatility which resulted from the COVID-19
pandemic.

To handle the heteroskedasticity and any serial correlation present in the data, we
employ a functional GARCH(1,1) model (Aue et al., 2017; Cerovecki et al., 2019) and apply
the FKWC test to the residuals. The idea is to decompose the data into the conditional
volatility 77 and the independent error €;;(¢), which can be approximated by the residuals
€;;(t). Unlike in the univariate GARCH model, the second order behaviour of €;;(¢) can
differ between different assets; E [e?z(t)] =1 for all ¢ is assumed for an identifiable model
(Cerovecki et al., 2019) but nothing is assumed about E [e;;(t)e;i(s)] for s # t. Thus, it is
also of interest to investigate the properties of E [e;;(t)e;i(s)]. For example, if the errors
come from the same distribution, then the residuals can be pooled and bootstrapped to
provide standard errors.

Since this type of data is typically heavy tailed, a robust test is suitable. In order to
check the condition that 7732'1' completely encapsulates the serial dependence in the data, we
use the tests described by Rice et al. (2019). Specifically, we fit the functional GARCH(1,1)
to each series of intraday returns using quasi-maximum likelihood (Cerovecki et al., 2019).
We assumed that the volatility curves could be represented as linear combinations of M
Bernstein basis functions. These were chosen based on a combination of the Box-Jenkins
type test for the functional GARCH model (Rice et al., 2019), assessing the fit of the raw
mean of the squares graphically (see Cerovecki et al. (2019)) and keeping the number of
basis functions similar between assets. This resulted in choosing M = 4, and our results
were insensitive to the number of basis functions in terms of testing the residuals for a
difference in covariance. Figure 3.5(c) shows the resulting residuals of the GARCH(1,1)

72



0.002

Xai(t)
0.000

(1%

-0.002

15

A2
[[€2ill

R LA

r T T T T 1 r T T T 1
00 02 04 t 06 08 10 0 50 100 150 200

(c) (d)

Figure 3.5: (a) Daily log differenced intraday return curves for £b stock, starting on June
24th 2019 and ending March 20th 2019. (b) Daily squared norms of the intraday returns.
Notice that these norms vary with the time period; the curves exhibit heteroskedastic
features. For example, the most recent month of returns are much more variable. (c)
Residuals for the fb log returns after fitting a functional GARCH(1,1) model (d) squared
norms of the residuals over time.
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Figure 3.6: Covariance kernels K(s,t) of the residuals of (a) twtr, (b) fb and (c) snap
log returns.

model fitted to the £b stock log returns and Figure 3.5(d) shows the norms of those residuals
as a function of the day i. Notice that both the residuals and their norms are fairly uniform
over time, especially when compared with the raw data. Figure 3.5(d) also shows that there
are some outliers in the data.

Figure 3.6 shows contour plots of the estimated covariance kernels of the residuals of
each functional time series, where 5% of the lowest random projection depth (with deriva-
tives) observations were trimmed to account for the outliers. Notice that the estimated
covariance kernels of the residuals of fb differs from the other two assets visually. We con-
ducted the FKWC test at the 5% level of significance, using ranks based on the random
projection depth which incorporates the derivatives. The means of the ranks are 244.4203,
424.2837, and 266.9712 for the twtr, fb, and snap residuals, respectively; W,, = 120.37
and we reject the hypothesis that these three series have the same covariance kernels. The
means of the ranks are similar for that of the twtr and snap stock, but the £b stock differs,
which matches Figure 3.6.

3.5.2 Comparing speech variability with phoneme periodograms

In this section we analyse the Phoneme data, where the observations are log peroidograms
of digitized speech. The data can be retrieved as part of the fda R package (Hastie et al.,
1995). The data is split into five groups representing the syllables ‘aa’, ‘ao’, ‘dcl’; ‘iy’
and ‘sh’. The goal is to characterize differences between the syllables’ distributions in
order to aid understanding of speech as well as to help improve the performance of speech
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Figure 3.7: Log periodograms for the syllables ‘aa’ and ‘dcl’. After centering, we see a
difference in magnitude at different times between the curves. There is also a large outlier
in the ‘dcl’ group.

recognition models. The data has obvious location differences, for example Figure 3.7(a)
shows the periodograms for two different syllables on the same plot. We centered the data
by the deepest curve, as measured by random projection depth, within each group. We
used a robust measure of centre to account for outliers, for example, there is a large outlier
in the ‘dcl’ syllable group. From Figure 3.7(b) we might suspect that there are differences
in the covariance kernels between the curves. To this end, we can run the FKWC test on
the five groups of syllables, we run two versions of the test and compare the results. We run
the FKWC test with random projection depth including the derivative information and as
well as the FKWC test with L?-root depth. These tests will differ if there are differences
of the form IC;(s,t) # Ky(s,t), s #t, j # k. Both tests result in incredibly small p-values,
smaller than 2.2 x 10716, We can further examine differences between groups, by performing
multiple comparisons. Suppose we would like to compare the covariance kernels of groups
7 and k, then there are two obvious routes for multiple comparisons. One method is to
directly use the pre-calculated joint sample ranks, analogous to the univariate method of
Dunn (1964). Here, for large n, one is essentially assessing the behaviour of the random
variables D (X;1; Fy) — D (Xj1; Fy), through combined sample ranks. The other method
is to extend the methods of Steel (1960) and compare the mean ranks of D (X;; Fjx) and
D (Xke; Fji), where

U Iy

Fy = F; F.
AR R R A R R
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RP LTR
Syllable aa ao  dcl iy sh aa ao  dcl iy sh
aa | 1.00 085 0.00 097 0.00| 1.00 0.13 0.40 1.00 0.00
ao | 0.85 1.00 0.00 0.27 0.00| 0.13 1.00 0.00 0.18 0.00
dcl | 0.00 0.00 1.00 0.00 0.00| 040 0.00 1.00 0.29 0.11
iy | 097 0.27 0.00 1.00 0.00 | 1.00 0.18 0.29 1.00 0.00
sh | 0.00 0.00 0.00 0.00 1.00|0.00 0.00 0.11 0.00 1.00

Table 3.5: Siddk corrected p-values of pairwise functional Steel tests performed on the
centred curves.

Since Theorem 5 and Theorem 4 imply that differences in covariance structure will be
exhibited in the pairwise ranks of the depth values, when the depth values are taken with
respect to the empirical estimate of Fj, it seems natural to use the methods of Steel (1960).
A second argument in support of the methods of Steel (1960) is as follows. Suppose that
one group, say j' # k, j has a very different covariance structure when compared to the
remaining groups, if the depth values are computed with respect to the combined sample,
then the group j' may then ‘wash away’ any differences between the remaining groups. In
other words, it is possible that there is a difference between the random variables D (X;; F})
and D (Xj; F.), but this difference is small relative to the combined sample and therefore
may not be detected. The multiple comparisons procedure is as follows. For each pair of
groups, 7, k, compute the combined, two-sample depth values:

{D (X]17 F}k,n) PICIC 7D (Xjn]7ij‘,n> aD (Xk:17 F}k,n) g oo 7D (Xk:nk, Fjjk,n)}a

where Fjy , is the empirical distribution of {Xj1,..., Xjn,, Xe1, ..., Xgn, }. Next, perform
the Wilcoxon rank-sum test on the depth values for each pair. Lastly, correct the final p-
values using the Siddk correction (Sidak, 1967) (or any other multiple testing correction).
Again, Theorems 3, 5 and 4 justify this procedure. Table 3.5 shows Siddk corrected p-
values of pairwise ‘functional Steel tests’ performed on the centered curves. The p-values
are corrected for the tests done across both hypothesis tests, i.e., across 22 tests. We see
that the results show that the syllables ‘dcl” and ‘sh’ differ from the remaining syllables and
from each other in terms of the variability of the magnitude of their log-frequencies. We
can also see that under the LTR test, ‘dcl’ is similar to the other tests. This implies that
the trace norm of the covariance operator of ‘dcl’ is similar to that of the other syllables,
with the exception of ‘ao’. Under the RP’ test, the syllable ‘dcl’ differs from all other
syllables. We could interpret this as the log-periodograms of ‘dcl” are more or less ‘wiggly’
when compared to the other syllables, or that the frequencies that have high variability
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are different for the syllable ‘dcl” than the other syllables.
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Chapter 4

Kruskal-Wallis type statistics for
functional change-point problems

4.1 Introduction

Detecting the presence and location of change-points in the covariance operator of a se-
quence of observed functions has received some recent interest in the statistics literature,
see, e.g., (Harris et al., 2021). In this chapter, we combine the methods of Chapter 2
and Chapter 3 and use data depth ranks to detect change-points in the covariance ker-
nel of functional data. We introduce three procedures to perform covariance operator
change-point detection: a hypothesis test for the presence of at most one change-point, a
hypothesis test for the presence of an “epidemic period” and an algorithm to estimate the
locations of multiple change-points when the number of change-points is not known. We
may call these methods FKWC methods, or Functional Kruskal-Wallis Covariance operator
methods, following the naming convention in Chapter 3

In order to contextualize our procedure, we first review existing procedures for detection
of change-points in the covariance structure of functional data. Jaruskova (2013) is the
first to discuss change-point detection for the covariance operator in the functional data
setting. Under the assumption of independent observations, they introduce a test for at
most one change-point. Their test is based on the first K < oo eigenvalues of the empirical
covariance operator. Later, Aue et al. (2019) proposed a method to detect changes in
the eigenvalues of the covariance operator, where the observations are assumed to be a
dependent time series. In a similar vein, Dette and Kutta (2021) presented methodology
which can detect change-points in the eigensystem of a functional time series. Sharipov
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and Wendler (2019) investigated a bootstrap technique for conducting inference on the
covariance operator of a functional time series, which does not require dimension reduction.
They apply their bootstrapping technique to test for the presence of at most one change-
point in a functional time series. They present two test statistics, both based on empirical
covariance operators and the Hilbert-Schmidt norm. Stoehr et al. (2021) present CUSUM
statistics combined with a bootstrap procedure in order to test for the presence of changes
in the covariance operator of -MRI data. They provide methods for detecting at most one
change, as well as methods for detecting an epidemic-type change. Their methods are based
on CUSUM statistics of projection scores, i.e., the CUSUM is computed from projections
of the data onto the first few eigenfunctions of the estimated covariance kernel, combined
with an estimate of the long-run covariance kernel. They also present a fully functional
method which uses all of the eigenfunctions of the estimated covariance kernel in order
to compute the test statistic. Dette and Kokot (2020) present change-point estimation
and hypothesis testing methodology for detecting relevant differences in the covariance
operators of functional time series. By relevant differences, it is meant that one may only
wish to detect a change-point if the magnitude of the change is above a certain threshold.
Their test statistic can be thought of as an adjusted estimate of the infinity norm distance
between covariance kernels, which is then combined with a bootstrap procedure in order
to perform the hypothesis test. These methods are generalised by Dette et al. (2020).
Jiao et al. (2020) present a fully functional method for detecting changes in the covariance
operator of functional data. The test statistic is an integrated univariate CUSUM-statistic,
for which the null distribution must be estimated from the data. The procedure presented
for estimating the null distribution relies on dimension reduction techniques. Recently,
Harris et al. (2021) used a fused Lasso and a CUSUM statistic to detect multiple change-
points in the mean and/or covariance operator of an observed sequence of functions. Their
method can be computed in linear time and they show via simulation that their method
is robust against heavy tailed data. However, their method also lacks theoretical results,
and thus, the ability to test for the presence of a change-point without using resampling
techniques.

Aside from Harris et al. (2021), previous works have not considered the robustness of
their procedure. For example, many previous works require fourth moment assumptions
(Stoehr et al., 2021; Dette and Kokot, 2020; Sharipov and Wendler, 2019), are based on
CUSUM statistics and long-run covariance estimators which are not robust (Dette and
Kokot, 2020; Sharipov and Wendler, 2019; Jiao et al., 2020) and/or rely on bootstrapping
or other data-driven methods to estimate the null distribution of the test statistic (Sharipov
and Wendler, 2019; Dette and Kokot, 2020; Jiao et al., 2020). Additionally, Stoehr et al.
(2021) mentioned the need for a robust change-point procedure for the covariance operator.
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The FKWC change-point procedure is robust against heavy tails and outliers, through
the use of both ranking methods and functional data depth functions. Functional data
depth functions lend themselves easily to robust methods, for example, they naturally
define functional medians. Additionally, the use of ranks allows us to further robustify the
procedure. For example, there is no need to assume finite third and fourth moments in
our theoretical results, and in simulation our method performs well when the data is heavy
tailed.

On top of being robust against outliers and distributional assumptions, the FKWC
methods are easily computable. Many of the previous works do not consider computation,
or rely on bootstrap methods (Stoehr et al., 2021; Sharipov and Wendler, 2019; Dette
and Kokot, 2020) which can be computationally burdensome. There is a parallel version
of the FKWC algorithm in which we can estimate the number and locations of multiple
change-points in linear time. In the non-parallel version, we can compute the number and
locations of multiple change-points in O(nlogn) time. The FKWC methods are also easy
to implement. These computational features make the FKWC methods suitable to be used
with surface data; data whose domain is R%, d > 1, such as -MRI data. We provide an
implementation of our methods on Github (Ramsay, 2021).

Additionally, our FKWC methods are comprehensive, in the sense that they provide
both the functionality to test for the presence of a change-point and also to detect an
unknown number of change-points. Previous works typically perform only one of these
tasks. We also provide a finite sample result for our at-most-one change-point estimator,
where only asymptotic results have been considered thus far.

The rest of the chapter is organised as follows. Section 4.2 gives the assumed change-
point model and our proposed change-point procedures. Section 4.3 presents our finite
sample and asymptotic results. Section 4.4 contains a simulation study, where we compare
our methods to those of Sharipov and Wendler (2019); Dette and Kokot (2020); Harris
et al. (2021). Section 4.5 presents applications of our methods to intraday stock returns
and resting state f-MRI scans. Technical proofs and additional simulation results can be
viewed in Section A.6 and Section A.7, respectively.

4.2 Changepoint model and methodology

In this chapter we assume that each observed function X; is a zero mean, real-valued
function whose domain is [0, 1]¢ for fixed d € N. We additionally assume that each observed
function is a mean square continuous stochastic process, and that we may only observe X;
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which are continuous functions. When the derivatives of the observations are involved in
the inference procedure, it is assumed that each observation is differentiable on (0, 1) and
that its derivative meets the same continuity conditions just described. As in Chapter 3,
we denote this space of functions as §.

We suppose that we have observed a sequence of observations X, ..., X, such that
Xk, _,+1,---, Xy, have a common covariance operator .J%;, with kg = 0 < k; < -+ <
k; < kgpy = n for some fixed, but possibly unknown ¢. Suppose that k; = |nf;] for all
ie{l,...,0}. Let v, =6, — Z;;B 6, be the fraction of the observations with covariance
kernel KC; and define

]C* = 191]C1 + 192K:2 + 793’C3 + -+ 19@]C£ + 19[+1IC4+1.

The goal is to estimate each k;; the location of the change-points. If we assume that ¢ =1,
this is the at-most one-change (AMOC) model. If we assume that ¢ = 2 and that K = 3
then this is the epidemic model. If ¢ is unknown, then this is the multiple change-point
detection model. We focus on these three models in this chapter. Like in Chapter 2 and
Chapter 3, our test statistic is based on the Kruskal Wallis ANOVA test statistic, where
the ranks are the depth-based ranks.

We choose three depth functions, based on the results of Chapter 3. We choose the
the best performing depth function in Chapter 3, the random projection depth (Cuevas
et al., 2007). Due to its nice theoretical properties, we also use our procedure with the
multivariate halfspace depth (Slaets, 2011) with « = 0 otherwise known as the integrated
functional depth (Fraiman and Muniz, 2001). Lastly, if there is a reason to believe that
the changes in the covariance kernel are of the form

iC. — alel tEIj
i K tél

for some I; C [0,1]% and some a; > 0, then we could use a summary of the observations
more directly related to the magnitude of the observations. For this reason, we also run
our procedure on the ranks of the squared norms, which we may refer to as the L2-root
depth-ranks (see Chapter 3). As in Chapter 3, we incorporate the derivative information.

We now present our change-point detection methodology. Consider a candidate set
of change-points r = {ry,...,r;}, which we will always assume to be ordered by their
indices, i.e., ro =0<7r; <...<7r; <rjp1=n. Let u, = (n+1)/2, 02 = (n* —1)/12 and
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o2 =n(n+1)/12. All of our test statistics are based on the Kruskal Wallis test statistic:

n —

J+1 rj—1
1 =2 = ~
W(r) = g— Z(Tz — Ti—1>Rj — 3(n + ].), where Rj = Z Rz (41)
"oj=1 i=rj_1

Recall from Chapter 2 that the bigger the differences between segments {}Afl, cee }A%m_l},
{Em . ,ﬁm_l}, et cetera, the bigger (4.1) will be. Therefore, maximizing a version of
(4.1) over r should give a set of time intervals which differ in median depth values. Due
to the relationship between depth values and covariance kernels (see Section 4.3), this
procedure will simultaneously give a set of time intervals in which the covariance operators
differ. If the number of true change-points ¢ is known, it suffices to use

k = argmax W(r),

T1y--5T¢

as an estimate of the change-points. For example, if we assume the number of true change-
points ¢ = 1 this is the at most one change (AMOC) setting. In this context, we often wish
to conduct a hypothesis test to determine whether there exists a single change-point or no
change-point. Our proposed hypothesis test uses sup;_, ., W(r1), as the test statistic. If
the test is significant, we can then use k; = argmax _,., ., Y(r1) as the estimated change-
point. This procedure is equivalent to using a Wilcoxon rank-sum based CUSUM:

ltn] =

- 1 Rz_,un
sup |Z,(t)] = %ZU— ;
i=1 m

te(0,1)

as the test statistic and then defining the change-point estimate as
fey = inf {7“: | Z,(r/n)| = sup |Zn(t)|} , (4.2)
t

if the test is significant. It follows that |Z, (ki /n)| — sup, |B(t)| as n — oo, where B(t) is
a standard Brownian bridge (Chenouri et al., 2020b). Since it easy to obtain the quantiles
of sup, | B(t)|, we suggest using the Wilcoxon rank-sum version of the test statistic. This
Wilcoxon rank-sum version of the test statistic and associated change-point estimator

are defined in the same manner as the multivariate change-point procedure proposed by
Chenouri et al. (2020b).

Another change-point setting is the epidemic change-point model, where we conduct a
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hypothesis test to determine whether there exists two change-points or no change-points.
There is the additional assumption that the distribution in the first and third segment
remain the same, and the middle segment is the “epidemic period”, during which the data
comes from a different distribution. In this case, we propose the following test statistic:

2

/\

ro—1

- 1
(k1, ko) = argmax — g g
, =
l<ri<ra<n On 1 Siery \/n—T2+7“1 Ve —T1

=71
ro<i<n

) —3(n+1). (4.3)

We can easily show that when there are no change-points

sup W, (r,m) > sup ((t2_t1>(1 )(B(tg)—B(tl))Q, (4.4)

1<ri<ra<n t1,t2€(0,1) 1 —ty+11)

which can be used to obtain critical values for the hypothesis test.

If the number of true change-points ¢ is unknown then maximizing the objective function
W over all possible candidate sets of change-points is a degenerate problem. Therefore, we
must add a penalty term on the number of change-points:

K = argmax W(r) — jA,. (4.5)

T1,eesTj

Just like in Chapter 2, this estimate can be computed with the PELT algorithm (Killick
et al., 2012). The PELT algorithm allows the change-point estimates to be computed in
linear time given the sample depth-based ranks. Much of the computational speed will
depend on computing and ranking the depth values. For example, if we let N represent
the number of points in the grid on which the functions are discretized to, then the random
projection depth values of a sample of size n can be computed in O(nMN + Mnlogn)
time. Ranking the functional depth values will always take nlogn time, and therefore,
theoretically, the best time for the FKWC change-point algorithm is O(nlogn). One
may be able to improve this result to linear time by using the parallel ranking algorithm
developed by Anderson and Miller (1990).

Practically, it seems as though the majority of the computational burden comes in
the form of computing the sample depth values. For example, 1 million observations
can be ranked in R in 0.37 seconds! even if the algorithm for the rank function in R is
not implemented in parallel. By contrast, computing the RP depth values of one million

Lusing an Intel(R) Core(TM) i7-8700K CPU @ 3.70GHz microchip and 32 Gb of RAM.

83



observations would take considerably longer with existing implementations in R. Therefore,
it is important to consider the functional depth function used with the FKWC change-point
method if computation is of high concern, such as in the context of -MRI data.

4.3 Theoretical results

In this section we present the theoretical results for our change-point procedures. We
remind the reader that throughout the chapter we assume that data satisfy E[X;] = 0
and that the locations of the change-points is fixed 0; = |[nk;|. We first introduce some
assumptions on the data.

Assumption 11. The change-points are bounded away from the boundaries of the observed
data; n ¢y < k; < n(l — ¢o) where 0 < ¢y << 1 and one recalls that ki, ... ke are the
locations of the true change-points.

Assumption 12. For X ~ F and z,y € R, the distribution function of D (X, F) is a
Lipschitz function;

[Pr(D (X, F) < 2) — Pr(D (X, F) < y)| < K"}z — y|.
Assumption 13. The functional depth function D satisfies

sup |D(z; F,,) = D (z; F)| = 0,(n~?).

TEF

Assumption 11 ensures that the change-points are bounded away from the edges of
the sequence of observations. Assumption 12 is a smoothness condition on the distribution
function of the depth function. Assumption 13 is satisfied by all three of the depth functions
discussed in this chapter, see (Nagy and Ferraty, 2019) and Chapter 3. The type of change
captured by the procedure is entirely encapsulated in the following condition: If there
exists a changepoint at time k;, then

pi = Pr(D (X;,; F) < D (Xp11; F)) # 1/2. (4.6)

It is necessary to connect the distribution of the depth values D (Xy,; F)) — D (Xy,11; F) to
the covariance operators. For example, suppose that there is only one change-point which
occurs at time ki. If we use the ranks of the squared norms of the observations with our
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change-point procedure, then condition (4.6) translates to
MED (|| X, [I* = | X1 [I*) # 0.

If we further assume that the distributions of the norms have the same shape, then we can
translate this condition to

||Ji/]f1 Htr # H%l-i-lHtr :

Therefore, using the ranks of the squared norms can only detect changes in the trace norms
of the covariance operators. When we instead use ranks generated from the functional
depth functions MFHD and RP, condition (4.6) translates to

MED(D (Xy,11; F') = D (Xi,; F)) # 0.

Both the integrated functional depth with D (z(t); F}) = Fy(x)(1 — F;(x)) and the random
projection depth can be written in the form of

D (xsF) = [

[ ool 0)(1 = Pualo(Xi,a)))Pa = / Dy(Xy,)dPs,

A

where A represents a compact set, P, is the uniform measure on A, g is some function
g: § — R such that E [¢(X;,a)] = 0 and

Da(Xk,) = Fra(9(Xi,, @) (1 = Fio(9(Xk,, a))).
Suppressing the F' in D, we can write

D (X1 41) =D (X)) = | DulXiy) = Da(Xi12)dPs.

Now, define o7, and 03, as the variance of g(X,a) for X observed before and after the
change-point, respectively. To be clear, o7, = E [g(X1,a)’] and 03, = E [9(X,,a)?]. In
the case of the random projection depth, we have that A is a compact subset of S and
07, = (H;a,a). In the case of the integrated functional depth we have that A = [0, 1]? and
0]27(1 = ICj(a,a). If we assume that F, , is thrice differentiable for all a and let f,, be the
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density corresponding to F\ ,, we can write

E[F.a(g(X1,0))] = Foal0) + 5 70(0)0%, + Ry
B [F2,(0(X1. )] = F2,(0) + (£.l0)f2(0) + 2,007, + o
B [Fa(g(Xe, )] = Fua(0) + 5 F0(0)03, + R
E [F2,(9(X. )] = F2,(0) + (oa(0)/D0) + f2,(0)08, + Rz

-1 9(X1,a) ) 5
Rotr =B | & / FO 1) (9(X0,a) — t)dt
0

6
:1 9(X1,0)
Roia =B |5 [ GhaF80 + £u0520) 00X, 0) - t>3dt]
0
i 9(Xn,a)
Raz1=E é/o f>£,2a (t)(9(Xp, a) — t)gdt]

1 g(Xn,(l)
Rz =E —/ (3fea(®)FLA(0) + Fra() L2 (9(Xn, a) — t)?’dt] :
0

Note that we expect R, to be small from the fact that the mean of g(X;,a) is 0. After
some manipulation, it follows that

E D (9(X1,a); Fia) = D (9(Xn, a); Fuo)] = H(Fia) (05 4 — 054) + Rans — Ra23s

where, if F' is a univariate CDF, then

H(F) = 27O0) ~ (FOFO0) ~ F20)  and Rus = Rags — Rago

We must now impose the following assumption:

Assumption 14. The distribution F' s such that

E D (Xy 115 F) = D (X3 F))] # 0 = MED(D (Xj, 41; F) = D (X5 F))) # 0.
This assumption says that if the distributions of D (Xj,; F), D (X, +1) differ in mean,
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then they also differ in median. This assumption is akin to the assumption made in the
univariate Kruskal-Wallis procedure, where we assume that the distributions in each group
are not of the special form where the group means differ but the group medians do not. If
Assumption 14 holds, then we see that changes in the covariance operator which can be
described by

/ HENKo(t, 1)t + / HENK (1 1), (@7)

will be captured, in the case of the integrated functional depth. In the case of the random
projection depth, changes in the covariance operator of the type

/7—[ )(Hou, uydP %/7—[ ) HFu, uydP, (4.8)

will be captured. The full proof of these results can be seen in the proof of Theorem 4
in Chapter 3. Looking at the case of random projection depth, if it is assumed that the
observed functions can be written as

b
X = Z Ci i
i=1

for some integer b € N, then theoretically, the procedure could detect any type of change
in the covariance operator. This is of course provided that P is chosen to be uniform
on {u'®: u € SP7'}. From (4.7) it follows that the integrated functional depth-based
procedure can only detect changes that occur on the diagonal of the covariance kernel. If
one aims to detect changes characterised by E [X,,(s)X,(t)] # E [X1(s)X1(#)]?, then we
recommend using the random projection depth based change-point procedure. Otherwise,
using either of these depth functions is acceptable. If we want to use half-space depth for D
in the integrated functional depth, i.e., the multivariate functional half-space depth, then
the procedure can detect differences in a quantity which is akin to the univariate mean
absolute deviation. In this case, a change of the form

/Md E[|(Xi, () = MED(E))[]dt # | E[|Xp(t) - MED(F)[]dt,  (4.9)

[0,1]¢

will be detected by the procedure, provided that ft(l) evaluated at MED(F}) is small. For

2In this expression we can replace X,, with any observation that comes after the change-point, and we
can replace X; with any observation that falls before the change-point.

87



example this will hold when the univariate distributions f; are symmetric. We may produce
something analogous to (4.9) for the random projection depth if we wish to use half-space
depth instead of simplicial depth for the univariate depth function D. Of course, this
analysis applies to the FKWC methods which do not incorporate the derivatives, though
we expect the procedure that includes the derivative information to be able to detect these
types of change-points as well as additional types of change-points. The motivation for
incorporating the derivatives is based both on the successful results of (Claeskens et al.,
2014), the results of Chapter 3 and the qualitative argument that increased oscillations in
the observations should produce a change in the magnitude of the derivatives. We can now
present our theoretical results for the FKWC change-point methods. We begin with the
behaviour of our proposed test statistics under the null hypothesis.

Theorem 7. If Assumption 13 holds and there are no change-points present in the data,
then the estimator (4.2) satisfies

|Z,(ky/n)| 5 sup |B(t)],
te(0,1)

and the estimator (4.3) satisfies

~ ~_ 4 (B(ty) — B(t1))?
W, (b)) % su .
(k. k) 0<t1<£)2<1 (to —t1)(1 —ta+ 1)

The proof of this theorem can be seen in Section A.6.

Theorem 8. Suppose that Assumptions 11-13 and (4.6) hold. For X\, as in (4.5), assume
that lim,, o A, = 00 and that A, = o(n). Then the following two results hold:

1. The estimator (4.2) satisfies
[k /n = 6] = O,(n"1/?).

2. For the estimates (4.3) and the multiple change-point estimates (4.5), we have that
for all r > 0, there exists a constant C' > 0 such that

Pr ({Z: E} N {m?z)](@z — k| < Cnl/%’"}) — 1 asn — .
1€

The proof of this theorem follows directly from the proof of Theorem 2 in Chapter 2 and
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the proof of Theorem 3.2 in (Chenouri et al., 2020b). Next we give a finite sample result
for univariate rank-based change-point detection.

Theorem 9. Suppose that there are n independent, univariate data points Xi,...,X,,
with a change-point at time ky. Additionally, assume that p = Pr(X; < X,,) # 1/2. Let
El be the proposed AMOC change-point estimator based on the univariate, linear sample
ranks. Then for all t,0 > cq > 0, there exists constants Cy and Cy which depend on 6 and
co such that

Pr(|ky — k1| > tn) < Cye~ G2 (p=1/2)°,

Theorem 9 applies to our functional data change-point estimator when we use the
norms of the observations to rank the functions. If one used a different one dimensional
summary of the functional data in our change-point procedure, rather than the depth
values, Theorem 9 could be applied. In fact, Theorem 9 can also be used on other kinds
of data, such as a sequence of one-dimensional summaries of multivariate or shape data.
Theorem 9 does not cover the FKWC procedure when used with depth functions since
depth functions produce dependent depth values, but it applies to the method based on
the ranks of the squared norms. We now present a finite sample result for the procedure
which accounts for the dependency among the sample depth values.

Theorem 10. Suppose that Assumptions 11-12 hold and that there exists a change-point
at ky in the sense of (4.6). Suppose that the data satisfy X; = c; ® for a vector ® of b
orthonormal basis functions. Let El be the proposed AMOC' change-point estimator (4.2)
paired with the random projection depth or the MFHD depth. Then for all t,0 > cq > 0,
there exists constants Cy, Cy > 0 which depend on 0, cq, p1, K', the depth function choice,
and F such that

Pr([k — ki| > nt) < Cye” @2 m=1/2)?,

In order to have concentration of the sample ranks around the ‘population ranks’, it
is required that the empirical processes f 4 Fnada also concentrates around f 4 Fada, which
at this time requires the finite dimensional assumption. Seeing as many functional data
analyses make this assumption implicitly through smoothing methods, we do not see this as
a particularly troublesome assumption. We remark that this finite dimensional assumption
is only necessary for the finite sample result, and not for consistency of the change-point
estimator. Recall that we have assumed that the observations are independent. In order
to extend these results to dependent observations, we require three results. The first of
which is a maximal inequality for ranks based on weakly dependent random variables,
such as discussed in (Hoffmann-Jorgensen, 2016). The second is a concentration result for
dependent U-statistics, which may be seen in (Han, 2018).
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4.4 Simulation

In order to test our methodology, we simulated observations from several change-point
models. To test the AMOC setting, we simulated data with 0 change-points as well as with
1 change-point in the middle of the sample. To test the epidemic change-point setting,
we simulated data with 2 uniformly random change-points, where we required that the
change-points were at least 10% of the sample size apart. Sample sizes of 100, 200, and
500 were used for these scenarios and all tests are carried out at the 5% level of significance.
Finally, to test the multiple change-point procedures, we used the simulated data for the
AMOC and epidemic scenarios, as well as a simulation where there were five randomly
placed change-points which also had to be at least 10% of the sample size apart. In the
five change-point case, we simulated sample sizes of 200, 500, 1000 and 2500. In each case,
the data were sampled from either a Gaussian process GP, a Student-t process t3 with
degrees of freedom equal to three, or a Skewed Gaussian process SG. We used a squared
exponential covariance kernel

—(s—1)2

K(s t;o, ) = e 22,

and the sample differences were controlled by adjusting o and . Changes in « correspond
to a ‘shape’ difference in the data, while changes in § correspond to a magnitude difference.
In the AMOC cases, we compare our methods to the methods of Sharipov and Wendler
(2019); Dette and Kokot (2020). The code for these methods was kindly provided by
the authors. We compare our multiple change-point algorithm to the functional multiple
change-point isolation (FMCI) algorithm of Harris et al. (2021), whose code was also
provided. We feel this is the most comparable algorithm, as it is computationally fast and
can detect multiple change-points. We use the package fmci provided on Github (Harris,
2020) with the default parameters for this algorithm.

We discuss the AMOC and epidemic scenarios first, the FKWC methods which include
the derivatives performed universally better than those without the derivatives, therefore
we only present the results of the FKWC methods which use the derivatives. It should be
noted that the MFHD and squared norm based FKWC procedures cannot detect shape
changes without including the derivative information, see Section A.7. We also only present
the results from the AMOC runs, since the results from the epidemic scenarios resulted in
the same conclusions. The results from the epidemic scenarios can be seen in Section A.7.

Figure 4.1 shows the power curves for the AMOC FKWC test when the data had
magnitude changes (panel (a)) and when the data had shape changes (panel (b)). Here,
n = 500 and the results from other sample sizes were similar. (It was observed that a

90



1.0

1.0

0.8
0.8

0.6
0.6

Power
Power

0.4
0.4

— MFHD

si¢ /S| e - RPD 31
R 2
L“-root
Sos 06 07 ; 08 09 10 S0.05 0.06 0.07 0.08 0.09 0.10
o
(a) magnitude change (b) shape change
o o s g 8 S
N N N 8
° of & = B ] S i
e b = e = i == e ==
<x H H <x 1 || || ™) g T ] <x
° o ° ’ o —— T
o = = 8 ]
o o § e
o R : : g g
MFAD™ RPD™ LTR MFAD RPD™ LTR' MFAD™RPD™ LTR MFAD™ RPD™ LTR

Figure 4.1: Power curves and accuracy boxplots when there is one change-point in the
data and n = 500. Each curve represents the empirical power of the AMOC FKWC hypoth-
esis test, for a given depth function (line type) when the data had a particular underlying
distribution (line color). For example, the solid green line is the power of the procedure
paired with the MFHD depth when the data came from a skewed Gaussian process. The
boxplots represent the empirical distribution of k — k based on the 200 simulation runs.
The data model for each of the boxplots was (c¢) Gaussian with a magnitude change, (d)
student ¢ with a magnitude change, (e) Gaussian with a shape change and (f) student
t with a shape change. Note that “L2-root” refers to the case where our procedure was
paired with the ranks of the sum of the squared norms of the observations and their first
derivative.

higher sample size indicates a higher detection power.) Figure 4.1 shows that the power
of the test is lower when the underlying data comes from a heavy tailed distribution,
but the method does not break down. We also see that performing the test on skewed
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Gaussian data performs similarly to when performed on non-skewed Gaussian data. When
the change-point altered the shape of the data, using the squared norm-based ranks did
not work as well as the other two depth functions if the data was not Gaussian, even if the
derivative information was incorporated. The performance of the test using ranks based on
RP’ and MFHD' was similar, with MFHD’ being slightly better for magnitude differences
and RP’ being slightly better for shape differences. The empirical sizes of the test, were
always within 2% — 3% of the nominal size, being within 1% — 2% most of the time. The
bottom row of Figure 4.1 contains boxplots of k1 — k1 when the change-point was detected.
We observe again that when the data is heavy tailed, the estimation is less accurate, but
still works. For example, the estimated change-point is often within 4 observations instead
of 2 when the change-point was a magnitude change. The estimation accuracy results
mirror those of the power curves; RP’ and MFHD' perform the best with slight differences
depending on whether or not the change type was shape or magnitude.

Figure 4.2 compares the power of the methods of Sharipov and Wendler (2019); Dette
and Kokot (2020) to the power of the FKWC methods. We used 200 bootstrap samples
with a block length of 1 for both of the competing methods. We only report the results
for the integrated test of Sharipov and Wendler (2019), since it had generally higher power
than the other test proposed in their paper. For the Dette method, we used 49 B-spline
basis functions to smooth the data first and, note that using a Fourier basis resulted in
slightly lower power. We did not smooth the data for use with the method of Sharipov
and Wendler (2019). It can be seen in Figure 4.2 that the FKWC test has a higher power
than its competitors for the data models in this simulation study. We also notice that the
heavy tailed distribution breaks down the competing methods. We remark that though
the FKWC methods have higher power than competing methods under these simulation
models, the competing methods have some features that the FKWC methods do not. These
methods have theoretical results for dependent data and the method by Dette and Kokot
(2020) can test for “relevant” changes in the covariance operator, rather than the standard
hypothesis of any change in the covariance operator.

In order to test the performance of the FKWC tests when the data are not independent,
we also compared the three tests under a model where the data had some dependency. We
simulated functions from the autoregressive model as discussed in the simulation section
of Sharipov and Wendler (2019) and ran the FKWC test on those time series. Table A.4
in Section A.7 shows the results under this model. We see that the FKWC tests (which
incorporate the derivatives) have higher power than competing methods, though they tend
to have higher type one error. The RP’ test is an exception; it had an empirical size of 0.06,
which is very close to the nominal level of 0.05. Overall, the performance of the FKWC
test is better than its competitors under these simulation models.
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Figure 4.2: Power curves of the FKWC method compared to the methods of Sharipov
and Wendler (2019); Dette and Kokot (2020) when there was one change-point in the data
and n = 100. Each curve represents the empirical power of a particular change-point
procedure when the data had a particular distribution. For example, a green curve with
a dashed line is the empirical power curve of the method of Sharipov and Wendler (2019)
when the data was generated from a skewed Gaussian process.

We now discuss the results from the multiple change-point algorithm. When there were
five change-points, we ran four different simulation scenarios, two where the change-points
were shape-type and two where the changes were magnitude-type. Within these groups,
the set of change-points was either “ascending”, i.e., o or S was increasing with each change
or “alternating”, i.e., a or # was oscillating between a high and low value with each change.

We first discuss choosing the value of A,. It was observed in Chapter 2 that A\, €
(3.7440.15y/n, 3.74 + 0.251/n) performs well in the multivariate setting. In this study, we
tested A, = 3.74 + X \/n for X, € (0.1,0.4) to see if the same parameter settings apply to
the functional data setting. We ran the PELT algorithm on the simulated data for all of
the scenarios, i.e., for data which had 0, 1, 2 and 5 change-points. We observed that the
best choice of A, was consistent across the different depth functions, and so we only present
the results from RP’ depth. Figure 4.3 shows the mean absolute error in the estimated
amount of change-points, i.e., |[{ — / |, of the simulation scenarios for different values of A/,
for n = 500. It is clear that the functional data context requires higher values of X . with
the best parameters being in 0.25 — 0.4 range. The algorithm is less sensitive to the choice
of X with increased sample sizes. The group of curves presenting large errors at the top
of panel (a) of Figure 4.3 are from the shape difference and/or heavy tailed scenarios with
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Figure 4.3: (a) Mean absolute error |¢ — /| of the simulation scenarios for different values
of X under the RP" depth for n = 500. (b) Boxplots of { — ¢ when the data contains
different amounts of change-points (as labelled on the horizontal axis) under the Gaussian
simulation scenario. (c) Boxplots of { — ¢ when the data contains different amounts of
change-points under the t3 simulation scenario.
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Figure 4.4: Energy distance between the estimated and true change-points when n = 500
for the FKWC method and the FMCI method. The FKWC method was used with RP’
depth and A/ = 0.3 and the FMCI method was used with the default parameters. Only
the runs in which there were five change-points are represented. The numbers at the top of
the graph are the proportion of runs in which the algorithm failed to identify any change-
points. The labels on the horizontal axis represent the distribution of the underlying data
and the change-point scenario; either alternating or ascending.

five change-points, where there was not enough samples to detect all of the change-points.
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We now compare the RP’ version of the FKWC multiple change-point method to the
FMCI method of Harris et al. (2021). We chose to compare to Harris et al. (2021) because
of FMCTI’s ability to detect multiple change-points, as well as its accessible implementation
and computational speed. We use the default parameters provided in the fmci package.
We remark that the FMCI method can detect changes in both the mean function and
covariance kernel, whereas the FKWC method can only detect changes in the covariance
kernel. It should be noted that we used the same simulation to evaluate the best parameter
choice for the FKWC method, and so the results could be biased in favor of the FKWC
method. We do not feel this plays a major in the conclusions drawn from the comparison.

Figure 4.3 contains boxplots of ¢ — ¢ for different data models in the simulation. The
results of skewed Gaussian and Gaussian were similar so we only present those of Gaussian
and student t. We see that the results of both methods are similar under the Gaussian
setting (while slightly favoring the FMCI method), but favor the FKWC method when the
data is heavy tailed. Both methods tend to underestimate the number of change-points
in the heavy-tailed case. We observed that both of these methods had more difficulty in
the ascending scenarios, i.e., the simulation runs where either the a or g parameters were
increasing at each change-point.

To evaluate the accuracy of the algorithms, we also look at the energy distance between
the estimated change-point set and true change-point set for each method. The energy
distance between the estimated and the true change-point set can written as

i ‘

9 R 1 2 R R 1 e ¢
722“@-@—EZZWF%I—K—QZZW—M

i=1 j=1 i=1 j=1 i=1 j=1

As done by Harris et al. (2021), we use the energy distance to evaluate the multiple change-
point methods. We use this distance because, as discussed in Appendix B.3 of Harris et al.
(2021), the energy distance measures the average error in estimating each change-point,
rather than the error of the most poorly estimated change-point in the set. One criticism
is that if the algorithm fails to identify any change-points, then the energy distance to a
set of true change-points will not be defined.

Figure 4.4 shows boxplots of the energy distance between the estimated change-point
set and true change-point set, for each method. The numbers along the top of the graph
indicate the proportion of simulation runs in which the algorithm failed to identify any
change-points. Figure 4.4 shows that the FMCI method performs better in the Gaussian
and skewed Gaussian scenarios when the change-points are ‘ascending’. However, the FMCI
method can perform poorly in the heavy-tailed scenario. Notice that in the alternating
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Figure 4.5: (a) Twitter differenced log returns and (b) norms of the Twitter differenced
log returns over time, with the FKWC detected change-points and change-point interval
means overlaid.

scenario, under the heavy-tailed distribution, the FMCI method fails to identify a change-
point over 90% of the time. We conclude that the FMCI method performs better when the
data are not heavy tailed, but the FKWC performs better when the data are heavy tailed.
In other words, the FKWC method sacrifices some of the accuracy of the FMCI method
for robustness to outliers.

4.5 Data analysis

4.5.1 Changes in volatility of social media intraday returns

In this section we present an application of the multiple change-point algorithm to intraday
differenced log returns of twtr stock. We analyse 207 daily asset price curves of twtr
starting on June 24th 2019 and ending March 20th 2020. The price was measured in one
minute intervals, over the course of the trading day, resulting in a total of 390 minutes per
day. In order to account for edge effects from smoothing the curves, we trimmed 10% of
the minutes from the beginning of the day and 5% of the minutes from the end of the day.
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This resulted in 332 minutes of stock prices. The differenced log returns are defined as
Xji(t) = 1n(inL331tJ+1) - 1H(inL331tJ)>

for ¢t € (0, 1] and where Yj;; is the j™ asset price on the i day at minute k. The data was
fit to a B-spline basis, using 50 basis functions, see smooth.basis in the fda R package.
These data are shown in Figure 4.5. The assumption of zero mean appears to be satisfied
here. Notice the outliers, which indicates that this data may require robust inference.
Obviously, these data are not independent, however, we feel that this will not overtly
affect our procedure. As long as the intervals between change-points are big enough, we
expect the depth values after a change to also change, even if there is say, m-dependence
in the data. We would expect that m-dependence could blur the change for a short period
of time and cause the change-point estimate to be biased.

We ran the PELT algorithm with A, = 3.74+0.3\/n = 8.06, as per Section 4.4. We ran
the algorithm under all of the depth functions with the derivatives. The FKWC method
using the MFHD depth identified a change-point on Jan 15, 2020 which the other two
depth functions did not. If we include this change-point, the algorithm identified four
change-points, as given in Table 4.1. The algorithm using the ranks of the squared norms
without the derivatives identified the same set of change-points®. We could then infer that
there were change-points in the magnitude of the observations. We remark that other,
additional changes in the covariance operator may have also occurred at these times. For
example, the magnitude change may also have been accompanied by a change in the shape
of the curves.

Figure 4.5 displays the norms of the curves over time, with the estimated change-points
added as vertical lines and the means of the norms in each interval overlaid. We can see
clear changes in the mean of the norms during these periods. We may also notice that
our procedure was unaffected by the outlier at the beginning of the series and the one
just before the last estimated change-point. Table 4.1 gives the magnitude and sign of the
changes as well. We can see that the largest change-point is the last one; clearly attributed
to the instability caused by the coronavirus pandemic. It is interesting to see whether
or not the other change-points occurred due to market wide behaviour, or events specific
to social media or even just Twitter itself. For example, running the same algorithm on
snap stock over the same period of time reproduces the change-points on Nov 07, 2019
and Feb 21, 2020 but not the other two change-points. One possibility for the estimated
change-point on July 2019 could be the Twitter earnings report released just prior, e.g.,
(Feiner, 2019).

3The estimated November change-point was said to be two days earlier.
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Interval Centered Rank Mean

Jun 24, 2019 - Jul 24, 2019 19.73
Jul 24, 2019- Nov 07, 2019 -15.64
Nov 11, 2019- Jan 15, 2020 46.04
Jan 15, 2020- Feb 21, 2020 1.08
Feb 21, 2020 - Mar 20, 2020 -90.80

Table 4.1: Change-points and centered MFHD' rank means. Notice the largest change
occurs at the last change-point.

Aside from determining possible causes for change-points, from a modelling perspective,
one may wish to avoid using a functional GARCH model. This could be due to the fact
that in order to fit a functional GARCH model at the present time, one must choose to
fit the functional data to a relatively small number of basis functions in order to keep
to the number of parameters in the GARCH model small. If no clear basis exists, and
the principle component analysis does not work well due to outliers, one may wish for
an alternate approach. Instead one can remove the heteroskedasticity in the data by
re-normalizing the curves in each interval, and then proceed with alternative time series
modelling from there. Of course, this would not estimate future change-points; one could
model the change-point process and the return curves separately.

4.5.2 Resting state f-MRI pre-processing

Functional magnetic resonance imaging, or f-MRI, is a type of imaging for brain activity.
f-MRI uses magnetic fields to determine oxygen levels of blood in the brain in order to
produce 3-dimensional images of the brain. Many of these images are taken over a period
of time, which results in a time series of 3-dimensional images. Note that each MRI in a
given subject’s f-MRI can be viewed as a function on [0, 1]*. Resting state -MRI is a type
of -MRI data where no intervention is applied to the subject during the scanning process.
f-MRI scans go through extensive pre-processing before being analysed.

One assumption commonly made is that, after several pre-processing steps, each sub-
ject’s resulting functional time series is stationary. It is therefore important to check the
scans at an individual level in order to ensure that each time series is stationary. For
subjects whose time series is not stationary, we must make the necessary corrections or
exclusions from the ensuing data analysis. The covariance kernel of an f-MRI time se-
ries is a 6-dimensional function. FExisting methods make a separability assumption on
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the covariance kernel (Stoehr et al., 2021), which we do not make here. Additionally,
Stoehr et al. (2021) mentions the need for a robust method of detecting non-stationarities
in -MRI data, which leads us to apply our rank based method to this data. We anal-
yse several scans from the Beijing dataset, which were retrieved from www.nitrc.org.
These scans were also analysed by Stoehr et al. (2021). Following instruction provided
by https://johnmuschelli.com/, we performed the following pre-processing steps to the
data. We trimmed the first 10 seconds from the beginning of the scan, in order to have a
stable signal. We then performed rigid motion correction using antsMotionCalculation
function in the ANTsR R package. A 0.1 Hz high-pass Butterworth filter of order 2 was
applied voxel-wise to remove drift and trend from the data. We then removed 15 obser-
vations from either end of the time series in order to remove the edge effects of the filter.
The gradient of each scan was then estimated using the numDeriv package, which resulted
in four time series of functional data, where each function is a three-dimensional image.

We then computed the RP’ sample depth values as follows. First we projected each
of the four time series’ onto 50 unit functions. Then, for each of the 50 projected time
series, we computed the half-space depth values of each four-dimensional observation. We
then averaged these depths over the 50 unit vectors. We use the half-space depth since
it is faster to compute than the simplicial depth for four-dimensional data. We then
applied the FKWC hypothesis tests and the FKWC multiple change-point algorithm to
the resulting depth values. In addition, we restricted estimated change-points to be at
least 10 observations away from either boundary. Code to run the FKWC procedure on
three-dimensional functional data can be retrieved from Github (Ramsay, 2021).

AMOC Epidemic

Subject | Estimate p-value | Estimate 1 Estimate 2 p-value
sub08455 116.00 0.36 34.00 54.00 0.95
sub08992 35.00 0.00 36.00 175.00 0.00
sub(08816 39.00 0.20 43.00 94.00 1.00
sub34943 159.00 0.10 21.00 173.00 0.01
sub12220 30.00 0.09 31.00 127.00 0.25
sub06880 116.00 0.00 24.00 117.00 0.00

Table 4.2: Change-point estimates and p-values resulting from running the FKWC
change-point tests on the different subjects.

Figure 4.6 contains the ranks of the random projection depth values for several {-MRI

scans, with the resulting change-point intervals identified by the FKWC multiple change-
point algorithm overlaid. Table 4.2 contains the p-values and change-point estimates re-
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Figure 4.6: Ranks of the random projection depth values for several f-MRI scans with
detected change-point means overlaid.

sulting from running the hypothesis testing procedures. We see that changes are detected
in four of the six subjects analysed, two of which appear to be an epidemic type change; the
ranks return to their previous means after the second interval. This is consistent with the
idea that the epidemic model is more suitable for some resting state f-MRI scans (Stoehr
et al., 2021). For subject sub08455, we do not detect any changes in the sequence, even
though this subject’s f-MRI has an outlier early in the sequence. This outlier can create
a false positive for the AMOC alternative, as discussed by Stoehr et al. (2021). Notice
that the p-values are not small for this subject when running our test. The rank sequence
for subject sub08992 was estimated to have two change-points, though the distribution
of ranks in the first and third intervals are clearly different. This is why the estimates
from the epidemic model and the multiple change-point procedures differ. Though, the
null hypothesis is rejected by both the AMOC and epidemic model tests, even if we were
to use any p-value correction procedure. In addition, the FKWC procedure ignores the
outlier at the beginning of the sequence for subject sub08992, which showcases the ro-
bustness of the FKWC method. The FKWC methods did not detect any change-points
for subject sub08816, whereas the methods of (Stoehr et al., 2021) detected an epidemic
period. This could be due to differences in pre-processing, trimming, or the nature of the
different methods’ assumptions. For subject sub34943 we see that an epidemic change is
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detected by the multiple change-point procedure, and the p-value from the hypothesis is
borderline significant with p-value corrections (0.01). In the case of the AMOC test, the
null hypothesis is not rejected. We note that no change was detected by the functional pro-
cedure in (Stoehr et al., 2021), but a change was detected in the multivariate procedure.
For subject sub12220, one change is detected, by the multiple change-point procedure,
though the hypothesis testing yields non-significant results. We remark that the test of
Stoehr et al. (2021) detects a change. The location of the change detected by Stoehr et al.
(2021) occurs early in the sequence, and, as a result of the trimming we applied to the
sequence, occurs very early in our time series. This makes it difficult to detect by our
procedure. For subject sub06880 we see that all three FKWC procedures agree that there
are change-points, and the epidemic model and the multiple change-point procedure agree.
We remark that Stoehr et al. (2021) also detected change-points in this subjects sequence
of observations.
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Chapter 5

Depth Methods for Private Data
Analysis

5.1 Introduction

There is a large body of literature that shows simply removing the identifying information
about subjects from a database is not enough to ensure data privacy (see Dwork et al.,
2017, and the references therein). Even if only certain summary statistics are released,
an adversary can still learn a surprising amount about individuals in a database (Dwork
et al., 2017). This phenomena is largely due to auxiliary information that is known by
the adversary. Given the large amount of information about individuals that is publicly
available, it is not infeasible to assume that an adversary already knows some information
about the individual they wish to learn about. On the contrary, if a statistic is differentially
private an adversary cannot learn about the attributes of specific individuals in the original
database, regardless of the amount of initial information the adversary possesses. This
property, coupled with the lack of assumptions on the data itself needed to ensure privacy,
accounts for the volume of recent literature on differentially private statistics.

One part of this literature represents a growing interest in the statistical community
in differentially private inference, e.g., (Wasserman and Zhou, 2010; Awan et al., 2019;
Cai et al., 2019; Brunel and Avella-Medina, 2020). In particular, there are connections
between robust statistics and differentially private statistics, first discussed by Dwork and
Lei (2009). Dwork and Lei (2009) introduced the propose-test-release algorithm for com-
puting private estimators. This algorithm works particularly well with robust statistics.
Brunel and Avella-Medina (2020) greatly expanded the propose-test-release paradigm of
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Dwork and Lei (2009), using a concept from robust statistics called the finite sample break-
down point. The same authors use this idea to construct private median estimators with
sub-Gaussian errors (Avella-Medina and Brunel, 2019). There are connections to other con-
cepts from robust statistics; Chaudhuri and Hsu (2012) formalized a connection between
private estimators and gross error sensitivity. The connection between private estimators
and gross error sensitivity has been further exploited in order to construct differentially
private statistics (Avella-Medina, 2019). Furthermore, private M-estimators were studied
by several authors (Lei, 2011; Avella-Medina, 2019).

This chapter is inspired by these recent papers, where we explore the privatization of
depth functions, a robust and nonparametric data analysis tool; given the recent success of
robust procedures in the private setting, it is worthwhile to develop and study privatized
depth functions and associated medians.

We present algorithms for computing differentially private depth values and depth-
based medians. We study the cost of privacy of these methods; how the level of privacy
protection affects the statistical utility of the depth function. Specifically, we consider
generating a depth-based median via the exponential mechanism (McSherry and Talwar,
2007). We present the sample complexity of this estimator and show that it is polynomial
in the dimension d. Furthermore, privatizing the estimator only increases the sample
complexity by a factor of logd for a given error level comparable to that of the privacy
parameter. Another important feature of our private median is that the range of the data
can be unbounded. Many existing estimators require that the range of the data lie in a
known ball or hypercube (Wasserman and Zhou, 2010; Cai et al., 2019). For many existing
estimators, if the range is unknown one must sacrifice privacy budget to approximate the
range of the data and the quality of the estimator depends on the size of this range. By
contrast, our procedure allows for the data to have an unknown or unbounded range. In
addition to private medians, we also present methods for computing private depth values
and compute the associated cost of privacy. As a by-product, we extend the propose-test-
release procedure of Brunel and Avella-Medina (2020) to be used with the exponential
mechanism. We show that one can use propose-test-release to compute a private version
of projection depth and the projection depth median. We show that the probability of
returning a “null” value for the private projection depth values is small and give the cost
of privacy for the projection depth values. As a by-product of this work, we present a
smooth version of integrated dual depth as well as uniform concentration inequalities for
several depth functions.

Note that some work has been done on the private computation of halfspace depth
regions and the halfspace median (Beimel et al., 2019; Gao and Sheffet, 2020), mainly
from a computational geometry point of view. Though Beimel et al. (2019) mentions that
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the halfspace depth function can be used with the exponential mechanism, they do not
study the estimator’s properties from a statistical point of view; it is used as a method of
finding a point in the convex hull of a set of points.

5.2 Differential privacy

Before getting into the fundamentals of differential privacy, it is useful to first introduce
some notation. For two sets A and B, let AAB be the symmetric difference of A and B.
In addition, recall that |A| is the cardinality of A. We denote the open d-dimensional ball

d p) 1/p

of radius r around z by B,(z). Given z € R? we define the p-norm as ]|, = (ZFl o
and given some function ¢: R — R, we set [|¢[|, = sup,cga ¢(y). We represent the data
with X, = {Xj,..., X,,} and assume that the data is a random sample of size n such that
each observation is in R¢. We use F,, to represent the empirical measure determined by X,,.
For a univariate distribution F', we use F'~! to denote the left continuous quantile function.
Throughout the chapter we define the median of a continuous, univariate distribution by
MED(F) = F~'(1/2). Both MED(X,,) and MED(F},) are taken to be the usual sample
median. In other words, MED(F},) is the usual sample median and not F,'(1/2). We
use (x, to represent a measure that depends on the data set X,,. Differentially private
statistics will be denoted with the ~ symbol, e.g., T'. Given a database X,,, we let D(X,,, k)
be the set of all databases of size n which differ from X,, by & observations. In other words,
define the space of all databases of size n containing points in R? to be 2¢, then

D(X,, k) = {Y, € 2%: |Y,AX,| = k}.

A first essential concept when studying differential privacy is that of a mechanism. It
has been shown that all differentially private statistics 7'(X,,) must admit (non-degenerate)
measures given the data @Jx,. This means that conditional on the observed dataset, a
differentially private statistic (or database) is a random quantity (Dwork and Roth, 2014).
We call the procedure that determines (Jx, and then outputs a random draw T (X,) from
Qx, a mechanism. We may also refer to the mechanism by T with an abuse of notation.
A second essential concept for studying differential privacy is that of adjacent databases.
Recall that X,, is a set of n d-dimensional vectors. Say Y, is adjacent to X, if Y,, is also a
set of n d-dimensional vectors and the symmetric difference between X,, and Y,, contains
one element. Colloquially, we say that X,, and Y,, (another random sample of size n) are
adjacent if they differ by one observation; Y, € D(X,,1). Equipped with these concepts,
we can now define differential privacy:
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Definition 9. A mechanism T is e-differentially private for e > 0 if

Qx.(B) < e (5.1)

Qv,(B)

holds for all measurable sets B and all pairs of adjacent datasets X,, and Y,,.

The parameter € should be small, implying that
Qx,.(B)

Qu(B) "1

which gives the interpretation that the two measures Qx, and Qy, are almost equivalent.
To understand this definition, it helps to think of the problem from the adversary’s point
of view. Suppose that we are the adversary and that we have access to all the entries in the
database except for one which we are trying to learn about. Therefore there is an unknown
observation # € R? which we are trying to infer about. If 7' is released, how can we use
it to conduct inference about #7 Suppose we want to know whether or not 6 belongs to
some set of observations ©y. For example, Oy could be the set of all observations where
the subject has blue eyes and has a specific rare disease. Thus, we want to test

H()Z 0 e @0 VS. Hll 0 ¢ @0.
To conduct this test, we would then ask two questions:

How likely was it to observe T under Hy? and How likely was it to observe T under Hy?

Differential privacy stipulates that both of these questions have practically the same answer,
making it impossible to infer anything about ¢ from 7'. Definition 9 implies that if someone
in the dataset was replaced, we are just as likely to have seen T' (or some value very close
to T if Qx, is continuous). Another way to interpret the definition is to observe that
differential privacy implies that KL(Qx,,Qy,) < €, where KL is the Kullback—Leibler
divergence; implying that the distributions are necessarily close.

One may observe that the inequality (5.1) must hold for all pairs of adjacent databases
and all possible outcomes of the estimator in order for the procedure to be differentially
private. This inequality is then a worst case restriction, in the sense that (5.1) must hold
for even the worst possible database and the worst possible outcome of the mechanism.
Definition 9 can be difficult to satisfy because the umbrella of ‘all databases and mechanism
outputs’ can include both some extreme databases and extreme mechanism outputs. One
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may wish to relax this definition over unlikely mechanism outputs; one way to do this is
if B is such that Qx,(B) is very small, then the bound could be allowed to fail. This is
called approximate differential privacy or (e, §)-differential privacy, in which we have

Qx,(B) < eQy,(B)+46 (5.2)

in place of the condition (5.1). Typically, § << €, and § can be interpreted as the proba-
bility under which the bound is allowed to fail. To see this, observe that for B such that
Qx,(B) < 9, (5.2) holds regardless of e. We mention that for remainder of the chapter, €
and 0 are always assumed to be positive and that sometimes we may have that the privacy
parameters are a function of the sample size or dimension. Taking the privacy parameter
to be decreasing in n is a very safe assumption in terms of privacy; given enough samples,
the database participants will surely be protected.

An important feature of differentially private statistics is that they are immune to post-
processing (Dwork and Roth, 2014). Functions of differentially private estimates maintain
the same level of privacy:

Proposition 1 (Dwork and Roth (2014)). Let T ~ Qx, be (e, 8)-differentially private,
then f(T') is also (e, 0)-differentially private for any data-independent map f.

We can also compose multiple private statistics together; a vector of N differentially private
procedures will also be differentially private.

Proposition 2 (Dwork and Roth (2014)). Suppose we have Ty, ..., Ty differentially pri-
vate statistics, with privacy parameters (€1,01),...,(eén,dn). Then the vector (T1,...,Tx)

is (Z;V:1 €, Zjvzl 6j> -differentially private.

Central to differentially private algorithms is the concept of sensitivity. Then the global
sensitivity GS,, of a statistic 7: X" — § is the maximum distance between T' evaluated
at two adjacent databases of size n:

GSu(Ts |lls) = sup || T(Xn) = T(Y,)]s-
Xn€2g,
Y €D(Xn,1)

The norm used depends on 7' and the mechanism, therefore we may use the notation
GS,.(T;|I|ls)- When the norm is clear from the context, we will simply write GS,, (7).
Note that T does not have to be Euclidean valued; the range of T'(X,) can lie in any
normed space.
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We can now introduce some important building blocks of differentially private algo-
rithms. Let Wy, ..., Wy, ... and Z3,..., Zy,... represent a sequence of independent, stan-
dard Laplace random variables and a sequence of independent, standard Gaussian random
variables, respectively. The Laplace and Gaussian mechanisms are essential differentially
private mechanisms; they define how much an estimator must be perturbed in order for it
to be differentially private.

Mechanism 1 (Dwork et al. (2006)). Given a statistic T: X — R*, the mechanism that
outputs

T(X,) = T(X,) + (W, ... wy) SontEi )

€
is e-differentially private.

Mechanism 2 (Dwork et al. (2006); Dwork and Roth (2014)). Given a statistic T: X —
R¥, the mechanism that outputs

T(X,) = T(X) + (Zu, ... Z) \/@GSH(T; A1)

is (€, d)-differentially private.

This can be improved in strict privacy scenarios (Balle and Wang, 2018). We can
also add noise based on smooth sensitivity (Nissim et al., 2007). Using smooth sensitivity
allows the user to leverage improbable, worst case local sensitivities. Often in practice,
statistics are computed by maximizing a data driven objective function ¢x, (-). We can
privatize such a procedure via the exponential mechanism. The exponential mechanism
can be defined as follows:

Mechanism 3 (McSherry and Talwar (2007)). Given the data, consider a function ¢x,, :
RF — R. Then a random draw from the density f(x; ¢x, ,€) that satisfies

€ ¢x, () )
2GS, (0%,5 I'lo) )

15 an e-differentially private mechanism. It is assumed that

€ ¢x,(x)
/Rk P <2Gsn(¢xn; ||-||oo>> o< oo

F(@; 6., €) o exp (
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The factor of 2 can be removed if the normalizing term is independent of the sample.
All of the mechanisms discussed so far require that the non-private statistic or objective
function has finite global sensitivity. This is a somewhat strict requirement; under the
Gaussian model neither the sample mean nor sample median have finite global sensitivity,
even when d = 1. Instead, we might check the local sensitivity. For a fixed database X,
the local sensitivity of T is defined as

LSo (T, Xn: [I-lls) = sup [[T(Xn) = T(Ya)ls-

Yn€D(Xp,1)

Note that LS depends on the sample. Instead of requiring that the statistic has small
global sensitivity we can instead leverage the local sensitivity, provided it is small with
high probability. For example, the sample median has, on average, low local sensitivity,
Viz.

LS(MED(X,)) < |F7Y1/2 = 1/n) — F;*(1/2 + 1/n)|,

when d = 1. Since 1/n — 0, we expect this value to be small (assuming the sample comes
from a distribution which is continuous at its median).

The propose-test-release mechanism, or PTR, can be used to generate private versions of
statistics with infinite global sensitivity but highly probable low local sensitivity. Propose-
test-release was introduced by Dwork and Lei (2009) but was greatly expanded in the
recent paper by Brunel and Avella-Medina (2020). The PTR algorithm of Brunel and
Avella-Medina (2020) relies on the truncated breakdown point A,, which is the minimum
number of points that must be changed in order to move an estimator by 7:

A, (T;X,,) = min {k: sup  ||T(X,) —T(Y,)| > n} , (5.3)

Y €D(Xn k)

where one recalls that D(X,,, k) is the set of all samples that differ from X,, by k obser-
vations. Unlike for the traditional breakdown point, the dependence of A,(7;X,,) on X,
is important. PTR works by proposing a statistic, testing if it is insensitive and then
releasing it if it is, in fact, insensitive. A private version of A,(T;X,) is used to check the
sensitivity.

Mechanism 4. Given a statistic T: X — R, the mechanism that outputs

F(X,) =4 = if Ag(T5X,) + W) < 14 RECR)
T(Xa) ‘{ T(X) + 1Ws o, (5.4)
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is (2¢,9) differentially private and the statistic

~ ) 4L if Ay(T:X,,) + @Zl <1+ 210g(1€.25/§)
r(%,) + VI S

€

o.w.
(5.5)
is (2¢,2¢%0 + 62%) differentially private.

The release of L, i.e., a “null” value, means that the dataset was too sensitive for the
statistic to be released. The goal is to choose a T such that releasing L is incredibly
unlikely; A, (7;X,,) should be large with high probability.

5.3 A smooth depth function

We will be constructing differentially private statistics from depth functions. We will
focus mainly on halfspace depth, projection depth, integrated rank-weighted depth and
integrated dual depth. We also discuss simplicial depth in Section A.8. One may notice
that the sample versions of all of these depth functions are not smooth functions. We
may wish to have a smooth sample depth function in order to use certain Markov chain
Monte Carlo computational techniques to draw private estimates. For example, in the
exponential mechanism, the Hessian of the objective function can be used to produce
computational guarantees for Langevin dynamics. The existing depth functions are not
smooth because they rely on empirical distribution functions, or EDFs, which are not
smooth. One way to produce a smoothed version of the depth function is to replace the
indicators in the EDF with the “Sigmoid” or “expit” function: 1(Y < z) =~ o (B(x —Y)),
where o(z) = (1+e7%)~!. The parameter 3 controls the smoothness of the depth function,
increasing [ reduces the smoothness of the depth function. The smoothed depth is then
defined as

Definition 10 (5-Integrated Dual Depth). Define B-integrated dual depth as
IDDg(; F) = / Efo(Bz—X)u)] (1-E[o(Bz—X)"u)])dv(u),
gd—1
where v is the uniform measure on S 1.

Observe that as  — oo, this depth function converges to the integrated dual depth. We
show that S-integrated dual depth satisfies the same “depth”-like properties as integrated
dual depth. Let AF + b represents the distribution of AX +bif X ~ F.
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Theorem 11. The [-integrated dual depth satisfies the following properties:
1. Vanishing at infinity: lim. . IDDg(cu; F') = 0 for any unit vector u.

2. Maximality at centre: If X ~ F and F' is such that X — 6 LAy X, it holds that
sup, IDDg(x; F') = IDDg(6; F').

3. Similarity invariance: For all orthogonal matrices A and vectors b € R it holds that
IDDg(x; F') = IDDg(AO + b; AF 4+ b).

4. Decreasing along rays: If X ~ F and F is such that X — 6 Lg— X, then for all
0<a<1IDDg(abl + (1 —a)z; F) > IDDg(x; F).

In practice, computing the integral in Definition 10 is infeasible for even moderate
dimensions. Instead, we compute a Monte Carlo estimate of the depth values:

1 L

=27 2 2o (Ble = X)Tuw) (1 -0 (B — X)) Tun)) -

m=1 i=1

—

We now show that the approximation IDDg maintains the same uniform convergence rate
of IDD when M > nlogn:

Theorem 12. Suppose that for some positive integer M, uq, . .., up; are sampled uniformly
from the d-dimensional unit sphere. Then, for all t > 0, there exists a universal constant
K such that

Pr (sup‘II/)T)B(x;Fn) —IDDg(z; F,)| > t) < 26(d+"+1)10g(72<dﬁ4+1))_Mt2/27

We have now confirmed that the smoothed depth is indeed a depth function and is
computable with statistical guarantees.

5.4 Estimating private depth-medians

We now discuss estimating private depth-based medians. It may seem intuitive to start
with estimating private depth values, but we will see that we may use techniques from this
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section in order to estimate private depth values. The goal of this section is to produce
a private estimate of the depth-based median: argmaxD(z; F'). There are several ways
in which we could approach privatizing depth-based inference. A natural and easy way
to do this is to start with a differentially private estimate of the distribution of the data
F, and use D(z, F,), which is differentially private. Computing F,, relies on existing
methods for generating private multidimensional empirical distribution functions, which
are independent of the concept of depth. Since they do not rely on the properties of the
depth function, methods based on differentially private estimates of the distribution fail to
take advantage of any robustness properties of depth functions.

Therefore, we opt for an algorithm based on the global sensitivity of D. Take D(x;X,,)
to be the depth of  with respect to the empirical distribution determined by X,,. Then the
global sensitivity GS,, of D is the maximum distance between the sample depth functions
for two adjacent databases of size n:

GS,(D)=sup sup|D(x;X,) — D(z;Y,)|
Xn€gy,
Y0 €D(Xn,1)

We observe that the global sensitivity GS,,(D) of the halfspace, simplicial, integrated dual,
integrated rank-weighted and S-integrated dual depths satisfy GS,,(D) = C/n'. For exam-
ple, halfspace depth has global sensitivity 1/n. Since estimating depth-based medians is

an optimization problem whose objective function has small global sensitivity, it is natural
to use the exponential mechanism to compute a private estimate.

However, all of the depth functions we consider lie in some bounded, positive interval.
This fact implies that the density given by the standard exponential mechanism is not

valid:
€
D@ F, — o0.
/Rdexp (QGSn(D) (z; n)) dx = o0

To remedy this, we add a prior 7 on the median:

exp ;D(x; F,) | m(x)
f(:F) = <2GSZ(D) ) - (5.6)

e (Do) o

Mechanism 5. Suppose that GS, (D) = C(D)/n. Suppose also that w(x) is a density

IFor the proof of this, see Section A.9
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chosen independently of the data and that

exp (%{mmx; Fn)) ()

Jrea €D (mmx; Fn)> m(x)de

flx; F,) = ) (5'7)

is a valid Lebesque density. Suppose that T(X,) is a random draw from f(x;F,). Then
T(X,,) is an e-differentially private estimate of the D-based median of X,,.

It is given by differential privacy of the exponential mechanism that one sample from
f is e-differentially private. The next step is to assess the accuracy of the private median
estimate. The following is a general concentration result for one draw from the exponential
mechanism, given an objective function ¢,,. We will use this to assess the accuracy of our
private median estimate.

Theorem 13. Let © be a measure on RY. Suppose that ¢,(w,r): Q x RY — R* is a
sequence of random functions on the probability space (X0, 97, P) and A, is a sequence of
positive real numbers. Assume that

1. Pr(||pn — @l > t) < Ci(¢,d,n)e O for all t > 0.
2. ¢ is uniquely mazimized at x =0, ||0]| < oco.
3. ¢ is uniformly continuous with modulus of continuity wy.

4. Suppose that mingep1j[wey(k) A1 — X, log w(By,(0))] exists.

Let T(X,)) be a draw from the measure

(A) = dP,
Q ( ) /S\—Z/A fRd €An¢n(w7$)dﬂ

for A € B(R?). Then,

I P ———

+ 67)\71 ((b(e)fsup{z: |lz—6]>t} ¢(I)>/2+)‘n minke[o,l] [wé(k)/\]-*)";l lOgﬂ-(Bk (9))] .
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In order to apply Theorem 13 to the depth functions, we need to check conditions 1-3
hold for the considered depth functions. We begin with condition 1. In the following we
let F, denote the law of X "u where X ~ F.

Theorem 14. Let D denote either IRW, HD, IDDg or IDD. Then there are some universal
K,c >0 such that

Pr (SUP |D(x; F,,) — D(x; F)| > t) < K eldt D) log(K iy ) —ent®

rER4

Now that condition 1 is settled, we need to verify condition 2 and condition 3. Let
ap(t) = D(0; F) — supge(g) D(z; F'). In the following if F' is a law on R? and we let f,
denote the density of the law of X Tu with respect to the Lebesgue measure.

Theorem 15. Suppose that D is one of the four depth functions discussed above, F is
such that D has a unique mazimizer, 8, and that f, is well-defined with sup, || ful|., < oo.
Let C',C be some universal constants and let T, be as in (5.7). Let Ny be such that for
n > Ny, we have

min [( Nl -8y A1 = Srogn(B(0))] < anit)/a

Then there are some K = K(F, D) and some universal ¢,d > 0, such that for any t > 0
and n > Ny,
Pr (

Remark 2. Halfspace depth has a unique median when F is absolutely continuous with
connected support. Note that F' being symmetric about a point 6 is sufficient for integrated
rank-weighted, B-integrated dual depth and integrated dual depth to have unique medians.

fn — QH > t) S f(@(dJrl)IOg(KdL+/1)*‘mOéD(t)2 + Ke—c’neap(t).

Remark 3. The assumption sup, || ful|,, < oo adds little restriction. Note that f,(x) =
fUl zu + z)dz (see the proof of Theorem 15 in Section A.9 for details). Since f is the
density of F, we know that 1 = [, [, f(xu+ z)dzdx, which implies that f,(z) is bounded
almost surely; the inner integral has to converge except on null sets of R. Therefore, the
assumption eliminates the case where f,(x) is unbounded on sets of measure 0.

Remark 4. The dependence of the bound on the prior is encapsulated in the condition

. C
min | - || flloo - kAL = —logm(B(6))| < an(t)/4.
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For example, if m is sub-gaussian with mean p and coordinate variances ¢2, then we require
n to be such that

12

min |C" - || f]lee - kA1 — ECQ log <1 — KGC3||9;LII+C4<(1+\/3)):| < ap(t)/4.
k>0 ne

Note that as ne grows, mingsg [C’ Nflloo - kAT = % log W(Bk(e))} generally approaches 0;
as ne — o0, the dependence on the prior becomes negligible.

We can use Theorem 15 to compute the sample complexity of these medians:

Corollary 1. Suppose that ¢ > 0, t > 0 and 0 < v < 1, and the conditions of Theorem
15 hold. Let Ny be as in Theorem 15. Suppose Mechanism 5 is paired with the four depths
discussed above. Then, there are constants K; = Ki(F,D), Ky = Ky(F,D) and some
universal K3 > 0 such that the number of samples needed to estimate the private median
within an error of t, with probability 1 — v, is less than

1
Kilog(1 Kod\ ™ Kslog(1l
n(t,’y,d,e):max{( 11log(1/7) + Ko ) 7 3log ( /7),]\70},

ap(t)? e ap(t)
for any r > 0.

Remark 5. If the depth function is decreasing along rays that emanate from the deepest
point, then we have that ap(t) = D(0)—sup,_g =, D(0). Therefore, ap(t) can be interpreted
as the smallest difference in depth between the median and a point whose distance to the
median is t. In other words, if x is a distance of t from the median, then the depth of x is
at least ap(t) shallower than the median.

Corollary 2. Suppose thatt > 0 and 0 < v < 1, and the conditions of Theorem 15
hold. Let K1, Ky be as in Corollary 1. Suppose Mechanism 5 is paired with the four depths
discussed above and that m = N'(u,c*I). Then there exists universal constants Ky, Ky such
that the number of samples needed to estimate the private median within an error of t, with
probability 1 — ~, s less than

Kilog(1/7) + Kod\ 7
t —
n(t,7,d,e) max{ ( an(t)? ;

Kalog (1/7) v | Kl = 0] + Kadlog (75 v d) |
€ - aD(t) ’
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for any r > 0. If instead m < 1 (x € Cy,), where Cy is a cube with side lengths k, then the
number of samples needed is

Ko log(1/7) + Kod\ T Kalog (1/7) V [ Kudlog (g v d) |
n(tv s da E) = max 5 , ’

for any r > 0.

The Gaussian prior allows for estimation of the median when one does not want to
assume the data lies in a compact set. On the other hand, the assumption that the data
lies in a compact set can be incorporated by setting 7 = 1 (z € Ci). The sample complexity
when using a Gaussian prior is comparable to that of trimming the data, provided we have
a starting point that is within cy/dlogd of 6 and variance such that ¢/ap(t) is polynomial
in d. The first term in the sample complexity is a bound on the non-private sample
complexity of the depth-based median, notice it does not contain features of the prior or
the privacy parameter. On the other hand, the second term captures the cost of privacy.
If the prior is either some compact set which contains € or is Gaussian with ¢/ap(t) o« d
and ||ju — 0| < v/dlogd then the private estimate adds at most a multiplicative factor of
ap(t)logd/e to the sample complexity.

For example, consider the case where F' = Ny(#, %) and 7 = N (u, I). Suppose that Ay
is the smallest eigenvalue associated with . Then, we have that

app(t) =1/2 — sup inf @ <w) =& (t/Ng) — 1/2.

lel=t © u'Xu
Therefore, under halfspace depth, we have that
1
Ky log(1 Kod\ 09
n(t777 da 6) = Inax ( . Og( /V) - 22 ) ;
(®(t/Aa) = 1/2)
e(®(t/Xa) —1/2) '

Suppose we would like to achieve some fixed level of error ¢ with success rate 1 — e™¢ at

constant privacy level e. For large d, the right hand term dominates the sample com-
plexity. Therefore, if the prior is relatively accurate, say, ||u — 0| < v/dlogd, we only
need n to grow slightly faster than the dimension: n 2 dlogd. There is also a trade-off
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Distribution: Nq(60,%) d-version symmetric

op (t) 1/2 — ®(—t/v ) 1/2 — sup,cga—1 inf, Fy <7atzJuT)u)
— /2 - (4 |dv infcger [ 14— Fo (232) v
aIpD (t) f P < _m')rdzu> P (51%21;) dv il’lfvesd 17 f F <t:(u;t) (7:2’;”) dv

Table 5.1: Table of ap for different depth functions and underlying distributions. Note
that v, is the eigenvector associated with the smallest eigenvalue of Y. Recall that X is

d-version symmetric about zero if X "u < a(u)Z where Z has law Fy and Z 4 _Z and

a(u) = a(—u).

between the error tolerance ¢ and the privacy parameter €. For example, for very small
error: (®(t/A) —1/2) < ¢/logd, then the privatization does not contribute to the sample
complexity. Table 5.1 contains « for different depth functions and distributions. Recall
that X is d-version symmetric about zero if X Tyl a(u)Z where Z has law Fj and 7L _7
and a(u) = a(—u) (Eaton, 1981). For example, elliptically symmetric distributions have
a(u) = vu'Yu and F constructed from independent Cauchy marginals with mean 0 and
scale v; gives a(u) = Z?Zl |uilvi. It is easy to see that the largest depth is then in the
direction with the smallest scale. Without loss of generality, suppose the direction with

the smallest scale is in the z-direction,? it follows that agp(t) = 1/2 — %arctan (;—f)

5.5 Computing private depth values

There are several methods for computing private depth values. If we know a-priori at which
values we would like to compute the depth value at, then we can use the Laplace/Gaussian
mechanisms:

Corollary 3. Let D denote either IRW, HD, IDDg or IDD. For z given independently of
the data, the following estimators

D S 2log(1.2
By(x; Fy) =D F) + WS and Dyl F,) = D(a; F,) + 20 V2108(12/0)
ne

ne

are e-differentially private and (e, d)-differentially private, respectively. In addition, there

2In other words, the direction (1,0, ...,0).
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are some universal constants K, c,Cy,Cy > 0 such that
1. Pr (’f)l($; F,) — D(z; F)‘ > t) < K@+ los(K g )ent(tro).
2. Pr <’52<$a F,) — D(z; F)‘ > t) < (e Cat?(ne)?/log(1.25/8) 4 Ke(d+1)10g(K#)—cnt2.

Note that Corollary 3 follows from Theorem 14. However, many inference procedures
require that we compute the depth values at the sample points. How we can estimate the
vector of depth values at the sample points, i.e.,

D(F,) = (D(X1; F), D(Xa; ), ..., D(Xo3 ) (5.8)

privately? The sample values now appear in both arguments of D and so we must do a bit
more work to compute the global sensitivity. It works out that the global sensitivities of
the vector of sample depth values for the considered depth functions with finite GS,, are
all close to 1. This implies that for the full vector of sample depth values we do not get
privacy for free in the limit. For the considered depth functions we have that

sup [D(z; F,) — D(; F)| = O, (n™'/?),

which gives that

ID(F,) = D(F)]| < \/n (sup 1D £3) = D)) = 0,(1)

Let W = (Wy,...,W,). Then, if D is Mechanism 1 applied to (5.8), we have that

|D(£) ~ D(#)|| < D) - D(E)|| + ID(F) - D))
= [[WGS, (D) /e] +0p(1) = Op(n").

Applying the Gaussian mechanism with 6 oc n* instead gives that
H]ﬁN)(Fn) - D(F)H < 0,(n'?1og?n).
The level of noise is greater than that of the sampling error for both of these private

estimates of the vector of depth values at the sample points. This result is somewhat
intuitive; these vectors reveal more information about the population as n grows, which
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differs markedly from the single depth value case, where the amount of information received
is fixed in n. In fact, for large n the vector of depth values at the sample points contains
a significant amount of information about F'; the population depth function can, under
certain conditions, characterize the distribution of F' or F,, (see Struyf and Rousseeuw,
1999; Nagy, 2018, and the references therein). To release so much information about the
population privately, we need to inject greater than negligible noise.

We cannot then, simply plug in the n private sample depth values into an inference
procedure and proceed, since even large n will produce a lot of noise. If there is an obvious
prior for the population, say from a previous study, then we can sample n values from
such a prior and use Corollary 3 to generate sample depth values. If there is no obvious
prior, then we can instead sample N values from the Mechanism 5 using a very small e
and then apply Corollary 3. We can then use those N values are the sample depth values,
and compute ranks, perform inference and data visualization.

5.6 Propose-test-release and Projection Depth

We may wish to use another depth function in our inference procedures, such as projec-
tion depth (see Definition 4). For example, other depth functions and their associated
estimators may possess more desirable properties in certain contexts. For example, pro-
jection depth is affine invariant and its median has a higher breakdown point that that
of the halfspace or simplicial median® (Zuo, 2003). For notation simplicity, in this section
we let 51/271‘ = MED (Xgu) , Yu = MAD (Xlu) and 7, = IQR (XZu) Similarly, we let
& = F7H(r), 7 = MAD(F,) and 7, = IQR(F,).

Recall that to approximate projection depth in practice, we use an algorithm which
relies on the outlyingess computed on a finite set of unit vectors Uy, (Liu, 2017; Dyckerhoff
et al., 2021). Therefore, we work under the assumption that we have a fixed set of M unit
vectors Uy, and define outlyingness as

‘xTu - 51/27u

~

’fETU - él/2,u
Oy(z; F,) = sup ————— or Oy(z; F,) = sup

uelUps Vu u€Ups Tu

This assumption is restrictive, in the sense that we should consider the generating mecha-
nism for Uj;. However, to extend our current proofs beyond a fixed set of unit vectors we

3with appropriately chosen scale and location estimators
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only need to derive uniform concentration inequalities for él /2,uy Yu and 7, over u. This is
left for future work.

Recall that PD(z; F) = (1 + O(x; F))™!, and so we only need to compute a private
version of outlyingness in order to compute a private version of projection depth. It is
immediately obvious that the global sensitivity of the outlyingness function is not finite.
Therefore, we cannot use the exponential mechanism without injecting a significant level
of noise into the estimator.

However, the MED, IQR and MAD are all robust statistics, in the sense that they are
not perturbed by extreme data points. This implies that for most samples, the outlyingness
function will have low local sensitivity. This fact makes projection depth a good candidate
for the propose-test-release framework (Dwork and Lei, 2009; Brunel and Avella-Medina,
2020). For this section, we stick to the Laplace version of PTR introduced by Brunel and
Avella-Medina (2020), but our results easily extend to the Gaussian version. With this in
mind, we first consider computing the projection depth of fixed point x. We refer to the
private version of O, produced by the Laplace version of PTR in Mechanism 4 by O, for
¢ =1 or ¢ = 2. The following two theorems show that the probability of returning a “null”
value is unlikely, and that the private estimates of outlyingness concentrate around their
population values:

Theorem 16. Suppose that for all w € St it holds that 7y, is unique, 0 < ky < 7, < ky <
oo and F, is continuous and increasing in a neighborhood of & /2., Define

;o L210£§(3457L)J+1
* = T

o ru(t,r,0) = ([n(r+c)] /n— Fu(& = )" A(Fu(& +1) = [n(r+c)] /n)"

) (%7 C) A AQ,U(%? C)

[}
e
—~
\.PF
o
SN—
I
=N
£
—~
N[+
N[
o
S~—
>
>
—_
S

+
Ay u(t,c) = (% + 2c — Fu(gé,u + 9+ 1)+ Fu(géﬁu — Vo — t))

+
Aoyt c) = <% —2c— Fu(&%,u + Y —t) + Fu(g%,u — Yu Tt t)) .

Then, there exists constants ks, cq, . ..,c; > 0 that depend on F' such that for all 6,e,m,t > 0
it holds that

k%n k%n

Pr(él (x; F,) =1) <0+ Mcye” " + Mc3e_ninf“ [H"(%’l/Z%)AM(M,p;)]Z
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and
262¢

~ —crninfy |k | 52—.1/2,0 |AAL L%t,(] ’
Pr(|Oy (z; F,)—O1(z; F)| > t) < Mcge "+ Mcge { (’Q / )A (”“‘2“’% )} +e 2

Theorem 17. Define the quantities hy(t) = inf, [/{u(%, 1/4,0) A /@u(%, 3/4, O)} and

. t 3 t 3, t 1 t 1,
h’2 (t) —qu}f |:"€U (4747 pn) /\KU (4747pn> /\’%U <4747 pn) /\KU (474710n .

Suppose that for all u € S it holds that 0 < ky < 7, < ky < 0o. In addition, suppose for
all w € S% that F, is continuous and increasing in some neighborhood of each of §1/2,u5
§1/a0 and E3/4,,. Then there ewists constants ks, ci,...,ce > 0 that depend on F' such that
for all 6,e,m,t > 0 it holds that

~ —n|infy & Ll ‘ 2k ’
Pr(Oy(x; F,) =1) <0+ Mcie” ™" + Mcse { - u(%71/2%)%2(”z”2+2k3)] ;

and that

~ —n | infy Ky ’it,l,o h 2k%t ’ te
Pr(|Oy(z; Fy) — Oz(x; F)| > t) < Mege ™ + Mege ( (k2 : >A 1(”“”2“’“3)) +e 2,

Computing the truncated breakdown point is difficult, so, when one uses the IQR with
the PTR-projection depth mechanism, we propose the following procedure: Suppose that
Y, € D(X,, k*), where k* =1+ b;“ — V1. In addition, let 10 = MED(Y u). We want

to check if A, (53@), Xn) > k*. It is easy to see that that
|5€Tu - éu,1/2’ < |~’UTU - 51/2+k*/n,u| Vo — 51/2—k*/n,u|
and that

’$TU - éu,1/2| > min {IQJTU - 51/2+k*/n,u’, |SUTU - f1/2-k*/n,u|>

2 Tuw — my(u, k)|, |2 u — ma(u, k)|,

with m1(u, k*) being the median of a dataset the same as X|u, except that the smallest
k* observations of X u are replaced with z"u and my(u, k*) being the same as mq(u, k*),

120



except instead the largest k* observations of X are replaced. Define
E(u, k™) = {F;i(3/4+ ki/n) — Fn_i(l/él + ko/n); —k* < ki, ko < E*, k| + k2| = K7},

with
min & (u, k*) < IQR(Y, u) < max & (u, k).

We can summarise these bounds by letting
up(MED7 u, k*> = max{|x - £1/2+k*/n,u|7 ’l’ - gl/Q—k*/n,u‘}v
lo(MED, u, k*) = min {‘37 = &1jaak nls 1T = E1jak s |2 — ma (u, K7)], |2 — mag(u, k*)|}7

lo(IQR, u, k) = min &(u, k*),
up(IQR, u, k*) = max & (u, k).
Using this notation, we can write

~ lo(MED, u, k*) up(MED, u,k*)| ~ § ~ .
Os(a) € | st = [1o0t o, k). up(O o k)]

and we can check if

sup | (O3(x) = 10(03(2)) ) v (up(O3(2)) — Os(2)) | < (5.9)

u€Ups

Then, if (5.9) holds, we must have that An(ag(x; F,),X,) > k*, which gives a lower bound
on the truncated breakdown point.

Remark 6. Note that we are releasing L if (5.9) fails to hold instead of the original
condition in Mechanism /4. It is important to point out that privacy levels of the procedures
remain the same. This is due to two facts, the first of which is that

1 (sup (O3(2) = 1003 (2)) ) v (wp(O3(x)) - O(a)) | < n) + 2y

u€Ups

is still a differentially privacy estimator. The second fact is that An(ag(:z:;Fn),Xn) =1
implies that

1 ( sup | (O() —10(03(x)) ) v (up(O3(x)) - O5()) | > n) -

u€Ups
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Remark 7. Let Uy, be a set of M of unit vectors and let the concentration functions be
as in Theorem 16 and Theorem 17. Using the proof of Theorem 17, we can show that this
approzimation of the truncated breakdown point still gives a low probability of no-reply. Let

Wy = sup (63(@ - 10((/)\3(37))) and Wy = sup (up(ag(x)) - 5;@)) .

ucUps ueUpr

Then there exists constants ks, cq, ca, K1, Ko which depend on the distribution F' such that
for all n,é6 > 0 it holds that

Pr(WyvWe>n) <6+ M- -cre "+ M- Kle_Kw[h2 <#%>A”“(%’”%)r.

Now that we know how to compute a private depth value, we can use the same ideas
combined with the exponential mechanism to compute a private version of the projection
depth median. We first extend the propose-test-release framework to be used with the
exponential mechanism. Suppose ¢x,: R? — R* is some objective function which we
would like to maximize. We can define the truncated breakdown point of the objective
function:

A, (¢x,;X,) = min {k € N: sup  sup|ox, () — dy, (x)| > 77} )

YneD(Xn,k) =

This is a direct extension of the truncated breakdown point of Brunel and Avella-Medina
(2020) to be used with an objective function. The following mechanism extends PTR to
be used with the exponential mechanism:

Mechanism 6. Suppose that [, exp(¢x, (7)5-)dx < oo and let as, by and V be as in
Mechanism 4. Let QQx, be the measure defined by the density

dQx, exp(dx, (2)3;)
dx fRd exp(¢x,, (I)%)dx
Then the estimator
- ) _ wsys < 5
T(Xn) = J/: Zf Aﬁ(¢Xn7Xn) + . |4 <1+ <
T(Xn) ~ an 0.Ww.

is differentially private. Under the Laplace version, the estimator is (2€,0)-differentially
private and under the Gaussian version, the estimator is (2¢, 28)-differentially private.
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For the proof of privacy, see the Section A.9. Mechanism 6 shows that we can still use
the exponential mechanism when the objective function is highly likely to have low local
sensitivity, rather than finite global sensitivity. In fact, the the Gaussian version of Mecha-
nism 6 uses slightly less of the privacy budget than that of the original propose-test-release
mechanism, which is due to the pure differential privacy of the exponential mechanism. In
order to extend Theorem 13 to Mechanism 6 one simply needs to show that

€n €n

b
Pr (Ann(qun;Xn) R VA 1>

is small, either asymptotically or in a finite sample sense.

We now use Mechanism 6 with ¢ equal to the outlyingness function in order to privatize
the projection depth-based median. Let ¢ be either IQR or MAD. A first question is
whether or not the following probability density function

( esup, |z u — g1/2,u|/§(X¢Tz“)>
exp | —

2n

(o) = —

( esup, [¢Tu = &1pul /5(X] u>)
fRd exXp | — dx
2n
even exists. Zuo (2003) gives that
U |$TU - él/Q,u‘ |z[| — sup, él/Z,u
T XKTw) T sup, s(XJw)

It follows that if sup, é’l /2,0 < 00, then

T, _ ¢ " xT
/ exp sy |o 0 = Gyynal /(X w) dr < Cl/ exp et dz < oo,
Rd 277 R? 2

where the last inequality follows from the fact that exp (—Cj ||x|| /2) is proportional to a
Gaussian density function. Unfortunately, immediately using PTR with the exponential
mechanism gives no gains in estimating the projection median over using the global sensitiv-
ity of projection depth (which is 1). This is because, if the points in X, are distinct, we have
that A,(0(;X,);X,,) = 1 for any 1. To see this, suppose that Y, = {X]|, Xs,..., X, },
with X/ being some observation such that ¢(Yu) # ¢(X'u) for u € Uy;. Then, it holds
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for any u € Uy, that

xrudxl u) — (Y, u)
S(Xpu)s(Y, u)

sup |0y (z; X,,) — Oy (x;Y,,)| = sup

In order to estimate the projection depth-based median privately, we must then truncate
the outlyingness function O in the following manner

Ou(x; Xp) 2| < v
Op(x; X, 0y) = ’ )
(3 s ) { oo el =
One might recognize that this is the same as putting a prior on the median proportional
to 1 (z € By(0)). We can then apply Mechanism 6 to O in order to privately estimate the
projection depth-based median:

Theorem 18. Let g, represent either 7y, or 7,. Suppose that for all w € ST it holds that
G(Fy) is unique, 0 < k1 < ¢(F,) < ko < oo and that F, is continuous and increasing in a
neighborhood of & 2. Suppose that § € By (0) is the unique minimizer of O¢(x; F), and
define ao,(t) = sup, = Oc(z; F') — Of(0; F). Suppose

1
1—7r

dlog (W v d>

n >
€-ap,(t)

for some r > 0. Let Tn be the private estimate of the projection depth median, with
n =logn/n. Then, there exists constants cq,...,cs > 0 that depend on F such that for all
€,0,t > 0 it holds that

Pr(fn =1) <8+ Meye™®" + Mege hallogn/na)

and that

e

where hy and hy are the corresponding bounds given in Theorem 16 for £ =1 or Theorem
17 for £ =2 with x = .

Tn _ 0” > t) < MC46_C5n + M066—07nh4(o<oé(t),¢) + e—cglonﬁaoe(t)7

Suppose that § = n~*, in order to maintain a probability of returning a “null” value
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proportional to §, we must choose 1 such that

ha(n, ) > klog(nM/c)/n.

For example, in the case of the standard Gaussian, we have that

paln ) =172 -0 (#70/2) =5 ) <,

Therefore,
n > (¥ + cks)(@71(1/2) — @71 (1/2 — klogn/n — p},))/c.

Since the probit function is roughly linear around the median, we should choose n =
O(logn/n) to ensure that the probability of no-reply is bounded about by 4.

Corollary 4. Suppose the conditions of Theorem 18 hold and n = C'log(nM)/n for some
C > 0. Then, given we do not output L, there exists constants K, Ko, K3 > 0 that depend
on F such that the number of samples needed to estimate the private projection depth
median within an error of t > 0, with probability 1 — v > 0, is less than

1 ﬁ
K, log(M/7) log (M/) v dlog (255 v d)

n(t,v,d, ) = max )
(£, €) ha(o, (), 0) A K5 | 2 e ao, (1)

for any r > 0.

The sample complexity depends on the dimension through M, for example, if we choose
exponentially many unit vectors in the dimension, then M = e? and we have that

1
1—r

Kylog(1/) + Kid Kszlog (1/7) v log <aot(t) v d)
ha(ao,(t), V) N K3’ € ap,(t)

n(t,~,d, ) = max

Once again, we see that if the error level is fixed and the success rate is 1 — e~%, then we
have the sample complexity scales morally like d log d.
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5.7 Brief discussion of future directions

We have presented several algorithms for computing differentially private depth-based me-
dians and depth values, along with their respective private and non-private sample com-
plexities. Under mild assumptions, for most of the presented mechanisms the cost of
privacy is a multiplicative factor of logd on the sample complexity. There still remains
many unanswered questions. For example, concerning the interpretation of the privacy
parameter, how can we determine the appropriate choice of € in practice? In addition,
the construction of traditional depth functions implies that depth functions cannot be
concave, which makes computation of both the non-private and private depth-based es-
timators challenging. Even in the case where the depth values are computable, such as
for the integrated depths, sampling from the exponential mechanism remains challenging.
Therefore, the next steps are to come up with objective functions that produce robust,
accurate medians but are also computationally compatible with the exponential mecha-
nism. In this direction, it may be helpful to construct depth functions that are more suited
to high dimensional analysis. In fact, high dimensional datasets are more susceptible to
privacy breaches because the dataset contains more external information to exploit.
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Chapter 6

Future Directions

6.1 Extensions for private depth-based inference

After deriving the sample complexity of the private projection depth values and projection
depth median, the next step is to develop strategies to compute these private estimators.
We have started this with the algorithm to compute a lower bound on the truncated
breakdown point for the outlyingness function. However, we would like to develop an
algorithm to compute the estimates that involve the exponential mechanism. Algorithms
for private estimators are non-trivial. Suppose we wish to sample from an approximate
version of Qx, , denoted Qx,. Then we must have a means of measuring

d(Qx., Qx,.),

since this distance will affect the privacy of the procedure. For example, suppose we wish
to implement Mechanism 5. Let d be the total variation distance. If we use, say, Markov
chain Monte Carlo to draw from the exponential mechanism, then we should ensure that

d(QX,ﬂ @\Xn) S 57

for some §. This would ensure that the estimator satisfies (¢, ) differential privacy.
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6.2 Extensions to manifold valued data

It is interesting to generalize depth functions and related inference to data which lie on a
manifold. Network data, matrix data and shape data can all be modeled as objects on a
manifold. Such observations are amenable to nonparametric models, since it is difficult to
represent them parametrically. Some notions of depth have been introduced for manifold-
valued data (Small, 1997; Fraiman et al., 2019; Chau et al., 2019; Harris et al., 2020).
However, this area is still very new and there are a number of fundamental questions that
are not well established. For example what does it mean to be outlying in these spaces.
Just as outlyingness differs between functional and multivariate data, it will be different
for manifold valued random variables. For example, outlying shapes could be abnormally
shaped curves rather than high magnitude observations. It could also be a discoloured
shape if the shape is ‘filled in’. We need to define distances and thus, depth, between the
shapes such that they are large when the shape satisfies the corresponding definition of
outlyingness. Similar concepts can be discussed for network and matrix valued data. We
must also incorporate the appropriate transformation invariance; if the shape is rotated,
or angled to the side, the inference should not change. Some of these ideas have been
explored extensively for shape data (Srivastava and Klassen, 2016). Here, each shape is
part of an equivalence class that includes all valid transformations of that shape. Those
transformations can include rotations, scaling, and reparameterization. This equivalence
class is then considered the observation, rather than the orientation of the shape itself.
The inference is then completed in the quotient space. Some of the ideas in Srivastava and
Klassen (2016) can be translated to the depth-based framework, which has been started
by Harris et al. (2020), but there are still things to investigate. For example, we could use
depth functions to describe the variability of shape data, like we have done for multivariate
data in Chapter 2 and functional data in Chapter 3.

For example, in additive manufacturing, or 3D printing, it is of interest to monitor
the printing process (Tapia and Elwany, 2014). The data is of course, the object being
printed, which can be represented by closed contours or a 3D surface. Given the large
variety of parts that may be printed, it is useful to have a nonparametric model that can
be applied to many parts. We could potentially use the methods of Chapter 2 or those
of Liu (1995) in combination with those of Srivastava and Klassen (2016) to monitor the
objects for changes as they are being printed. We could use hypothesis tests for variability
to compare printers as well.
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Appendix A

Chapter Appendices

A.1 Proofs from Chapter 2

Note that I call it a proof sketch, since I refer to sections of Fryzlewicz (2014) where which
the details for our context are not explicitly written, but all of the conclusions should be
correct.

Sketch of the proof of Theorem 1. The proof of Theorem 1 follows the format of the proof
of consistency for the original WBS algorithm, specifically, the proof of Theorem 3.2 in
(Fryzlewicz, 2014). However, in their setting they use properties of the Gaussian distribu-
tion, where here we must use tools which apply to the rank based setting. We also remark
that we have simpler assumptions than Fryzlewicz (2014), which simplifies some steps of
the proof. Let A = min;jciq|0; — 0;]. We first define the following ranks based on the
population depth functions

Rise =#{X;: D(Xj; Fise) <D(X;; Fise), j€{s,...,e}}, i€ {s,... e}

The distribution F} . is a mixture distribution with weights proportional to the number
of observations coming from Fj in the subsample {X,..., X }. It should be noted that
these weights depend on n, since they depend on the subsample. More specifically, for
some interval with length that satisfies n,. > A -n we have that F, ;. = Zﬁg Vj s F;, for
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some 5]-,576 > 0. We also define the quantities

> i zse_ nse+1)/2
Zseknse =
A ; (n2,—1) /12

~

i,5,e Ri,s,e

k
~ 1 R
Gs,e<k/ns,e) = Zs,e(k/ns,e) - Zs,e(k/ns,e> - .
Vise ; (n2,—1) /12

Recall that ng, > An. We first show that max s<k<e |Goe(k/nse)| S Vlogn:

e—s>An
Lemma 1. Let

A, =1 max |Gse(k/nse)| < cy/logn p,

s<k<e
e—s>An

then it holds that lim,_,, Pr(A,) = 1.

Proof. We can now write

k ~

1 Ris. — R;
HE?X |(;Se(k/n3e)|<< HE?X 1,S,€ 1,5,€
s< s<k<e n

e—s>An e—s>An P =1 (ng,e - 1) /12

1 . Rz 1n — Rz 1n

: A\/_; VA (2 — 1) /12

zln - Ri,l,n
(n2 —1) /12

for some absolute constant K. From (A5) on page 439 of Chenouri et al. (2020b) we have,
under Assumptions 1 and 2, that

~

Ri,l,n - Ri,l,n
(2 —1)/12

= Op(n_1/2)~
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This gives that

E srg?zfe |Gse(k/nse)|| = O(1),
e—s>An

and it follows by Markov’s inequality that
max |G (k/ns.)| = Op(1).

s<k<e
e—s>An

Next, we show that maxi<s<k<e<n | Zyo(t) — E[Zse(t)ﬂ < Vlogn:

e—s>An
Lemma 2. There exists K > 0 such that

Pr(A))=Pr | nax | Zye(k/ns,e) — B[ Zy(k/ns,e)]| < K\/logn | >1—C/n.
plv o

Proof. Let A\, = Ky/logn and G,,, = /(n2, —1)/12. We can then write

1 1
~—(Rk,s,e - B [Rk,s,e]) = Z Zja

O'ns,e Nge ns,e

)

:

Jj=1

where Z; are sums of 7, ; > 0 terms of ¢.7.d. random variables which have mean 0, variance
bounded by ¢ and a bounded range. It follows that

¢
~ _(_nlogn
Z;| > An> <> Pr <|Zj| > CAM/M/%J) < e O < pemClogn,
7j=1

14

1
Pr
(=0

7j=1
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for some ¢,C' = C(K) dependent on K. We now use the Bonferroni inequality to get that

Pr(A)) =Pr max | Zs.(k/ns,e) — E[Zy.(k/ns,e)]] < K/logn

1§s§k§~e§n
e—s>An
1
<Cn®> max Pr|—|R.,—E[R)]| < K+/logn
- 1<s<k<e<n (anse ns,e| F [ k”_ &
e—s>An '

< Ce—C’(K)logn S C/TL,
where the last inequality holds with appropriately chosen K. O]

Now, we can use the triangle inequality to show that max; |Zs.(t) — E [Zs,e(t)] | <
clogn. Precisely, lim,,_,o, Pr(A”) — 1, where

Al = {m;ax | Zsc(t) — E [Zsﬁ(t)} | <clogn},

where we let \, = clogn for the remainder of the proof.

The next step is to show that with high probability “nice” intervals are sampled. Define
Z; to be the interval ki1 + 5(ki — ki—1), ki—1 + 3(ki — ki—1)]. Tt follows from (Fryzlewicz,
2014) and our assumptions that

Dn = {\V/'l € [f] dm e [M] (sm,em) € Iz X Iz'—i—l}- (Al)

In addition, Fryzlewicz (2014) gives that Pr(D,) — 1 as n — oco. We now condition on
A" and D,

Let s, e be such that
kip <8 < kigr1 < ... < kigror < Kiggors1,
for 0 < iy < ¢ —¢'. Observe the following conditions on the interval (s, e)

§ < kigry — C N < kijgyy +C-n < e for somel <y </ (A.2)
Cn'?logn

A3
A?p3 (4-3)

max(min(k;, 11 — 8,8 — ki ), min(k;y 1o 1 —e,e — kigrp)) <

First, suppose an interval (s,,, en,) € Z; x Z;;1 contains the change-point k*. It is easy
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to see that:

_ Lk(nee —B)(p—1/2) K<k
E | Zeclk/rnec)] ‘{ k(e K)(p—1/2) k> k

Clearly, |E [Zs’e(k/nsje)] | is maximized at the change-point k*. It is also clear from As-
sumptions 3 and Assumption 4 that |E [Z,e(lﬁ*/ns’e)] | > Cn'/?p,.

Suppose that (A.2) and (A.3) hold. We make the following arguments conditional on
the set A]. Consider

(mo, ko) = argmax  |Zy, e, (K/Ns,pe)].
mEINT; ¢, sm<k<em

Note that eventually, A - n > 3Cn". When this is true, we have that for any undetected
change-points k; € (s,e) it holds that Z, UZ; ;1 C (s,e). Denote this set of change-point
indices by K5 .. By conditioning, we know that for each 7 € Ky, there exists m; € INT,
such that (s, em,) € Z; UZ; 1. Now,

|Z$m0 emg (ko/nsmyem) | 2 Smilélkag{emi ‘Zsmi Em; (k/nsm,3m> |

= ‘ZSmi’emi<ki/n5m:€m)‘ > ‘E[gsmi,emi(ki/nsm,em)” — A > Cnl/QpO’
which holds for large n. It easily follows that

B Zavng o i/ Psmncn)]| = 1 Zag iy (o /M) = A > €'y,

Now, |E[Z

Smg,€mg

(Eo/nsnuenz)” haS a local maleum a't |E[Z57n0767n0 (ki()'i‘y/nsnne'm)”’ Where

ki,+y is the nearest change-point to either the left of ko or the right of ko.

To see this, suppose that k; is immediately to the right of l%o. Then, letting ng =

s g emg» WE have that

kyx —Smy

B | Zapgiomg (it 10) = Zsy ey hofr0)| =3 E[Rj,smo,emo—
j:k0_57n0+1

ng+1
2

= (ki- — ko) K,

which is monotonic as a function of /%0 with k+_1 < /%0 < k;«. An analogous argument
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applies for k;«_; immediately to the left of ko:

E [ZSmO,%(ki*,l /no)] _E [ZSMO,em()(/%O /no)] = (ko — k1)K

Now it is clear that either k;«_; or k;« maximizes
B [Zom oy (6/70)] |
on the interval (ky_1, k;«). Therefore,
B[ Zog mo Rt/ Moo )| 2 B g (/T e00)]| = €' o,

where k;,, is the nearest change-point to either the left of ko or the right of o. Using the
same argument in (Fryzlewicz, 2014) on page 2273, it must hold that (s,,,,em,) satisfies
(A.2). Then, following the same argument in Lemma A.2 of Fryzlewicz (2014), we have
that |ky — kigy| < Cn/?logn/po.

Therefore, we have shown that A” and D, both occur with probability approaching
1. Obviously, at the start of the algorithm (A.2) and (A.3) are satisfied. Furthermore,
we have that each detected change-point k; satisfies |k — k;i| < Cn'?logn/py. Therefore,
(A.2) and (A.3) are always satisfied when there are undetected change-points. It remains
to show that when there are no change-points remaining, the algorithm does not return
false positives.

We now prove that there will be no false positives: Suppose some interval (s, ) contains
no change-points. Let 7,,, = 4/(n?, —1)/12. We can then write

k(k+1)

G on/TiaeZse(kfcn) = + k(ng. — k)Uy,

where Uj is a one sample U-statistic with E [U;]. It holds that E [5% /s QZS 6(k/cn)] =

k(ns, EH) k(kH) + (”S; K — 0. Now, note that o,, /Mg > coy/n, for some universal cq.
Now, eventually 0 < T < coy/n. We have from (Hoeffding, 1963) that

Pr (Zs7e(k:/cn) > T) = Pr ( —1/2> TM) < Pr <U1 —1/2> T\j%) < 2¢~KT?

for some universal K. Clearly, Zg,e(k/cn)/T 20 for all e — s > An. O
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Proof of Theorem 2. Let A = min, jcp |0; — 0;]. Let C; be fixed positive constants inde-
pendent of n, |A| represent the cardinality of the set A, and

=2 _ n(n + 1)‘
" 12

To complete the proof, we first prove two lemmas.

Lemma 3. Fori € [n], it holds that
Var(R;)/Var(R;) = O(1) and Var(R;)/52 = O(1). (A.4)

n

Proof. The right-side identity follows easily from Assumption 3; Var(R;) = O(n?), for any
€ [n]. Using (A.6), we can write

Var (]?21) =Var (R; + &)

(
= Var (R;) + Var (&) + 2Cov (&;, R;)
<Var (R;)+ Var (&) +2E[|& —E[&]||n
= Var (R;)) + Var (&) + O(n®/?).

We also have that

Var (&) =E <Z L(Bim)— Y 1 (Ai,m)> +O(n)

I
=
=
Sy
3

|
=
=
3
=
=
3
=
=
3
+
<

Lmi=1mo=1

< 0(n?),

where the first line comes from applying equation (A5) of Chenouri et al. (2020b) and
the last line is from the the fact that E[1(B;,,)] = O(n™Y?) and E[1 (4;,,)] = O(n"1/?)
(Chenouri et al., 2020b). Now,

=1.

Var(R;) y Var(R;)/n? iy, Var(R)/n? + o(1)
R;

n=00 Var(R;) w0 Var(Ry) /n? Var(R;)/n?  n—e  Var(R;)/n?
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]

Define the set X,, = 271 x {0} x {n}; elements of X,, are sets of indices ranging
from 0 to m, which represent locations of change-points. A member of X,, is a set x that
contains 0 and n joined with an element of the power set of [n — 1]. We will represent such
an element with x = {zo,...,2p+1} where 2y =0 <2y < ... <, < Tp41 = n. X,, forms
the space of possible sets of change-points for a fixed n. We can then write the objective
function based on the population depth ranks 7" and the objective function based on the
sample depth ranks 7 as follows:

T = 25 D~ i) By =300+ 1) = (x| 1) =€) — Bl — 1)

x|

T(x) = 2 (s = mi )T = 3(n 1) = fullx] 1) = €00 — x|~ 1), (A5)

n =1

where x € X, and

. Ti — Ti—1 .
J=zi—1+1 t L S

Lemma 4. Let x,, € 2""1 x {0} x {n} be such that for each x; € x,\n, it holds that
Miliep k>0, T + 1 — ki > en. Additionally impose that |x,| = O(1). Then,

1T (x) = T(x0)] = Op(1).

Proof. First, we remind the reader that each z; € x, depends on n, which we omit in
the notation for brevity. Note that Ry, 1,..., Ry, is a trlangular array of exchangeable

random variables, for any ¢ € {0} U [/]. The same holds for Ry, .1,..., Ry, .- It follows

that for any j € [cf] the sequences Ry, ,41,..., R, and RI371+1, e ,Rggj are both sums
of segments of triangular arrays of exchangeable random variables. Specifically, suppose
without loss of generality that the segment (z;_1+1, ;) contains 0 < M < ¢ change-points,
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by which we denote kq, ..., ky;. Then, we have that
T k1 ko T;
> Ri= Y R+ > Ri+..+ > R,
Jj=zi—1+1 Jj=zi_1+1 j=k1+1 j=kp+1

This form allows us to apply the central limit theorem of Weber (1980); for any interval
(s,e) which contains no change-points and is such that e — s > ¢n , it holds that

ZR_O | (e—s+TDE[R]

Ve—s onve—s
This result follows from Lemma 3. In addition, note that
M+1
E Rz - A K
[ } Z Ty — Tioy
J=1
where ¢; is the proportion of points in segment j. It immediately follows that
Li — Ti—1 -
=—— ) B-E[R])=0,(1)
" Jj=zi—1+1
The same argument gives that
VI SN (BB = 0,0,

.] Tgj— 1+1

We now relate these to quantities. Consider the representation of El
Ri=Ri+> 1(Bim)— Y 1(Aim) =R +6&, (A.6)

where
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We can use this representation, Assumption 1 and Assumption 2 to show that
E[&] = E[R,] — E[R)] = O(n'/?).

For more details, see pages 436-437 of Chenouri et al. (2020Db).

It then follows from Slutsky’s theorem, continuous mapping theorem and the central
limit theorem of Weber (1980) that

R 1 042 —
T) = Tn) = =5 D (@i — i) (Ri - R;

noi=1

%(ﬁR)

xn|

=0,(1) + % Z(xi —2,1)[E[R? ~ E[RJ® + E[RR, - E[R)]
|xn‘ ~ = R J— J—
=0,(1) + ;2 Z(»’Ci — 2-1) [E[R](E[Ri] — R;) — E[R;](E[R:] — R;)]

%n|

= 0p(1) + =5 > (@ — v 1) [E[R)(B[E] — &) + EE)(E[R] - Ry

This analysis gives the result that
T (%) — T(x0) = C(x,) — C(x) = O, (1), (A7)

when x,, is as described. O]

Proceeding with the proof, we make an argument by contradiction, similar to that of
Wang et al. (2021). However, we use the previously discussed exchangeablility results,
i.e., (Weber, 1980) which were not used in their paper. Recall, k is the estimated set of
change-points and k is the true set of change-points. We examine the events {Z < 1},

{Z> ¢} and {maxkek ming g |/15 — k| > C’nT} separately. We start with {Z< (}:

Lemma 5. It holds that Pr(z< l) =0 as n — oo.
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Proof. Assume v < {; by Assumption 3, there is at least one change-point 0 < k;» < n such
that for any j € [¢] it is true that |k;» — k;| > An/2 with A independent of n. Now, define

wy = {ki» — An/2, ky + An/2} UK\ K;- and wy = wp U k.

Clearly, 5(w2) > (?(E) (which is the necessary condition for PELT, recall that C is the
portion of the objective function without the penalty) and so we work with C (w2) The
goal is to show that following contradiction to the assumption that some k such that £ < ¢
is the maximizer of 7. To see this, we have

T(k) — T (k) = C(k) — C(k) — O(B,)
> C(k) — C(w2) — O(B,)
= C(k) — C(w1) + O,(1) — O(B,)
= C(k) — C(w1) + O,(1) — O(B,)

as n — 00, since f, = o(n).

First, we show that

Clws) = C(w1) + O,(1).

To this end, lettlng wy =0, wy, 5, =n and Wy = {wo, W1, Wy, ..., Wy, 7,1, W, 7o} Where
Wy, < wj for m < j, we can write

|w2|
~ ~ 1 = =
Clw) = Clws) = = D (wy = wj1) | RBy(w1)? = By(wa)?)
n ]:1
where
— 1 nj Z(X) R
R](X) = Rl)
ny2(X) —nja(x) e
and
nji1(x) = argmin |z —wj_q], nja(x) = argmin |r — wjl.
rex: z<w;j 1 TEX: T>Wj
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In this context,

~ — 1 RS
R, and Ri(wi)= o
j nj2(wi) — nj1(wi) mnj%l)—H

wj

1

(wj — wj—1)

Rj(ws) =

m:wj,1+1

To elaborate, ordering the points in wy defines £+ 2 disjoint groups of ranks and therefore
¢ 4+ 2 group means. The value }/%j (wy) is the mean of such a group of ranks which also
contains the ranks {Ry,_,..., Ry, }.

Let j* represent wj« = k;» + An/2. Then we have that

C(w1) = C(wa) = =5 Y _(w; — w;_1) (Rj(W1)2 - Ej(“’?)z)

For any j # j* Lemma 3 gives

Now, it is easy to see that the central limit theorem of Weber (1980) gives that

(wj —wj—1) ] (wj —wj—1) R ]2

Mﬁj(wl)Q = 0,(1) + Op(1) W + W

Var (Rw].)

and similarly

(wj —wj—1)5 > (wj —wj—1) L5 (wj —wj—1) s 12
WRJ(WQ) = O0p() + Op(W)y [ () ElRol+ 5 2 Y () [Ru,]
Now, we have that
C(wi) — C(ws) = O,(1). (A.9)

-~

It follows immediately from Lemma 4 that C(w;) —C(w;) = O,(1); w; satisfies the condi-
tions of x,, in Lemma, 4.
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Now, we want to show that

lim C(k) — C(wy) = Op(n).
n—oo
Let k;«_1 and k;+,1 be the true change-points immediately preceding and following k;«

respectively. Recall k;« is the change-point that is at least An/2 points away from any
estimated change-point. Note that k — w; = {k;+} and w; — k = {k;x £ An/2}. We have

2 2
ki* ki*+1
n+1 129;+n 1 129+ 1n 1
(Ck) —C(w1)) = { > R 5 {mgm D Rj]

n n2 nd ,
J=kix1+1 j=k;+1
) 2
12An | 1 FAn?
“S | 2
2

1200 — A/2) 1 ki ZWR

n? n(% — A/2) J

jzk‘i*_1+1

B 12n(19i*+1 — A/Z)

n2

Ky 2
1 i*4+1
n(Vis41 — A/2) 2 Rj] |

For arbitrary k,, € k choose j € {k,—1 + 1,...,kn}, then

ny; — 1 L 1
E[R;] = Z njpm.; — z2 =n [Z VjPmj — 5]
j=1

JEW+1)\m
Var (R;) <n—1+n(n—1)/2.
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It follows from continuous mapping theorem and (Weber, 1980) that

1] 1 & 17, [ 1]’
P
S| 2 Bl DDt
=kl Lj=1 |
1 1 ki« —An/2 12 M +1 1' 2
B R 5B Oipie i — = |
n? | n(d; — A/2) Z ! Z iPid =5
J=k;+_1+1 ] Lj=1 |
O I TN R P 1]’
b,
22 | o D Bl B Vb5
G Lj=1 1
1 1 kix 1 12 [+1 1' 2
- R 5 /Y g —
nQ n(ﬁiﬂ — A/Q) . Z J Z iPir+1 2
j=kix+An/2 | Lj=1 _
92
kyx+An/2 0+1 0+1 2
1] 1 o 1 1 1
7 s 2 ) 2 [Z Dipig =5+ D Db - 5]
j=kyx—An/2 j=1 j=1

Slutsky’s lemma and continuous mapping theorem directly imply that

2 2
£+1 l+1
n+1 12A 1 1
— (€ —Cwi) B == (Zﬂjpi*,jQ) + (mez))
j=1 J=1

041 RWAR )
-2 Zﬁjpi*ﬂ,j —3 Zﬁjpi*,j ~3
=1 =1

l+1 1 41 1 2
=3A Zﬁjpi*-‘rld 5" Zﬂjpi*,j + By > 0.
=1

Jj=1

We can then conclude that C(k) — C(w;) — 400 in probability at a rate of Opy(n). Then,
we have that

T (k) = T(k) = 0,(n) + O,(1) = B — ox,
providing a contradiction to the assumption that U<t ]

Lemma 6. It holds that Pr(éA> 0) =0 as n — oo.
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Proof. Now assume that ¢ > (. It is easy to see that CA(E) < CA(E Uk). Using this fact and
a similar analysis as to that of the event {¢ < ¢}, we can write that

~

C(k) —C(k) > C(k) — C(kUK) = C(k) — C(kUK) + O,(1) = O,(1).

We then have that

A~ A~ ~ o~ o~ A~

T(k) = T(k) =C(k) — C(K) + Bn(l — £) > C(k) — C(KUK) + Bn(l — £) = O(Bn) + Op(1) = 0,
as n — oo. Il

Lemma 7. It holds that maxyei ming g ﬁ\@ — k| 50 asn — oo.

Proof. We take the contradiction approach again; consider there exists k;= € k such that
! in the same way as w; but replace A with C:

wi = {ke — Cn" /2, ks + Cn" /2 UK\k»  and  wh=w) Uk.

Similar to the analysis of {Z < [}, we can write

Ky
n+1(C(k)—C(W£)):12ﬁé*n {1 Z R

kix 41

1219i*+1n iy
R;

+ n? [m?z 1 Z

n n TL’L91'* =k +1 i—ho 41
. 2
120n" | 1 ‘“E’:‘ /2 -
n?2 Cn" -
j=kix-Cn"/2
, 2
1209 — Cn™=1/2) 1 k‘zc:" /2R
- 2 A r—1 J
n (9;» — Cnr—1/2) Pt
12n(¥ Onm1/2) 1 fo i
_ n z*+1n2 n ( CnT 1/ ) Z R]
Bt j=kix+Cn7/2

We can let Pr—1 = =E [Rk] and Pr = E [Rk*ﬂ} be the means of the ranks before and

after the change-point k;+. Similarly, we can let gk,* . = Var (Rk) and gk = Var (Rk +1)

be the variances of the ranks before and after the change point k;«. We also define by, kro1 =

2
k¥

12
= O(1) and b, : = —st = O(1). Now, let

12<k* 1

5 i~ ER)]
J Var (R;)
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It follows that

2 2
129,+n 1 : : ~ i
5 E Rj = bn,kf \ m?z* E Rj + TM%‘* :
n ns . S
J=kix 141 j=kix_1+1 i

Hoky ?
= bmmnﬁi* ( d ) + Op(nl/Q).
‘ Ck*

3

The last line follows from the central limit theorem of (Weber, 1980) and the previous
paragraph. Let a, = (n + 1)/n. We can produce similar analyses as above to give

2 2 r . 2
an (C(k) - C(Wll)) = bn,k;‘—lnﬁi* (Mki_l) + bn,k;nﬁi*+1 (,ukl> — S bn,k:;-‘—l (MkZ 1)

Sk —1 Sk 4 Skr—1
_ e (“kf)2 — bugr—1 (Vs — O’ 2) (—Mk;_lf
4 n,k; §k; n,kr—1\Y4 §,Ig;<_1

2
u—k> +0,(n*?*) B oo,

gk;‘

- bn7kzn<19¢*+1 - Cnr*1/2) <

where the conclusion follows from the fact that » > 1/2 and the Op(n) term is positive.
From which it follows that

A~ A~ ~ A~

T(k) — T (k) = C(k) — C(k) > C(k) — C(wh) = C(K) — C(W}) + Op(1) B 400. O

The result follows directly from Lemma 5, Lemma 6 and Lemma 7. O

A.2 Simulation on the rank distributions

We show here that more types of changes in the covariance matrix are exhibited by changes
in the depth rankings. Consider two samples each from a 6-dimensional multivariate normal
distribution. We fix

1 04 04 0 0 0
04 1 04 0 0 0
g, _ |04 04 1 0 0 0
0 0 0 1 004
0 0 0 0 1 0
0 0 0 040 1 |
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as the covariance matrix of the first sample. Additionally, let o4, 4,.m be the (d, dy)th
entry of the covariance matrix for sample m (where dy, dy € {1,...,6} and m € {1,2}).
We test four specifications of Y5, the covariance matrix of the second sample, and check
for a difference in the distribution of ranks:

1. Submatrix on the diagonal change: 0y, 4,2 = 204, 4,1 for di,ds > 3 and 04, 4,2 =
0d,.dp1 Otherwise.

2. Submatrix off the diagonal change: 0449 = 0462 = 20641 and 04, 4,2 = 04, ds,1
otherwise.

3. Mixed change scenario: o549 = 0462 = —0641, Oaa2 = 0.20441, Oqdp2 =
204, 4,1 for dy,dy <3, dy # dy and 04, 4,2 = 04, 4,,1 Otherwise.

4. Offsetting Expansion and Contraction: 0449 = 0.50441, 0662 = 20661 and
Ody.ds,2 = Ody dy,1 Otherwise.

We drew samples of size n = 5000 from each population and computed the combined
sample depth ranks. We then repeated this 100 times for each scenario. Figure A.1 shows
histograms of each samples’ depth ranks, one graph for each scenario. We see that ex-
pansions and contractions of submatrices correspond to changes in the rank distribution.
Scenario three represents a mixture of these expansions and contractions (of different sub-
matrices) and a change in the rank distributions is still exhibited. Scenario four shows
that if we have two simultaneous contractions and expansions that ‘perfectly’ offset each
other, there won’t be a change in the rank distributions. We note that if the offset is not
perfect, (such as 0449 = 0.490, 4, instead) a change in the rank distribution will appear.
This is fairly intuitive; since depth functions focus on the magnitude of outlyingness and
not necessarily the direction of outlyingness. We can summarize the results as follows:

e Expansions/contractions in the submatrices produce a change in the rank distribu-
tions.

e The smaller the submatrix, the smaller the change in rank distribution.

e Certain combinations of expansions/contractions also admit changes in the rank dis-
tribution, provided the expansion(s) does not offset the contraction(s).

e Sign changes cannot be detected.
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Figure A.1: Normalised histograms of the depth ranks of sample 1 (red) and sample 2
(blue) under a (a) submatrix on the diagonal change, (b) submatrix on the off diagonal
change, (c) mixed change and (d) offsetting expansion and contraction.

In conclusion, we aim to detect changes that can be expressed as contractions or expan-
sions of submatrices. Additionally, we remark that many combinations of contractions and
expansions can be detected, with the caveat that offsetting combinations of such changes
make the change more difficult to detect, or in a special case, impossible.

A.3 L?root depth

The following theorem lists some properties of the L2-root depth.
Theorem 19. Let X ~ F, where F is a measure over £*([0,1], B, 1), F, be the empirical
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measure corresponding to a random sample of size n from F, a,b € § and ¢, € RT, then
LTR depth satisfies the following properties

1. Sample ranks based on LTR depth are invariant when the sample is transformed by
a linear function h, such that h(x) = ax + b.

2. If X £ —X, then sup, LTR(z; F') = LTR(0; F).
3. If X 4 —X, then LTR(cx; F), is decreasing in c.

4. lim LTR(cx; F) = 0.

c— 00

5. Suppose that E [HXH2] < 00, then sup | LTR(x; F,,) — LTR(z; F)| = o(1) a.s. .

The proof of this theorem is given in Section A.5. We remark that LTR(z; F') is not
invariant under linear transformations as given by h in property 1. of Theorem 19. It is
easy to see that if

1 1
th LTR(az;al') = ————
1re 0 (s 0F) = T e

LTR(z; F) =

where a X ~ aF', with X ~ F. This fact implies that hypothesis tests based on LTR depth
values themselves won’t be invariant under linear transformations. However, Theorem 19
shows that hypothesis tests based on ranks of these depth values invariant under linear
transformations. Further, a median based on this depth would be equivariant under linear
transformations as given by h in property 1. .

In this setting, we see that ranking the observations based on LTR-depth is equivalent
to ranking the observations based on their norms. Under the assumption of zero mean, we
have that

J
Er, [IX5i = XI°] = Er. [I1XlI"] +Er [IX17] = 11X5:01° + Y 956 + o(1),
j=1

from which it is easily seen that the ranks are equivalent to those based on Ep, [||Xﬂ||2]
We emphasize that this relationship relies on the assumption of zero mean, and the data
must be centred. In this context, ranks generated from this depth function do not need to
be estimated; we can compute ranks based on D (-; F.) directly.
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A.4 Additional information surrounding the simula-
tion study in Chapter 3

This section contains some additional simulation results. The finite dimensional models
are as follows: Specifically, we ran six scenarios, which, letting \;; be the eigenvalues of
the covariance operator of group j, are

1. Reversed short linear decay: Ay =k, Aoy =3 —k+1, k<4, \jy =0, k > 4.

2. Reversed long linear decay: A\ =k, Aoy =11 —k+1, k<12, A\j, =0, k> 12.

3. Reversed long exponential decay: Ay = 2%, gy = 2171 | <120 N\ =0, k > 12.
4. Scaled short linear decay: A\ =k, Aoy = LA, k<4, \ji =0, k> 4.

5. Scaled long linear decay: A =k, Aop = 1.5\ kK <12, X\jp =0, k> 12.

6. Scaled long exponential decay: A\ix = 2F, \op = 1.5\ 1y, k < 12, N =0, k> 12.

We also have extra tables for imbalanced group sizes:

A.4.1 On the number of directions for the random projection
depth

We also studied the effect of the number of directions in the random projection on the test.
Figure A.2 shows that the test is stable under the number of directions.

A.4.2 If the curves have missing values at random time points

Figure A.3 shows that the results are essentially the same if the curves have missing points.
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Figure A.2: Power of the FKWC test paired with the random projection depth to detect
scale and shape differences for J = 2 with n; = ny = 50, using different amounts of
sampled directions. In the top row the data were Gaussian, in the middle row the data
were student ¢ data with 3 degrees of freedom, and in the final row the data were skewed
Gaussian data.
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Gaussian Student t Skewed Gaussian

nl/n : 02 03 04 02 03 04 0.2 0.3 04

MFHD | 1.00 1.00 1.00 | 0.85 0.92 094 | 1.00 1.00 1.00

RP 1.00 1.00 1.00 | 091 094 097 |1.00 1.00 1.00
FKWC MBD 1.00 1.00 1.00 | 0.88 0.94 0.97 | 1.00 1.00 1.00
LTR 1.00 1.00 1.00 | 0.96 0.97 0.98 | 1.00 1.00 1.00
RPT 1.00 1.00 1.00 | 1.00 1.00 1.00 | 1.00 1.00 1.00
Boen 0.95 0.99 0.99|0.11 0.08 0.04]0.95 0.98 0.99
L2br 0.81 0.94 0.97|1.00 1.00 1.00 | 0.78 0.92 0.99
L2rp 0.7 0.92 0.97|0.04 0.04 0.08]0.73 0.92 0.98
Tmax | 0.34 062 0.70 | 0.06 0.07 0.06 | 0.35 0.63 0.78
GPFrp | 0.71 0.92 0.97 | 0.05 0.07 0.13|0.70 0.90 0.96
Fmax [ 0.60 0.82 0.90 | 0.07 0.18 0.32]0.57 0.82 0.92

Competing

Table A.1: Empirical power of the different tests for detecting a shape difference with
a1 = 0.05 and ay = 0.071. Here J = 2, n = 500 and the group sample sizes were unequal.
Notice that when the sample sizes differ greatly, the competing tests do not perform as
well.

A.5 Proofs from Chapter 3

Proof. Proof of (3.4) Let

Zn =sup | RPy (x; Fy) — RPo(z; F).

TEF

Observe that

_ AL
E[Z,)]=E ‘Mnl Z D(x, um); Fru,, — /SD(:L’, u); Fudv(u)
L m=1

- "
<E | M;PS " ID(); Fa, — D{x ) F, || + 00 1?)
L m=1
- "
<E [4M," Y B |sup|Fu, (2) = Fu,(2)||u, .. u,, | | +O0(07?)
i m—1 z€R

= 0@ ),
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ni/n=0.2

Scen. | MFHD RP MBD LTR RP' Boen L2br L2rp Tmax GPFrp Fmax

1 0.90 0.85 0.72 0.68 0.92 1.00 1.00 1.00 1.00 1.00  1.00

2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00

3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00

4 098 098 098 098 097 097 0.82 0.78 0.68 0.74  0.41

5 1.00 1.00 1.00 1.00 1.00 1.00 0.88 0.72 0.51 041  0.01

6 097 098 097 096 097 097 0.80 0.74  0.68 0.74  0.31
ni/n=0.3

Scen. | MFHD RP MBD LTR RP' Boen L2br L2rp Tmax GPFrp Fmax

1 093 0.88 0.78 0.70 0.97 1.00 1.00 1.00 1.00 1.00  1.00

2 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00

3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00

4 1.00 1.00 1.00 1.00 1.00 0.99 098 097 0.92 097 091

5 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.98 097  0.73

6 0.99 1.00 099 099 099 099 097 094 0.92 0.96  0.88
ni/n = 0.4

Scen. | MFHD RP MBD LTR RP' Boen L2br L2rp Tmax GPFrp Fmax

1 094 0.89 0.80 0.76 0.97 1.00 1.00 1.00 1.00 1.00  1.00

2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00

3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00

4 1.00 1.00 1.00 1.00 1.00 0.99 099 0.99 0.99 099  0.98

5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  0.99

6 1.00 1.00 1.00 1.00 1.00 0.99 098 0.98 0.96 099  0.98

Table A.2: Empirical power of the different tests for n = 200 when the group sample
sizes were unequal, under the finite dimensional models.
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0.09 0.10

Figure A.3: Power of the two sample versions of the tests when n; = ny = 100 when 20%
of the curves were uniformly, randomly missing. The missing values were first interpolated
with splines. The top row is the infinite dimensional Gaussian process model and the
bottom row is the infinite dimensional student ¢ model. Note that the legend follows that
of Figure 3.3.

where the first inequality is from the triangle inequality and Hoeffding’s inequality, and
the last equality results from the Dvoretzky—Kiefer—-Wolfowitz inequality. m

Proof of Theorem 19. Let aF + b be the measure associated with a X + b. We have that

511/2 -1 511/2 -1
LTR(az + b;aF +b) = (1+EF [Hax+b—ax+b|| } ) = (1+||a||EF [||x—X|| } )

The function (1 + ¢z)~! is monotonic for any ¢ > 0. Therefore, for any z,y € § such
that LTR(x; F) < LTR(y; F), it holds that LTR(az + b; aF + b) < LTR(ay + b; aF + b).
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This gives the first property. For the second property, observe that

172\ ~!
LTR(z; F) = (1+ Ep [|lz — X|?] )

2\ —1
1+ 27 2B [l = X|* + o+ X]P]")

=
(1+2
(142728 2]l + 2)X]7) %)
(

-1
2212 g2 4 271212 [ )17) %)

=1+ ||lz) +)7",

which is maximized at * = 0. For the third and fourth properties, we have in similar
fashion

. . 971/2\ ! o n—1
LTR(cz; F) = (1+Ep [ler = X|]*) = (1 +cllafl +¢) ",

which is decreasing toward 0 as c¢ increases. Lastly, if Xy,..., X, is a random sample from
I, then it holds that

=~ = XalP = ol 4 = Y X = 20w, — Y X) = la]* + Vi
i=1 =1 =1

We have that

-1

[LTR(w; Fy) = TTR(w: F)| = | (U () + Vo)) ™ = (1 (ol 4+ 1 D)) |

2l + 117 )2 = (2] + Van)/?
(L+ (Jz)f® + Vo) Y2) (14 (2] + |2 1 pp)22)
1A N g = Y anl'?

(L+ (2 + Vo) Y2) (L + (2] + | |l pp)22)

<

where the third line comes from the fact that vz — \/y < /|z —y|. Now, suppose that
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||| < ¢n'/?(logn)~".

|LTR(z; ) — LTR(z; F)| < [ |4 |l pg — Vel

1 n
<1 g~ STIXE — 2 logm) /Xﬁ
=1

=o(1) a.s.,

where the last line is from the strong law of large numbers and the law of the iterated
logarithm. Note that [ X;dt has finite variance for all i € {1,...,n} and that the second
inequality does not depend on x. Suppose now that ||z|| > ¢/n'/?(logn)~!. Then, it is easy
to see that | LTR(z; F,,) — LTR(x; F')] — 0 by the vanishing at infinity property. O

Proof of Theorem 3. Observe that ﬁji are identically distributed under the null hypothesis.

This implies that the rank vector has the uniform distribution with probability of each
outcome being 1/n!. This is the same setup as in (Kruskal, 1952) and so it is immediate

that W, 4 X2_,. Similarly, it follows directly from Theorem 2 of (Chenouri et al., 2011)
that M, > X2_,. O

Proof of Equation (3.6). Let

We can rewrite W, as follows

Now, define

n = ~2 Zn] n + 1) with Ej = i ZRJ@

Under the alternative hypothesis, Assumption 7 and (3.5), D (Xj;; F.) are equivalent to
the univariate random variables studied by Kruskal (1952). For all § > 0, it then holds
that

PW, >0)—1, asn— oo.
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We just need \Wn — Wh| = O,(1), which will complete the proof. However, this follows
directly from Lemma 4 in Chapter 2. m

Proof of Theorem 4. First, let u € S, where S = {u: |lu]| =1, v € §} and let Y, ; =
(X;1,u). Observe that E [V, ;] = 0 and that

=B D) =k [ [ ] X Xaluts) da] = ()

where we can take the expectation inside due to Lebesgue’s dominated convergence theo-
rem. Namely, (X;1,u)? < || X;1]|> which has finite expectation. One should also recall that
we take

D ((z,u); Fu) = Fu((z,u))(1 = Fu((z, u)))

for the univariate depth. For the remainder of the proof, we will suppress the F, in
RP(x; F,). In view of (3.6), it is only necessary to verify that

1
Which, under Assumption 10, this is equivalent to showing

E [RP(X11) — RP(Xa)] # 0.

We can write

E [RP(XH) - RP(XQl)] =E |:/SD (Yu,l;Fu,*) du(u) —/

D (Yy2; Fux) dy(u)]
S

=E |:/ Fu,*(Yu,l)(l - Fu,*(Yu,l)) - Fu,*(YuQ)(l - Fu,*(Yu,Q)) dV:| .
S

Clearly, since 0 < F,, ,(Y,1) < 1, we have that
Fu,*(Yu,l)(l - Fu,*(Yu,l)) - Fu,*(Yu,Q)(l - Fu,*(Yu,Q)) S 1/2

Using Lebesgue’s dominated convergence theorem,

E[RP(X11) — RP(X91)] = /SE [Fusx(Yu1)(1 = Fus(Yu1)) — Fus(Yu2)(1 — Fu (Y 2))] dv(u).
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Using the fact that F\ , is thrice differentiable for all u, we can write

1
E [FU,*(Yu,j)] = FU*(O) + Efé,lxz (O)UJQ}u + Ruu}l
E[F}.(Yuj)] = F7.(0) + (Fuu(0) £10) + £7,.(0)07, + R

with
1 [fYwd
Ru,j,l =k |:—/ fz(L,Q* (t)(Yu’] — t)gdt
0
L [T (1 @ 3
Ru,j,Q = E 9 <3fu7*(t)fu,* (t) + Fu,* (t)fu,* (t))(YUJ - t) dt .
0

Note that we expect R, ; to be small from the fact that the mean of Y, ; is 0. It follows
that

E[D (Y Fux)| = Fux(0) + %fé}ﬁ(o)ﬁiu = F2,(0) = 07, (Fu(0) f£20) = f2.0) + Ruys

Ju

= H(Fuu)ojy + Fuu(0) = F1L(0) + Ruys,
where
H(F) = 3f00) ~ (FOFO0) = £0)  and Rus = Rugs — Rugz
We can now write
E[D (Yu; Fus) = D (Yaz; Ful)l = H(Fu)(07,, — 03,) + Ruis — Ruzs:

To conclude, under univariate simplicial depth it holds that
E [RP(X1;) — RP(Xy)] = /S H(Fou) (07, — 054) + Rujs — Rugs dv(u)
— [ M) b = H) 4 R = Rz dvla)
= /SH(F*U)Q%{u — Jau, u)dv(u) + Ry — Ra,

where R; < oo by the fact that the integrand is bounded in w. O]
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Proof of Theorem 5. In view of (3.6), it is only necessary to show that under the alterna-
tive, (3.5) holds. However, by Assumption 10, this is equivalent to

B [|| Xl = [ Xal]
from which it is well known that E [Hle‘ﬂ = ||| p g if || %7 < 00 and so
E [[IXull* = 1Xarl”] = 164l — || H2l1 # 0.

We know that by assumption %} are trace class. Indeed, Xj; are mean square continuous,
which means they have a continuous kernel K. This implies immediately that ||.7|,, <
Q. O

Proof of Theorem 6. Now, Yj; are univariate observations from a scale family, meaning
that Z;; == (1 + 5j/\/ﬁ)71 Y;i with Z;; ~ G. Now, let 7 = limy_,o, 7,,. It follows from (Fan
et al., 2011) that the test statistic W, — X% (7). We have that

T, = n(nli 3 an {n Z(ﬁk +0(1)) (Pr(Yi <Yj1) — 1/2)} ‘

Py
We have that

(A.11)

Now, note that z [\\/ﬁﬁgi } is in a neighborhood of z we can write the Taylor expansion of

G about z at the point z [%ﬁ; ] as

(4] - - [fE58] rr
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Substituting into (A.11), we have that

[re (= [0yt | oo [i- [ 22] e 0] ae

—1/2+ {1 - {jffii” /zg(Z)ZderO(n‘l)

=1/2+ {1— [jgj:gi

Ag/zg(z)Zdz.
R

Now, substituting the above identity into (3.7), gives

k#j

H Ag+O(n™),

where

which then immediately implies that

J

. . 2 A T 2

nh_)rgo Tp = 12Aczli9j (6, —0)",
=

which completes the proof. O]

A.6 Proofs from Chapter 4

Proof of Theorem 7. The first equation follows from (Chenouri et al., 2020b). Therefore,
we must only prove that

~ ~ B(ty) — B(t1))?
Wl o) S sup P ZBUED
ttae(on) (2 — t1)(1 =t + 11)
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Directly from (Chenouri et al., 2020b), see also (Billingsley, 1968), we have that

N 1 [tn] ﬁ i d
Zn(t) = — L5 B(t),
0= 2Rt S
for t € [0,1]. Let g, = 02/32 and note that lim, ., ¢, — 1. We write W, as a function

of partial sums which are in a similar form to that Z,(t). Consider the first term in (4.3).
For 0 < t; <ty < 1, we have that

n

1
Walltn), L) = —
On )i Ttm) Vn— [ten] + [tin]

Rj_un

[tan]<j<n
[tin]—1 =~ n N
() S X e
L—ltan)/n+tin]/n) Vi \ % Fo e o
:( @ )1/2L Lt%_IR]— n_“zlf%j—un
1— |tan]|/n+ |tin]/n vn pus 2 = 2
(e Y (e
1 — [tan]/n+ |tin]/n NZD = o2
For the second term in (4.3), we have that
ko—1 = 1/2 ltan] -1 =
i Z Rj — Un _ ( Gn ) i Z j Hon,
On A [tan] — [tin] ltan]|/n — |tin]/n N = o2
So, it follows that
2
Ltganl fas
Wi (ltin], |t = — I e—
(L], tenl) = o T — o]yt = [an] fn + Tean)/m) \ v " a

We can then write
W (t1, ta) = gn(ts, t2)W),(t1, t2),
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where

. L (el s 2

R, —pn
+0(1) and W (t1,t2) = | — -
(ta —t)(1 —ta+ 1) (1) (f1,t2) NG j:%ﬂ 2

gn(t17 t2) -

Recall that En(t) RN B(t) and observe that W/ (t1,t2) = (Zn(tl) — Z\n(tg))2. The quantity
WY (t1,12) is a continuous functional of Z,(¢), and so continuous mapping theorem gives
that

2
I_ntgj -1 =

1 R; — Hn d 2
Wit t) = — | Y. 5 5 (B(ts) — B(t))>
\/ﬁ j:\_ntlj n
and
gfwmemmy$g?Qh_md_®+m)@mg—3mw.

[]

Lemma 8. Suppose that there are n, independent univariate data points, with a change-
point at observation ky. Let Ry,..., Ry, denote the first ky combined sample ranks. For
1<m <k and 0 >0, consider S,, = ;" R;. Then,

. 2
Pr(|Sm — B[Sl | > 6) < de 2™ mh=mn—) (s =Sm)

Proof. Let P(X; > X,,) = p. It holds that

m m ki
It DD DRCEEED o ST RS

j=1 j=1i=m+1 7=1i=k1+1
m(m +1
= % + (/{31 — m)mULn + m(n — /{31>U2,n,
where Uy ,,, U, are two sample U-statistics. Note that E [Uy,,] = 1/2 and E [Uy,,] = p.
We make use of (Hoeffding, 1963) which gives, for a two sample U-statistic U related to
the sample sizes n; and no, it holds that

Pr(|U — E[U]| > §) < 2 2min(mm2)t?, (A.12)
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Continuing,

Pr(S, — E[Sn] > 0) = Pr((ky — m)m(Uyr,, — 1/2) + m(n — k1) (Ua, — p) > 9)

o )
<P —1/2> ———— P - —_—
< e (02 g ) e (0 )

2 2
. ) : S
< 672 min(m,kq fm)<m) 672 mln(m,nfkl)(m)

< 26—2min(m,k’1—m,n—k’1)<2max<k17§mnikl)m)2.
Note that taking
Pr(|S;, — E[Sy] | > 9) < Pr(S,, —E[Sn] > 0) + Pr(=S,, + E [Sn] > 9),

and —S,, + E [S;,] has the same U-statistic format as S,, — E[S,,]. Thus, the previous
analysis applies and we get

. 2
Pr([Sp, — E[Sn]] > 6) < ge2mintmbr=mn—k) (=)

]

Lemma 9. Suppose that there are n uniwariate data points, with a change-point at obser-
vation ky. Let Ry, ..., Ry, denote the first ky combined sample ranks and let

It holds that

2 . an o 2
—2n? min(61,1—61) (P*l/Z*m)

Pr(Z,(ki/n) < a,) <e
for a, < kl(n%)n(p_lm and ky = |nb|.
Proof. Note that

VB [Zo(k )] = Bt D) | Rk ket 1) o p—1/2

20, On 20, On

We then have that
kl(kil —|— 1) + kl(n — k’l)U, _ k:l(n —f- ].)

20, On 20,

i Zy (b /n) =

)
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where U’ is a two sample U-statistic. We then have that

2

PL(E [Zn(k1 /)] — Za(ka/n) > 1) < ¢ 20 010 ()

for t > 0 (Hoeffding, 1963; Pitcan, 2017). Using this fact,

Pr(Zn(ki/n) < an) = Pr (Zn<k1/n> B [Za(k/n)] < a — i (n — k)2 2)

n

_ Py (E ol )] — Zo(nfn) > Jen(n— k) P22 an)

n

2
—2n2 min(0,1-0) <p—1/2_%>

<e

where the second line uses the fact that

p—1/2

On

an—kl(n—kl) < 0.

Theorem 9. The outline of our proof follows that of the proofs in (Yu and Chen, 2017),
but the details differ since we are using ranks. To keep the notation simple, we let k| = k

and k; = k for the remainder of the proof. Let o, = v/(n2 — 1)/12 and p, = (n + 1)/2.

The aim is to show that Pl"(ﬁf\ — k| > tn) < Cy exp(—nt?Cy). To start, note that

Pr([k — k| > tn) = Pr(k — k > tn) + Pr(k — k > tn). (A.13)

We start with showing a bound on Pr(k — k > tn). Note that

Pr(k — k> tn) < Pr < max | Zy(i/n)| > \Zn(k/n)o

con<i<k—tn

gm( max |Zn(i/n)|>Zn(k;/n)>

con<i<k—tn
§Pr< max  |Zy(i/n)| — Zn(k/n) >O>
con<i<k—tn

< PI‘(Al) —+ PI“(AQ),
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where

Pr(A;) = Pr ( max  Z,(i/n) — Z,(k/n) >0

con<i<k—tn

)
Pr(A,) = Pr ( min  Zn(i/n) + Z(k/n) < o) .

con<i<k—tn

First consider event A;:

Pr(A;) = Pr < max  Zn(i/n) — Zy(k/n) > 0)

con<i<k—tn

k R — "
=P _ A GO )
r (congzlg;c(tn Z ag - )

j=i+1 "
=P — 7 (i
' <tn<rlg%}—(con n(l/n) = 0) ’

where the last line follows from exchangeability of Ry,..., R,. Without loss of generality

we can assume that
max —Z,(i/n)=—Z,(1"/n
tn<i<k—con n(/ ) n( / )’
occurs for some ¢*. Then, in order for {max,<ick—con —Zn(i/n) > 0} to also occur, we
must have

— Zo(i* /1) + E [Zo(i* )] > B [Za(i* /n)] .

We will make use of this fact shortly, but first it helps compute E [Z,,(i/n)]. At this point,
it is helpful to recall from the proof of Lemma 9 that Z,(i/n) can be written in terms of
a generalised, two sample U-statistic. It follows that

JAE [Z,(i/n)] = i(g;” 4 W;O__ni) tpi(n — k) —in

-a-n(r-})
Zt_n(n_k)( _%)’ = by

for tn <i < k—con. Pruss (1998) provides a maximal inequality for sums of exchangeable
random variables. Note that we can extend the sequence R, ..., Ry_., to one of length
k. Which, in the notation of Pruss (1998), means that v = k/(k — con) = 6/(0 — ) and

20,
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we have that
72 C 92
— O _
c(7) 3 1) 303’
where Cj5 is an absolute constant. We can now apply Theorem 1 of (Pruss, 1998) and

Lemma 8, which gives that

pr< max —Z,(i/n) > o) < Pr( max —Z,(i/n) + E[Z,(i/n)] > %)

tn<i<k—con tn<i<k—con
2

0 e
S C3g Pr (|Zn(9 — C()) —E [Zn(e - CO)] | > Cgeg?/ﬁ)

0
2
(nfk)tnc% 1
9 min(n(0 & C302 (pfj)
9 —2min(n(6—co),n—k) 2(n—k)n(0—cq)

< C3—e
&0
2
| b(-1)
B O 92 e—len(n(@—CO),n—k) <20192(9_00)
= 3
i
2
t{p—1
5 —C1nmin(f—cp,1—0) (02((179—i0))>
= 039 €

= 0302670”1)&2(107%)2

bl

where the constants depend on 6, ¢y. We can now show a similar bound for Pr(A,). To this

end, we have that

con<i<k—tn

Pr(A4y) = Pr ( max —Z,(i/n) — Z,(k/n) > O)
< Pr (cong;gi{_m —Zn(i/n) > 0) +Pr(Z,(k/n) <0).

Now, it is easy to see from Lemma 9 that Pr(Z,(k/n) < 0) is quite small, viz.
2

Pr (Zn<k/n) < ()) < e—2nmin(6,1-0)(p—1/2)

Concerning Pr (max ,n<i<k—tn —Zn(i/n) > 0), we use Corollary 2 of (Pruss, 1998). Again,
in the notation of Pruss (1998), we take p = ¢y and

1

c(p) = c(co) = C4m,
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for some absolute constant Cy. It follows that

Pr( max  —Zp(i/n) > o) < Pr ( max  E[Z,(i/n)] — Z,(i/n) > con(n — k) (p — 1)>

con<i<k—tn con<i<k—tn Vnoy, 2
< ) r (12,00) = B 20)]| > P (- 1))

2
72nmin(9,179)<$c00)> (p—1/2)2

< 2¢(cp)e

< 0167027”2(177%)2

)

where (7, Cy depend on ¢y and 6. To conclude this part of the proof, we have that
Pr(k — k > tn) < Cpe= G (=1/2%, (A.15)

It now remains to consider PI"(E — k > tn). We have that

Pr(k — k > tn) < Pr ( max | Z,(i/n)| > |Zn(k/n)|>

k+tn<i<n

§Pr( max | Zn(i/n)| > Zn(k:/n)>

k+tn<i<n

< Pr ( max |Z,(i/n)| — Zo(k/n) > o)

k+tn<i<n

S PI‘(Ag) —|— PI'(A4),

where

Pr(A;) = Pr ( max Zy(i/n) — Z,(k/n) >0

k+tn<i<n

)
Pr(A,) = Pr ( min  Z,(i/n) + Zu(k/n) < o) .

k+tn<i<n

Once again, we start with Pr(As). Observe

k+tn<i<n k+tn<i<n n
Jj=k+1

Pr(A43) = Pr ( max Z,(i/n) — Z,(k/n) > 0) =Pr ( max i y > 0) :
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Now, note that

- Z —RJ'U_“”] = (z’—k)k—(p_ Y2 o k@2 b,.

o o
j=k+1 n "

So, it follows that

i i
R; — 1% R; — Hn
P g™ S0l <P e B e L v
' (k—l—?rlLi)i(<n Z =0 k+f€%g)i(<n Z o

a.
j=k+1 n j=k+1 n

i Rj_un

g
j=k+1 "

>>b;)
> Cgb%) .

Zi: Rj — pin

k—f—conR'_
<opr|| Y B g

] On ) On
j=k+1 Jj=k+1
We can write
k+con
con(con + 1
Z R; = % + con(n — con — k)Vi + conk Vs,
j=k-+1

where V1, V5 are two sample U-statistics. As above, Lemma 8 gives that

k+conR‘_M
P S L vy

j=k+1 "
It then follows that

i

R, —
>

=k+1 n

2
> t) S Cle_czn(n(’n—tci(;ln—k)> + 26—0377/60(%)2

S Ole-cbn(Wz_con,k))Q .

Pr (Ag) S Cle—ant2(p—1/2)2.
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Consider now,

Pr(A,) = Pr ( max  —Zy(i/n) — Zn(k/n) > 0)

k+tn<i<n
ki
R, —
=Pr max — " 5927 (k/n
kttn<i<n Z On n(k/n)
j=k+1
ki
R. —
<Pr| max - Z e AU 2a, | + Pr(Z,(k/n) < a,)
k+tn<i<n =, On
]:
k+i . o N2
< Pr max — Z M > 2a, | + €f2nm1n(97179)(p*1/277n29(179)>
k+tn<i<n =, On
]:

= Pr(A;) + e~ C2n0=1/2)

2
Y

where the second last line is an application of Lemma 9 if a,, = cn = 3%(?1/2)

2
anon _ _ 2_ anodn
e—C’zn(p—l/Q—n29<170>) _ O /2 e

Looking at Pr(A;), we have that

Eiop_y,
= m — ke
Pr(As) =Pr <k+mz%>i<<n E . > cn)

n

j=k+1
<P k+i Rj_,uln o i Rj_,uzn >( k)k(p—1/2)
= k—éryll%}iin - Z On - Z Onp " 20'n ’
n— _ 2
< 20(00)672n00<4COC(CE))nfn)f)gfnjléi)c()n,k)>
< 016_027“1’_1/2)2‘
We then have that
P — & > tn) < Cre 0112 1 €G- (16

Therefore, combining (A.15) and (A.16) we have that

Pr(@ - k‘ > tn) < Cze*ncth(pfl/Q)Q.
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Proof of Theorem 10. The proof is complete after proving the following Lemma:

Lemma 10. Assume the conditions of Theorem 10. We have that

o

for some constants C1,Cy that depend on b, K', the depth function and the distribution of
the data.

Zu(ifm) = B [Z,(i/m)]| > t) < Cre=®*,

Simply replace Lemma 8 with Lemma 10 in the arguments of the proof of Theorem 9
and Lemma 9 and the result follows.

Proof of Lemma 10. We first show that

ID(x; F,) = D(a; F)| < K sup | Fua(g(y, a) — Falg(y, a))

y€ERL, acA

, (A.17)

holds for all x € §, where A, ¢ are as described in Section 4.3. To begin,

D(w; F,) = D (23 F) | = ‘/A Fra(9(z,a)(1 = Foalg(z,a))) — Fa(g(z,a))(1 = Fa(g(x, a)))d Py

= /A [Fra(9(z,a))(1 = Foa(g(z,a)) = Fa(g(a,a))(1 = Fu(g(z, a)))| dPy

< /A3SUP|Fn,a(?/) — Fo(y)| dP,
y

< 3supsup |Fpq(y) — Fu(y)] -
acA vy

We can show an analogous inequality if half-space depth is used as the univariate depth
function. Continuing with the proof, for brevity, we will now denote C and k; by k and
k, respectively. In addition, let
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It holds that

o -$n

=1 - . - i
=D S S () 200+ DD D 1 (F) 2 0)
=1 i=m+1 j=1 i=k+1

m(m + 1)

5 + (k — m)mU,) +m(n — k)UZ,

where U!, U? are two sample U-statistics. Note that E[U}] = 1/2 and E[U?] = p.
Similarly,

5.-3 R,

m(m2+ 1) Xm: Z ( F,) > 0) + zm: - 1 (hw(ﬁn) > 0)
j=1 i=m+1 j=1 i=k+1
m(m + 1)

+ (k—m)mU} +m(n — k)U?,

where ﬁ%, ﬁz are dependent two sample U-statistics. Consider

02— U2 ZZ ( >o) 1 (hiy(F) > 0).

j=1i=k+1

Let

~

Fra(9(y,a)) — Fa(g(y, a))‘ :

Y, = sup
yERL, acA

It easily follows from (A.17) that

1 (hij(ﬁn) > o) — 1 (hgj(F) > 0) < 1 (hij(F) > —KY,) — 1 (hij(F) > 0)
< 1(=KY, < hij(F) <0).
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We can now write

~ 1 m
Up—Ui<——= Y 1(—KY, < hij(F) <0)

m(n — k) j=1i=k+1
1 m n
< — 1 (=Kt <hij(F)<0)+1(Y,>t/K). (A.18)
m(n — k) j;z:kﬂ ( ’

Looking only at the left hand terms, notice that this is a U-statistic. Assumption 12 gives
that

[ Z Z —Kt < hy(F) < 0)] = Pr(—Kt < hj(F) <0) < tK'.
=1 i=k+1
Using this, and (A.12) we have that
Z Z CKt < hij(F) < 0) >t | < e 2min(mn—h)(t1-K")* (A.19)
] 1i=k+1

Looking at the right hand term of (A.18) we have that

( ZZ (Y, >t/K) > ><Pr< e zm: Y 11Y>t/K)>O>

7j=1 i=k+1

— Pr(Y, > t/K)
< Ky Km(%) (A.20)

where K3, K4 are constants which depend on the depth function and b. The last inequality
comes from the finite dimensional assumption on the data. To elaborate, letting ¢ =

(c1,...,c), the sets
b
{{Zcigbi(t) <z ce€ Rb}t e[0,1], z € R}
i=1

b
{{Zci(gbi,w <z, ceRb}UES, zER}
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Figure A.4: Comparison of the FKWC methods with the derivatives to the FKWC
methods without the derivatives under (a) magnitude changes and (b) shape changes.

both have finite VC-dimension, which gives uniform concentration of ﬁn,a- If we consider

(7,{ — U}, we can use the same technique to provide an analogous bound. Combining (A.19)
and (A.19) gives that

o

Z.(if/n) — E [Zn(z'/n)]‘ > t) <Pr ( Zo(ifn) — Zn(i/n)‘ > t/2>
4 Pr(|Zn(i/n) — E[Za(i/n)] | > 1/2)
S 016702252.

]

As stated above, with the proof of Lemma 10 complete, the proof of Theorem 10 is
complete using the logic of the proof of Theorem 9. O

A.7 Additional simulation results from Chapter 4

Below we have some additional simulation results.
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A.8 On simplicial depth and privacy

Many of the results from Section 5.4 apply to simplicial depth (Liu, 1988). However, the
sensitivity, asymptotics and computation of simplicial depth all scale worse with respect
to the dimension than the other considered depth functions. However, we summarize the
results in the case of simplicial depth below: The sensitivity of simplicial depth is (d+1)/n,
see the proof in Section A.9. The proof of Theorem 14 also shows that, for all F,

Pr(sup | SMD(z; F,,) — SMD(x; F)| > t) < 8¢(@ logd)log(nt1)—nt*/32.

In addition, the proof of Corollary 15 shows that if F' is such that the SMD-median @ is
unique, then using SMD with Mechanism 5 results in

Pr (HT(XH) — 9” > t) < 86d2 log(d) 10g(”+1)e—na31\413(t)2/512 + K e~ neasmp(t)/4(d+1)

The sample complexity can be computed in the same manner as the sample complexities
computed in the proof of Corollary 1.

A.9 Proofs from Chapter 5

A.9.1 Proofs related to the properties of the depth functions

Proof of sensitivities of depth functions. The sample halfspace depth value of some point
x is the minimum normalised, univariate, centre-outward rank of x’s projections amongst
the samples’ projections, over all univariate directions. Therefore, if a point is exchanged,
all the ranks are shifted by at most one, and the global sensitivity of the unnormalised
halfspace depth is 1. We get GS,(HD) = 1/n. Following the same argument, the IRW
depth is the average, normalised, centre-outward rank, and so we can conclude that
GS,(IRW) = 1/n.

Changing one observation changes F,, by at most 1/n, and (A.21) gives that |F,(z)(1—
F.(=2)) = EF(z)(1=F}(—x))| < 3|F,(x) — Ff(—)| and so we have that GS,,(IDD) = 3/n.
Similarly, for IDDg, it holds that GS, (IDDg(x; F},)) = 3/n.

For simplicial depth, note that changing one observation can influence a maximum of

(”gl) terms of the type 1 (a: e~ (X, ... ,Xid+1))> and each term has a sensitivity of 1. It
follows that GS,(SMD) = (d + 1)/n. O
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Proof of Theorem 14. We use empirical process techniques. First, note that:

Pr(sup | IRW(z; F,,) — IRW(z; F')| > t) < Pr(4dsup || F,. — Ful| >t —1/2n).

Consider:
F={gy)=1(y"u<a"u): 2 e R ue S} CHy,
where
Hy = {g(y) =1 (yTu < c) cceRue Sd_l} .

It is well-known that VC(H4) = d + 1. Therefore, we can use results on the concentration
of the supremum of an empirical process (Talagrand, 1994). If K is a varying absolute
constant, we have that

€ €

1/(d+1)ge d+1 d+1
N (e, Ha, L1 (Q)) < (K (d + 1))(8e/e)™*! < ((K(d“” 8 > < (5) |

This gives that

K [ Ke\™ .
P F,.—F,(>t<— -2
(VallE - Rl =05 (757) e

d+1
< t2d+1Kd+2 < 1 ) e’2t2
- d+1

< e(2d+1) log(t)—(d+1) log(d+1)+(d+2) log(K)—2t2

< e(d+1/2) log(n)—(d+1) log(d+1)+(d+2) log(K)—2t>

< p(d+1) log( 72 ) +(d+2) log(K)—2t2

< Ke(d—&-l)log(K#)—?tQ'

We see that
Pr(sup | IRW(x; F,) — IRW (z; F)| > t) < Pr(sup || Fyu — Ful| > t/4 —1/8n)

< Ke(d—H)log(K#)—Z(\/ﬁt/4—l/8n)2
< Ke(d+1)1og(K#)—\/ﬁt2/8—t/16\/ﬁ+1/32n

< Ke(d—&—l)log(Kﬁ)—nﬂ/S.
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For integrated dual depth, we first need the following result. Let G(z) = F(x)(1 — F(z))
and G,(z) = F,(z)(1 — F,(z)) for some F, F), such that ||[F|| . <1 and ||F,|| < 1. It
then holds that

|G(z) = Gu(2)] = [F(2)(1 = F(x)) = Fu(z)(1 = Fu(2))]
= |F(x) = Fa(z) — F(2)* + Fa(2)’]
< |F(z) = Fu(2) + Fa(2) F(z) = F(2)* = Fo(2)F(2) + Fo(2)’]
= [F(z) = Fu(x) + F(z)(F(2) = F(2)) + Fu(2)(Fa(2) — F(z))]
< 3|F(x) — Fn(x)|. (A.21)

Using this, we can then write

Pr (sup |IDD(x; F,,) — IDD(x; F)| > t) < Pr(sup || Fnu — Full > t/3)
< Ke(d+1) log(K#)—QntQ/Q.
To prove something similar for halfspace depth, we need F;, to be a continuous function

in u. It suffices to choose F' to be absolutely continuous with a bounded density f. To see
this, observe that for some sequence u,, — u, we may have that

i f(x)de — f(x)d

Hy,,

< / f(z)dz < sup f(x)vol(H,AH,,, ) — 0.
HyAHyy, @

~t).

Now, we know that F,, ,(x) can take a finite number of values as a function of u, and
so inf, Fy () = Fpu: (x) for some, non-unique u) .. Suppose that |inf, F},,(z) —

We can then say that

Pr(sup | HD(zx; F,,) — HD(z; F)| > t) = Pr (Sup )inf F,.,—infF,
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inf, F,(x)| = inf, F,(z) —inf, F), ,(x), it follows that
|inf F), ,(z) — inf F,(z)| = inf F),
=inf F),

x) — manu( )

(
() = Foug, (2)

which holds for all z. Similar to above, if |inf, F,, ,(z) — inf, F,,(z)| = inf, F, .(z) —
inf,, F,(z) then

|inf F), ,(z) — inf F,(z)| < supsup |F,(z) — Fyu(2)].

It follows immediately via the same VC-dimension argument that
Pr(sup | HD(z; F,,) — HD(z; F))| > t) < Pr(sup |Fou(z) — Fu(z)| > t)

< Ke (d+1)1og(K T )2t
We now prove the bound for the smoothed dual depth. If ¢ > 1/4 then it is trivial that
Pr <sup | IDDg(z; F,,) — IDDg(z; F)| > t) =0,

Now, assume that ¢t < 1/4. We see that
F={o(B(z—-X;)'v): 2 e R, ue S} C {o(AX; +b): Ae R, beR} =F",

where F* is a monotone function applied to a finite dimensional vector space of measurable
functions. Therefore VC(F*) =d+ 2 and so VC(F) < d + 2. Let

Z, = \/nsup
]:

% Z o(B(z = Xi)"u) = E [o(B(z — X1) "w)))] | :

=1
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It follows from Talagrand (1994) that

Kt 2d+4 ,
Pr(Z, >t) < (ﬁ) o2 < 6(2d+4) 1og( T ) —2t

where K is a universal constant. Now, we have that

Y

Evn \_o,
Pr (sup | IDDg(2; F,) — IDDg(z; F)| > t) < Pr (32, > /nt) < Y tog (137fes ) ~2nt%/9

For simplicial depth, a VC-dimension concentration argument and (Diimbgen, 1992) gives
that

Pr(sup | SMD(%, Fn) . SMD(:C, F)| > t) < 8(TL + 1)d2 logdefnt2/32 _ 8€(d2 logd)log(n+1)*nt2/32.
O
A.9.2 LDP theorem, concentration and sample complexity for
the private medians
Proof of Theorem 13. Let E, ,, = {||¢n — ¢|| < m} for short. Then,

Pr (Hf(Xn) - eH >t) = Pr(E;,,) +Pr (
< C1($, d, n)e=C2@mm* 4 py (HT’(Xn) - eH >N Enm> ,

T(X,) - eH >N Enm>

We now focus on the right hand term above:

1 ch exp (An@n(7))dm
o, et

1 ch exp (Ao (z))dr
s 2me An log Jaexp (Mnd(z))dm

Ai log Pr <Hf(XN) - 0)” >N En,m) -

n
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First, we lower bound the denominator of the right-hand term:

1 1
)\—nlog /Rd exp (Ao (z))dr > )\—log /Bk(e) exp (A, é(z))dm

n

1

=¢(0)+ —lo exp (A, (o(x) — ¢(0)))dr
010) 3105 [ exp (6(0) ~616))

> 0(0) — wy(k) A1+ X, log (B (6)).

Using this,
1 1
—logPr (B{(0) N Epn) < — log/ exp (Ao (z))dr — ¢(0)
An An B(6)

+ wy(k) A1 =X, log m(B(6)) + 2m.

< s (6(x) = 6(0)) +ws(k) A1 — A logm(Bi(6)) + 2m
=—f(t)+g(p, 7,0, \,) + 2m,

where we set k = argmin .o j[we (k) A1 — X, M log w(Bk(6))], where the minimum exists by
assumption. We have that

g1(¢, m, 0, \,) = min [wy(k) A1 — Mt log m(Bi(9)))].

kel0,1]

In addition, note that
F(t) = 6(6) — sup o(x) > 0.
x€B(0)
It follows then that
Pr (Hf(xn> - G)H >N Em> < exp(—Anf () + Aug(, 7,0, \n) + 2A0m).
Letting m = f(t)/4, we can write

Pr (||T%0) = )| > £) < Prlllgn — ol > £(6)/4) + exp(=Anf (£)/2 + Aug(6, 7,6, A1)
< Oy (¢, d,n)e=C2@mIO/16 | =Aaf (0)/2+2ng(6:70.0n),

[]

Proof of Theorem 15. We first show that our assumptions on F' imply the considered depth
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functions are Lipschitz continuous, which requires the following auxiliary Lemma:

Lemma 11. If F' has a density, then F, does.

Proof. First, we show that F, has a density if F' does. We use the fact that for any real,
measurable function g, if

B [g(XTu)] = / 9(2) fula)de

R
then f,(z) is the density for X "u. In order to do this, we start with

E [g(XTu)} :/ g(xTu)f(x)dx.

R4

Recall that we can write R? = U x U+, where U = span({u}) and U~ is the orthogonal
compliment of U. Recall from linear algebra that we can write every vector as the sum of

two vectors: ¥ = au + z, where a € R, z € U*. Now, |Jz| = 1 because u is a unit vector
and z € U+. We have that

Blo(XT0)] = [ ot w)f(x)ax.

//m (au+ 2)Tu) f(au + 2)dzda

/ / (au + z)dzda
UL

—/Rg(a) L flau + z)dzda,

so then f,(z) = [, f(zu+ 2)dz. O

Lemma 12. Suppose sup,, f,, < oo. Then all of the considered depth functions are lipschitz
functions.

Proof. Now since, F,, has bounded a density, we can conclude both that the CDF F), is a
lipschitz function (it has a bounded derivative) and that F, is a continuous function in u
(see the proof of Theorem 14). We sometimes will suppress the I in D(-, F), since it is
clear from the context. Note that for halfspace depth consider two points z,y € R%. If F,
are lipschitz continuous, then

[Fu(e"u) = Fuy " u)] < [l full o 1@ —9) "l < 1 full 12 = yll- (A.22)
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Now, without loss of generality, suppose that HD(x, F) > HD(y, F'). Suppose further that
u* is such that F«(y"u) = inf, F,(y u). There exists such a u* because F is continuous,
implying that F), is continuous in u, thus, F, is continuous function on a compact set. It
follows that

|HD(2) — HD(y)| = inf F,(z "w) = Fur(y"u) < For(z7u) = For(y " 1) < [ full ll2 = ol -

For IRW depth, it holds that

[ TRW(2) — IRW (y)| < /Sd_1 [Fu(z'u) V(1= Fy(z" ) = Fu(y'w) V(1 = Fu(y'w)l|dv

< / 2P () — Fuly™u)| + 21 — FulaTu) — Fu(yTu)|dv
Sd—l
<4 fulloo |2 — Z/H/ 2dv,
Sd*l

which is a result of (A.22) and the fact that |1 — F,(x"u) — F,(y u)] < 1.

For simplicial depth, if F' is lipschitz continuous, then we must show that Pr(z €
A(Xy,...,X4:1) is also lipschitz continuous. It is easy to begin with two dimensions.
Consider Pr(z € A(Xy, Xa, X3)) — Pr(y € A(Xy, X2, X3)), as per (Liu, 1990), we need to
show that Pr(X;X, intersects 7y) < ||full.. ||z — y||. In order for this event to occur, we
must have that X is above Ty and X, is below xy, but both are projected onto the line
segment Ty when projected onto the line running through 7y. The affine invariance of
simplicial depth implies we can assume, without loss of generality, that x and y lie on the
axis of the first coordinate. Let x; and y; be the first coordinates of x and y. Suppose
that X1, is the first coordinate of X;. It then follows from Lipschitz continuity of F' that

Pr(X; X, intersects 7y) < Pr(z; < X < 1) < |[full |21 — 91| < ([ fullo [z =yl

In dimensions greater than two, a similar line of reasoning can be used. We can again

assume, without loss of generality, that x and y lie on the axis of the first coordinate. It
holds that

d+1
PI"(ZE € A(XhXQ,Xg)) — PI'(y c A(Xl,XQ,X3)) S ( ; ) PI'(Ad),

where A, is the event that the d — 1-dimensional face of the random simplex, formed by d
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points randomly drawn from F', intersects the line segment Zy. It is easy to see that

Pr(Aq) < Pr(z < Xu <w1) < [[fullo l21 — ol < fullo [l = wll- H

We can use these results to write wp(k) = C” - sup, || full - k. Therefore the depth
functions satisfy condition 3 of Theorem 13. Note that

Pr (H’T“(Xn) _ QH > t) < e non(0)/2HAn minke(o,y [(C'supy | ful FAL-A: " log (B (0))
+ Cy(D, d,n)e”C2Pman®*/16

By assumption, we have that infyeo1[(C” - sup, || full - k) A1 =\, log w(Bk(0))] < an(t)/4,
which gives that

r (||7%,) ] 2 1) < C1(D.d,m)emCa P10 4 N0/,

The second step is to show that the depth functions satisfy conditions 1 and 2 in Theorem
13. All of the considered depth functions satisfy condition 1 as a result of Theorem 14

with Cy(D,d,n) = Ke(dﬂ)log(K#), An = €/GS,(D) = ne/C, Cy = c. Condition 2 is
assumed. O

Proof of Corollary 1. Let a(t) = ¢(0) — sup,_g>; #(z) and suppress the D in ap for
brevity. We will use K to represent constants independent of the dimension and C to
represent constants dependent on the dimension. For fixed ¢ > 0 and 0 < v < 1, we want
to find n to ensure

v < Ci(o,d, n)e—K1(¢)na(t)2/16 | e~ Ka(@nea(t)/4,
Looking at the first term, for the depth functions, we have that

C, (Qb, d, n>€—K1(¢)na(t)2/16 _ ng(dJrl) 10g(dK—+31)€(d+1) log(n)—K1(¢)na(t)?/16

S ng(d+1) log(n)—K1 (qS)na(t)Q/lG‘
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We can now write

- Kilog(1/v) 4+ Ks(d + 1)log(n)
a(t)?
. Kilog(1/9) + Ks(d+ 1) Ky log(1/7) + Ky(d+1)\ ™
g a(t)? " ( a(t)? ) |

y < ng(d—i-l)10g(n)—K1(¢)na(t)2/16 —n

= n

for small » > 0. The second term gives that

4log (1/7)
Kyea(t) -

Now, we can clean up the definitions of the constants, and write

]

Proof of Corollary 2. Suppress the D in ap for brevity. We need only need to assess Nj.
We need:

—glog W(Bca(t)(ﬁ)) <a(t)/)8 = n>— 8¢

ne a(t)e log W(BC’a(t) (Q))

Therefore, we would like to lower bound log 7(Beaq)(0)). First, suppose m ~ Ny(0,1).
Recall that Ca(t) < C'/2 in the case of HD. Let Y ~ x?2, then we are interested in lower
bounding

Pr (|| X — 0| < a(t)/8) = Pr (Y < a(t)*/64) .

Suppose that d > 2, so the mode of the distribution is at d — 2 > 1. Now, for some small
0 <r<alt)?/64, we write

) a(t)?/64 yd/Zflefy/Z
Pr (Y < a(t)?/64) = v
(Y < alt)/64) /0 2T (d72) Y

1 a(t)? /64 a2 y
> -1 _—y 2d
= 2472T(d/2) / e

pd/2=1,-7/2

> (a(t)?/64 — T)m.
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Now, choose 7 = a(t)?/128, this gives

—log m(Beaw(0)) < C - dlog(2/Ka(t)) + Ca(t) +1logI'(d/2) < C - dlog (% % d> :

Now suppose that 7 ~ Ny(u, I), then we can let Y/ ~ y2(||i — 0]|*). First, recall that
the density of X ~ x2()\) which we denote by f(y,d, \) has the property:

y /2= 1e=u/2

— IO 0 a0,

Fly) > e InoIF/2

Using this, it is easy to see that

rd/2=1,-7/2

Pr(Y < a(t)?/64) = Pr (Y < a(t)?/64) > e W1 (a(t)? /64 - m—gd/zr(ezz /2)
Once again,
—log m(Boaw (0)) < |lp— 0|° /2 + C - dlog(2/Ka(t)) + Ca(t) +log['(d/2)

1
< |l — 0> : — _
<|lp—0|*/2+C - dlog <a(t)vd>

This gives the bound:

n >

a<t;€ Il —0)* /2 + C - dlog (ﬁ Vv d)] .

To incorporate the scale parameter, replace «(t) with «(t)/s. To prove the second bound
we have

(Ca(t)?

1
—log (B (0)) = —log T2+ 1) =log'(d/2+ 1) — dlog Ca(t) > C - dlog ( v d) .

a(t)
O
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A.9.3 Proofs related to the smoothed dual depth

Proof of Theorem 11. Consider cu for any unit vector u, then

lim IDDj(cu; F) = lim - (B o (Blcu—X)"u)]) (1= E [0 (Bleu — X) Tu)]) dv(u)
- /S lim (E [0 (B(cu = X)Tu)]) (1= E [0 (B(cu — X)Tu)]) dv(u)
=0,

by bounded convergence theorem and the fact that lim, . (1+e7*) "' (1+¢e®)~! = 0. For the

next property, suppose that 6—X <= X —6. We use the fact that (1—o(z—X)) =0(X—x).
Then,

DDs(0:F) = [ (B[ (30 = X)T0)]) (1= B o (360 = X)"w)]) dow
_ /5 (B[ (B = 0)w)]) du(w)
= /Sd (1-E o (B(X - H)Tu)})Zdu(u),

1

which implies that

IDD4(0; F) = 1/4.

For the invariance property, it is easy to see that (Az+b—AX —b)Tu = AT (z—X) u =
ATu"(z — X) = @' (x — X), where @ is another unit vector. From this fact, and the fact
that we are integrating strictly a function of the expression u' (z — X) over S¢!, similarity
invariance holds.

Assume without loss of generality that § = 0; we want to show that if X — 4 X , then

IDDg(ax; F') > IDDg(z; F)) for 0 < o < 1. We use the same symmetry tools as in the
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proof of maximality at center. It follows that
IDDg(az; F) = / E [o(aBz"u)] (1 — E [o(aBz u)])dv
gd—1
= / E [a(aﬁxTu)]zdu
Sd—1
> / E [U(BxTu)}Qdy
gd—1

- [ Bl (- B o)
— IDDy(z; F).

Proof of Theorem 12. For brevity let

n

1
n1¢6 _'253(7 U),
i=1

:

and

Z—sup

S o)1 = G f0)) [ Curasa)1 = G|

m=1

First, we have that

This is the sum of two supremums of two empirical processes. First, for the left-hand
process, we have that

A

ngup
€T

+sup G, p(x /Gnuﬁ dz/

m=

n n

e {IZU((M:CXZ')T“)) 5 IGRd} C {iZG(ATquCi): AeRe ... e ER} =F*".

n “ -
=1 =1

The set F* is a vector space of functions, so we have that V(F*) = d+n+ 1. This implies
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that V(F) <d+n+ 1. Assume that ¢ < 1. We then have that

(sup ZGnum,ﬁ /Gnug Ydv(u)

which implies that

Pr <Sup

The same logic gives that

(sup ZGnuB /Gnuﬁ (x)?dv(u)

Therefore,

S t/\/_) d+n+l)10g(\/2((1}:57n+1)>_2t2

KM o942
< 6Q(d-i-n-l—l)log(\/m> 2t

)

> Goale) = [ Guple)dv(a)

KvVM _ 2
N t) < e2(d+n+1)log(\/m) 2Mt ‘

KM _ 2
S t> <e (d—l—n—i—l)log(\/m) 2Mt .

KM A2
Pr(Z >1t) < 262(d+n+1)log(\/m> M2 9@+t D) log( gty ) - M2 /2.

If ¢ > 1 then the inequality is trivial. O

A.9.4 Propose-test-release proofs

Proof of Theorem 16. Note that it follows from the assumptions that k; < MAD(F,) <
ky and MED(F,) < ks < oo, for all u € S, We start by proving or listing several
concentration results about the sample median and the median absolute deviation. We
will use &, to represent the ¢ (left-continuous) quantile of the projected distribution F,.
We require the following result on concentration of the sample median:

Lemma 13. Suppose that X1, ..., X, is a univariate, i.i.d. sample from F' whose median
is uniquely §yjo. For all t > 0, the sample median &/ concentrates according to

Pr(|€1/2 — &l >t) < Qe—np(t)Q’

where p(t) = (F(&j2 +1) — 1/2) A (F(&2 +1) — 1/2).
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Proof. From sub-additivity we have that

Pr(|él/2 — &l >t) < Pr(él/z — &2 > 1)+ Pr(&e — 51/2 > t)
< Pr(Yi(t) > n/2) + Pr(Ya(t) > n/2),

where Y7 and Y5 are the number of points in the sample which are greater than &/, + ¢
and less than &/, — t respectively. It follows from a Hoeffding inequality that

Pr(Yi(t) > n/2) = Pr(Yi(t)/n — (L= F(€12 +1) > 1/2 — (1 = F(aja +1))) < e 07122,
where one notes that F'({;/2 +t) > 1/2 and so —1/2 + F (&2 +t) > 0. Similarly,
Pr(Ya(t) > n/2) = Pr(Ya(t)/n — F(&p —t) > 1/2 — F(& — 1)) < e "FE27071/27,
Now, let p(t) = (1/2 = F (&2 — t)) A (F (&2 +t) — 1/2). It is clear that
Pr(|€1s — E1ja| > t) < 2670,
0

Note that F}, has a unique median from the assumption that & /o, is continuous and
increasing in a neighborhood of MED(F,). Lemma 13 then gives that

Pr(|61 /20 — E1j2u] > 1) < 2e7mRu(t/21/2007, (A.23)

Let Y, € D(X,, p,) for some p, > 0 and & 5, = MED(Y, v).

Lemma 14. Suppose that Y, € D(X,, pn), Fu(&jou+1t) —1/2> pl and 1/2 — Fy(& /00 —
t/2) > pl,, then
Pr <

Proof. Recall that F,, is the empirical distribution corresponding to X, u. Let ér,u =
FL(r). Tt holds that

n,u

51/27u - él/2,u > t) < 46—nnu(t/2,1/2,pg)2'

51/2,u — él/2,u < ’él/2,u —&1y2ul + 161720 — 51/2+Pn/n,u| V€12, — él/2fpn/n,u"

Let
A, = {|§1/2,u — &1 jotpnmal V&1 720 — E1/2—p ] > t/Q} .
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We then have that

Pr <‘§1/2,u - 51/2,u

> 1) < Pr(I620 — G120l 2 1/2) + Pr(4,).
Equation (A.23) gives that:
Pr(|é _ < 9p—nhu(t/2,1/2,0)?
120 — &1y2.ul > 1/2) < 2e .

We must now show that the quantiles close to the median also concentrate around the
median. Note that

Pr(A, >1t/2) =Pr (|§1/2,u — gl/?—i—pn/n,u' > 1/2U &1y — él/?—pn/n,u| > t/Q) .
Define the events
Biyu(t) = {|&20 — Ejoipusmal >t} and  Bonu(t) = {[€1/20 — &1/2—pu/nul > th.
We see that
Pr(Binu(t)) = Pr(Yi(t) > n/2 — pn, Ya(t) > n/2+4 pa),

where Y7 (t) and Y5(¢) are the number of points in the projected, univariate sample which
are greater than &2, + ¢ and less than /5, — ¢, respectively. In addition,

Pt (Byyna(t)) = Pr (Yi(t) > n/2+ pu, Yalt) > n/2 = py).
We then have that
Pr(Bypalt) U Bana(t)) < Pr(Yi(t) > n/2 = po, Ya(t) > n/2 = py).
It follows from a Hoeffding inequality that

Pr(Yi(t) > n/2 = [pa) = 1) = Pr (Yi()) = B[Yi(D)] > 1/2 = pu/n— (1 = Ful€100 + 1)
= Pr (Yi(t)/n — E [Yi(D)] /n > FulE1jo + 1) — pufn — 1/2)

< efn(Fu(§1/2,u+t)7%il/2)2

)
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provided that Fy,(§12,, +1) —1/2 > 22, Similarly,

Pr(Ya(t) > n/2 — pp) = Pr((Ya(t) — Ful&1j2u — 1)) /1 > 1/2 = pp/n — Fu(&120 — 1))
< e’"(1/2*Fu(£1/2,u—t)J7n)2

b

provided that 1/2 — F,,({1/2,, —t) > 22. It follows that

Pr(Bl,n,u(t) U BQ,n,u(t)) < €7n<F“(£1/2a“+t)7p7n71/2)2 + 6—n(1/27Fu(§1/21u7t)7%1)2 < 26_7“%(?5/2)2’

and we must have that F,(£1/2., +1/2) —1/2 > 22 and 1/2 — F,(§1/2,, —t/2) > £2. Putting
everything together gives that

Pr (|MED (Y, u) — MED (X} u)| > t) < 2e7ut/21/200)° 4 ge=nwult/21/20m)" < gemnmult/21/2:00)°,
O
Using the proofs of the previous two lemmas, we can show that:
Pr (él/Q,u > 2/€3> < Pr (Yi(2ks — &1jau) > n/2) < 67"(F“(2k3)71/2)2, (A.24)

for all u. We now prove similar concentration results for the MAD. First, we review a
concentration inequality for the median absolute deviation:

Lemma 15 (Serfling and Mazumder (2009)). The median absolute deviation ¥ of a uni-
variate, i.1.d. sample from F, where MAD(F') is unique, concentrates according to

Pr(|5 — MAD(F)| > t) < 2 "A®7
where A(t) = min {ag, by, co, do} and

ap = (F(&2 +1/2) — 1/2)7,

bo=1/2—F(&2 —t/2),

co=(F(&yp+v+1t/2) = F(&yp—v—t/2) — [(n+1)/2]/n)",
do=1/2 = [F(&1p2+v—1/2) = F(§1y2 — v +1/2)].

(A.25)

Recall we let v, = MAD(F,), let 4, = MAD(Xu) and let 5, = MAD(Y, u). Using
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Lemma 15 it is easy to see that
Pr(|4 — yu| > 1) < 20780007, (A.26)

We can then show that the median average deviation of two similar samples concentrates:

Lemma 16. Suppose that Y, € D(Xy, p,). Then, for all u € S, it holds that
Pr(|Y, — ul > t) < 12~ "Au(t/4,0,)%

Proof. Our proof follows the outline of the proof of Theorem 1 of (Serfling and Mazumder,
2009). To this end,

Pr (19 = Jul > 1) < Pr(|n =yl > 1/2) + Pr(jn = Ju| > 1/2)
< 9 "Au(t/20 | py (I — Fa] > /2) .

We must only resolve Pr (|, — .| > t/2). Let G, be the empirical distribution of Y, u.
Clearly it holds that

Pr(fyu = Jul > ¢/2) = Pr(ju > /2 4+ ) + Pr(fu <y —1/2)
= Pr(LH) + Pr(RH).

We can start with the left hand term. First, note that (G, .(z) — %)+ < Fhu(z) <
Grnu(z) + L2, Using this, and page 5 of (Serfling and Mazumder, 2009), we have that

n+1

Pr(LH) < Pr ( /1> G (Y + 5+ 1/2) — G (5 — 70 — t/2>)

n+1
S Pr ( /TL > Gn,u(’yu + 61/2,11 + t/4) - Gn,u(gl/Q,u - Yu — t/4))

+ Pr (|f~1/2,u — &1y > t/4)

+ 46—nmu(15/8,1/2,p’n)2

1 - /2
< Pr (n Q”; J n+2n _E [Zi]) >Y Z-E [Zi]) + 4~ ul(t/81/2m)

n
k=1

< 2€—TLA17“(t/4,p{n)2 + 46_"“{“@/871/27/)%)2

— Y
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where Z; =1 (fyu —&ou — /A< Xi <yt &ijon + t/4). Similarly, we have that

n+1

Pr(RH) < Pr ( /n < Gru(Vu + &2 — t/4) = Grul€120 — Yu + t/4)>

+ 4€—nmu(t/8,1/2,p;l)

2

n+1 n
+ 4€7nﬁu(t/871/27p{n)2

S 267nA2,U(t/47p;L)2 + 4€7n'iu(t/871/27p[n)2.

Bringing everything together, we have that

Pr(|5e — Fu| > 1) < 2 mAu(t/2,0)? | 9 o—nBu(t/4p;)?
+ 267”‘A27u(t/47p{n)2 + 867nﬁu(t/871/27p;1)2 g 126777’Au(t/47p{n)2'

Lemma 17. It holds that

Pr(MAD(Xu) < k,/2)
Pr(MAD(X u) > 2k,)
Pr(MAD(Y, u) < k;/2)
Pr(MAD(Y, u) > 2k,)

Proof. The result follows from Lemma 15 and the proof of Lemma 16. m

We now proceed with the proof of Theorem 16. We will write A, (O; (z; F,); X,,) = A\nm
for brevity. We want to show that

Pr (KM < 14 1082/0) = Wl) (A.27)

€n

is small. To this end, note that

Pr(|W,| > log(2/6,)) = 2e~16@/%) = 5
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from the properties of the Laplace distribution. We can then write

Pr <Em, <1+ log(2/0n) — Wl) < Pr (A\nn <1+ log(2/0n) = Wh WL > — log(2/5n)>

€n €n

+Pr <@m <1+ log@/i") LA —10g(2/(5n)>
< Pr <Xn,,7 <1+ 210’3(62/5")> + 0, (A.28)
Now, let p, = L2%j + 1 and we want to show that
Pr (ﬁnn < pn) (A.29)

is small, which, together with (A.28) implies (A.27) is small. To this end, it holds that

Pr <A\n7] < pn) =Pr <U { sup  |O1(x;X,,) — O1(z;Y,)| > n})

j=1 YneD(Xnvj)

< Pr ( sup  |O1(2;X,) — O1(x; Y,)| > 77) , (A.30)

Yn GD(Xn ,Pn)

where the last line follows from the fact that

{ sup ‘Ol(xvxn)_Ol(‘r:YnN ZU} C { sup ’01($,Xn)—01($,yn)‘ Zn}a

Yn€D(Xn,j+1) Yn€D(Xn,j)
for j € {1,..., pn}. We now must only show that
Pr sup |O1(2;X,,) — O (23 Y,)| > 1, (A.31)
YnED(Xn,Pn)

is small. Combining this with (A.30) and (A.29) implies that (A.27) holds from the previous
argument. Define

2Tu—¢ ”
Y

and note that Oy (z;X,,) = sup,y,, O"(z;X,). We first look at [O"(z;X,,) — O"(z;Y,)|.
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Let
Cou = min {Fu(2k3) - 1/27 Au((W/u - k1/2)/47 p%)Au«sz - 7u)/47 p;z)}

As a result of Lemma 17 and (A.24), it holds with probability > 1 — ¢;e "% that

T, _ ¢ T, ¢
0% (5 X) = O(2; Y)| = SRt SV W Bl SV ¥
Tu Yu
< (2k1) 7 Fule u - él/2,u| — Yul"u — él/Q,u
< (k) 7l ul|Ju = Fu| + (201) 7 %él/m - %él/zu

< (2k) 2 (|2 Tu| + 2ks) A — Au| + (2k1) 22k, ,

él/Q,u - él/?,u

kin
)

< (2ky) 2 <(||$||2 + 2k3) |[Yu — Yu| + 2k2 él/Z,u - él/?,u

= <2k1)_2gn.

2k2
S U P,
[ ]|° + 2ks
Looking at each term individually:

2 it %
Pr( > 2kin ) < 126_“A“(2|\zu2114k3’p”>

holds from Lemma 16 and

.

Now write

Pr (gn > 41{3%77) S Pr ( i/u - ’S/u gl/?,u - gl/2,u

’Slu _'S/u

Y

51/2,u — 51/2,u

)

k’2 k%n 1/9.0 2
> 1 <dge T\ /20
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holds from Lemma 14. It then immediately follows that

2
kin /

—nmin< K kg—n / — 1 ’
Pr (&, > kin) < 16e { u<2i2’1/2’p")’Au (22““””2+4’“3 7p”>} = cgeMu(edn )
It follows that
Pr(|0"(2;X,) — 0" (x; Yo)| > ) < e + e u(edma)’,

Note that

sup Oy (7;X,,) — sup Oy (x;Y,)| <2 sup |05 (7;X,) — O5(; V)|

u€Ups u€Ups u€Ups

Let ¢o = inf, ¢o,, and hy (€,6,n,x) = inf, hy 4 (€, 9,1, x), then a Bonferroni inequality gives
that

Pr(|0(2:X,) — O(x; Y,))| 2 1) < m-cre™"3 4 m - cze i (@0na)”,

We must now prove the bound on Pr(|O;(z; F,,) — O(z; F)| > t). First, it is clear that

Pr(|Os(z; F) = O(2; F)| > t) < Pr(|Os (25 F) — Os(a; F)| > 1/2) + Pr (|W| > ;_:7)
< Pr(|O1(w; F) — O (25 F)| > /2) + ¢,

We just need to prove that the outlyingness concentrates. From Lemma 17, we have with
probablhty 1 — Cle_n(Au('Vu_k1/270)\/Au(2k2_’7u10))2’ that

O} (3 Fy) — OY (w0 F)| < (2k1) 77 ((Htz + 2k3) [Yu — Fu| + 22|20 — /2

d

2 N N
Pr <h/u - ’A)/u| > %) <ce Au(llﬂn\|24—2k3 ’0) '
lz]|* + 2ks

We also have that

2k3t
>

51/2,u_€1/2,u = k’g

\_/
DO
® |
3
X
S
/N
¥
x-‘»
=1
Sy
—
~
(o)
o
N———
N

and that
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It follows that

Pr(‘Ol(xv Fn) - Ol(l’, F)‘ > t/2) S m - Cle_Cthz(t’x)Q,

2 2
hy = inf hy (¢, 2) = inf min {Hu (@.1/2,0) J A (%,O) } )
u u ko ]| + 23

So, combining all of the results, we have that

where

Pr(|O(2; Fy) — O1(2; F)| > t) <m-cre™" +m - cge—eamha (o) 4 =3
O
Proof of Theorem 17. We follow the same outline as that of the proof of Theorem 16. Let
7. = IQR(F,), 7. = IQR(X]u) and 7, = IQR(Y, u) for brevity. We require upper bounds
on the following probabilities:

Pr (|7, —mu| >t), Pr(|7u — 7u| > 1), Pr(7, > 2ky), and Pr(7, < 2k;).

We start by bounding the deviation of ém around &, ,,:
Lemma 18. Suppose that the quantile F,'(r) = &, is unique. It holds that

Pr((Ers — £l > 1) < ¢ 2 Erat=r) | goanllarl/n=Filra=)* < go-2nmu(ur)?,

Proof. We omit the dependence on u for brevity. It is easy to see that
Pr(j& — &| > t) = Pr(§, > t+ &) + Pr(§, < & —b).
Starting with the first term,
Pr(é, >t +&) = Pr(Zy, > n — [nr)),
where Z; is the number of points greater than ¢t + £,.. A Hoeffding inequality gives that,

Pr(Z, >n—|nr|)=Pr(Z,, —n+nF( +1t) >nF (& +t)— |nr])
< o~ 2(FErtt)—Lnr) /)’

< o 2n(F(Ertt)—r)?
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Applying the same technique to the right hand term gives that

Pr(é, < & — t) < e 2n(lnrl/n=Fl&—0)?,

Using Lemma 18, we can bound the deviation of the inter-quartile range:

Lemma 19. Suppose that £ /4., §3/au are the unique 1/4 and 3/4 quantiles of F,,. Then
it holds that

Pr(|7A'u . 7_u| > t) < 46—271[5“(t/2,3/4,0)/\n(t/2,1/4,0)]2.

Proof. Again, omit the dependence on wu. It follows from the standard and the reverse
triangle inequality that

|7 — 7] < [€aa — E1pa — Eapa + Eija < |Eapa — Eapal + 1E1ya — Eupal.
Using this fact and Lemma 18, we see that
Pr(|# — 7| > t) < Pr(|€s/a — Eoyal > /2) + Pr(|&ya — &1ja] > 1/2)
< 26—2nn(t/273/4,0)2 + 26—27m(t/2,1/4,0)2

< 46—271[&(15/2,3/4,0)/\n(t/2,1/4,0)]2.
[l
We now aim to bound Pr (|7, — 7,| > t). To do this, we need the following intermediate

lemma:

Lemma 20. Suppose that &, is a unique r-quantile of F,, and ¢ € R, t > 0 such that
O<r4+c<l, |nr|/n—F,(sc—t) >0 and Fy(§4c+1t) — [nr] /n > 0. Then it holds
that

Pr(|€7‘,u - ér-&-c,u > t) < 26—2nﬁu(t,r,c)2‘

Proof. Omit the dependence on u for brevity. It is easy to see that

Pr('ér—w - £r| > t) - Pr(ér-i—c >t+ 67“) + Pr(ér—i—c < 57" - t)
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Starting with the first term,
Pr(éurC >t+&) =Pr(Z, >n—|n(r+c)),
where Z, , is the number of points greater than ¢ + &,. A Hoeffding inequality gives that,

Pr(Z,, >n—[n(r+c¢)]) =Pr(Zi, —n+nF( +1t) >nF(E +t)— |n(r+c))
< o= 2n(F(&rtt) = nn(r+c) | /n)?

< e~ 2(F(E+t)—r=0)?

Applying the same technique to the remaining term, we get that

Pr(éﬂrc <& — t) < @_2”(L”(T+C)J/n—F(§T_t))2‘

m
We now bound Pr(|7, — 7, > t):
Lemma 21. Suppose that Y, € D(X,,, p,). It then holds that
Pr(|#, — 7| > 1) < 16e 21200,
where
hou (1) . t3 t 3 pn t 1 py t 1 pn
u =M Ry 77— )sRul 77— ) sRhu | 77— ) sBhu | 757 = .
% 44 n 44 n 44 n 44 n
Proof. Once again, omit the dependence on u. Note that
1€3/4—pn/n = E1/atpnnl < F < [€s/atpn/m = E1/apusnl. (A.32)

We see that
Pr(|[7 = 7| >t) < Pr(7 =7 >1t)+ Pr(7 —7 > t).

Starting with the left hand term, using (A.32) and both the standard and the reverse
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triangle inequality,

Pr(7 — 7 > 1) < Pr(f — [$3/a—pn — E1jarpnsnl > 1)
< Pr(|&s/a — E3/a—p/n| — [€174 — E1jatpuym| > 1)
< Pr([€s/a — &3/a—ppyml > 1/2) + Pr([&1/a — E1yatpaml| > 1/2).

Starting with the left-hand term, Lemma 20 gives that

- n )2
Pr(Jaja — Ea/apuynl > 1/2) < 267294 52)" | gemanntt/ai/in)

< 46—2m(t/4,3/4,—%n)2

— Y

provided that [3n/4|/n—F(§3/4—en —t) > 0 and F/(§34en +1) — [3n/4]/n > 0. It is easy
to follow the same logic for the remaining terms, such that

Pr(|7 — 7| > 1) < 16e~222(0",

where
. t 3  pn t 3 pn t 1  pn t 1 pn
hz(t)_mm{“(zl’zl’ n>’ﬁ(4’4’n)’ﬁ<4’4’ n)’“(4’4’n '

Lastly, we have the following Lemma:

Lemma 22. Let
hiu(t) = [Ku(t/2,3/4,0) A ky(t/2,1/4,0)].
It follows that
Pr (7, > 2ks) < =27 u(k2)?
Pr(7, < k1/2) < Ap—27h,u(k1)?
Pr (7, < 2kp) < 8¢ 22k,

Proof. The first two statements follow from Lemma 19:

Pr(f, > k2) = Pr(f, — 7 > ky — 7,,) < de™2nh2ulha=m)”
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and
Pr(, < ki) = Pr(r, — 7y > 7, — k1) < de2rhan(mah)?,
For the last statement, we use Lemma 20
Pr (7, < ki) = Pr(r, — 7, > 7, — ky) < 8¢~ 2nhin@(r=kn)?,

m
We are now in a position to apply the techniques of the proof of Theorem 16. Define

. |5ETU - él/2,u|
Tu

0" (z; X,,)

and note that Oy(2;X,,) = sup,y,, O"(2;X,,). From (A.24) and Lemma 22, it holds with
probability > 1 — ¢;e™%" that

|0"(2;X,) — O"(x3 Yn)| < (2k1) 7%,

where

&, = <(le|l2 + 2ks) B — Ful + 2h2 |12 — €12

> ﬂ + Pr
z||” + 2ks

Looking at each term individually, it follows from Lemma 21 that

2 2k2n 2

Tu — Tu —
[z]|" + 2ks

)

él/Q,u - gl/2,u

We have that

~

%u — Ty

Pr (€, > 4kin) < Pr (

kin
> k_2> .

~

and from Lemma 14 that

.

~ o 2 _ IC%J ) 2
51/2,U - 51/2@, > 4k1n) S 46 nnu(2k271/2,pn> .

ks
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It then immediately follows that

pe (&) > ki) < 200" [ () v ()|

It follows that

—MN|K & ! 2 Qk%"l ’
Pr(10%(0: X,) — 0w ¥a)| 2 1) < cne—en + Cre L (32 ) e ()|
Recall that

sup O"(2;X,,) — sup O"(z; Y,,)| < 2sup |0"(2;X,,) — O" (23 Y,,)]

since O is continuous in u. It then follows from a simple Bonferroni inequality that

—ninfy |k k%—n ! ﬂ ’
Pr(|Os(z;X,,) — Oa(z;Y,)| > 1) <m-cre” " +m - Che fu{ "(2’“2 ’1/2’p”) AhQ’“(HwH%zka)} )

We must now prove the bound on Pr(|Oy(z; F,) — Os(x; F)| > t). First, it is clear that

Pr(|0a(; F,) — Og(w; F)| > 1) < Pr(|Oy(; F) — Oa(a; F)| > t/2) + Pr (,W‘ N ;&_;)
< Pr(|0s(z; F,) — Oo(2; F)| > /2) + ¢ 2.

We just need to prove that the outlyingness concentrates. From Lemma 22, we have with
probability > 1 — c;e™*", that

(0" (w; F) — O" (2 F)| < (2k1) ((Hﬂcll2 + 2k3) |7y — Fu| + 2Ka|€1 o0 — €12

It then follows from Lemma 19 that

.

Lemma 13 gives that

.

A

Ty — Tu

2 . 2k2t 2
> 22k1t < 46—2n1nfu hl’“(W) .
[2]|” + 2k3

él/Q,u —&1/2.u

> @ < 2€7ninfu nu(%,l/Q,O)
pu— k2 —_— .
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We can now conclude via a Bonferroni inequality that

2, %t 2
Pr(|Os(w; F,) — Oa(w; F)| > £/2) <m-cre” " +m - cle*”(i“f“ (it e (5 0720) )

So, combining all of the results, we have that

te

Pr(|Oy(x; F)—Oa(a; F)| > t) < m-cle_”02+m-016_n(infu [hl’u(Hfl\zit?ks)mu(%’1/2’0)})2+6_%,

]

Proof of Remark 7. First,

pergl+29%%§Q>:5m

€n
and note that both
Wil (k") = 0%(z) —1o(0%(z),k*)  and Wi, (k*) = up(O¥(z), k) — O"(x)

log(2/6y)

€n

are increasing in k*. As such, letting p, =1+ 2 , we have that

Pr (leu(k’*) \% WQ,u(k*) >n) <6+ Pr (Wl,u(pn) >n) +Pr (W2,u(pn) >1n).

Starting with Wi ,(p,) and letting m(u, p,) be such that lo(MED, u, k*) = |z Tu—m(u, p,)|,
we see that:

_JeTu—=Epul 1o (MED,u, p,)

Wiu(pn) = 7, max & (u, pp)

|(max & (u, pp) — 7o)z u + Fui(u, p,) — max & (u, p,) él/lu’
Tuomax & (u, pp)

< (max & (% Pn) - ﬁJ|$Tu - 51/2,u| + 7A_U<m(u7 Pn) - él/&u)
- Tumax & (u, p,)

< (max & (u, pn) — Fu)|zTu — él/Q,ul + Tu(M(u, pn) — 51/2#)

=2
Ty

< 5 [l + 2ka]) anax € (s pu) = £) + 2ol pu) = 1 /2,0)]
1
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—can

where the last inequality holds with probability > 1—cje . This follows from Lemma 22
and (A.24). In order to show the remaining quantity is small, we must bound the following
probabilities:

Pr(B;) =Pr (ma E (u, pp) — Ty > 2Ky )
1) = X yPn) — Tu TRTEE Y
1] + [2ks]

A k;Qn
Pr(B;) = Pr (Th(u,pn) — &2 2 k%) .
2

Stating with the first term:

—Onhg [ =20
Pr(max & (u, p,) — 7, > t) < 16e 2, (||zu+\zk3\) :

from Lemma 21. For the second term, we have that

WEPEC)
Pr(|m(u, pn) — &1j2u| > t) < 4e T\ )

which follows from Lemma 14.

Now, we see that

_ n Qk%n N k%ﬁn 2
ey o < e ()

for some absolute constants K7, K,. Putting it all together,

Konhau (21 g, (Kl )2
Pr(Wiu(pn) 2 1) = cre™" + Ky “”’“(“z“ﬂ%s‘)“’“(%z)]

We can make the same arguments for W ,(p,,), resulting in

—Kom _2kin N\ (K02
Pr(Wya(pn) = 1) = exeeon 4 Ry <o (it ) o (45

I

Now, using a Bonferroni inequality we can write

. n 2k%77 R k%i 2
Pr (Wl vV Wy > 7]) < (Sn +m - 01€_c2n +m- Kie ez [hQ’u<|‘I‘|+|2k3‘)/\pu(2k2>] ,
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Proof of Differential Privacy of Mechanism 6. The proof has the same outline as that of
(Brunel and Avella-Medina, 2020), as well as the proof that the exponential mechanism
is differentially private, which can be found in (McSherry and Talwar, 2007; Dwork and
Roth, 2014). First, assume that it holds |¢x, (z) — ¢y, ()| < n VY, then

exp(— by, (2)22)d
( €2

K L) .
fxo @)/ fr, () = VL2 [ —¢x, (1)L dx

Note that, for B € Z(R?) (the Borel sets with respect to R?) this implies that

A~

Pr(T(X,) € B) < ¢ Pr(T(Y,) € B). (A.33)

It follows from Brunel and Avella-Medina (2020) that A,(¢x,;X,) has global sensitivity
equal to 1, since changing one point can at most change the breakdown by 1. Then

log(2/9)
log(2/6)

| log(2 _
< ¢*Pr (An(gbyn;Yn) FIV>14 M) Pr(T(Y,) € B)
€

Pr (f(xn) € B) — Pr <A,,(¢Xn; X,) + %V > 1+ T(X,) € B)

< ¢ Pr (An(gbyn; Y,.) + Yvsag ) Pr(T(X,) € B)
€

€

= ¢*Pr (T(Yn) € B) .

The first inequality is from independence and the fact that A,(¢x,;X,) + %V is an e-
differentially private estimator. The second inequality is from (A.33). Now what if there
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exists an x such that |¢x,(x) — ¢y, (z)| > n 7 This implies that A, (¢x,;X,) =1 and

Pr (f(xn) € B) <Pr (An(¢xn;xn) N %v . log(2/5))

= Pr(V >log(2/6))
=9

<5+ e Pr (T(\yn) e B> .

This implies that we get (2¢,6) differential privacy if B is restricted to Z(R?). For com-
pleteness, we need to include sets of the form B = B’ U{ L}, where B’ € (R%). Consider

Pr (T(X,) € B) = Pr (f(xn) € B, Ay (dx,; X)) + %v 1y log(2/5))

€

+ Pr (An(qun;Xn) + %V > 14 w>

< e <Pr (T(Yn) c B’) +Pr <A,7(¢Yn;Yn) + % >1+ w» +4

= e* Pr <T(Yn) € B) + 4.

The first inequality comes from the fact that we get (2¢,¢) differential privacy if B is
restricted to Z(R?) and the fact that A,(¢v,;Y,) + 1V is e-differentially private.

Now, suppose that V, as and bs correspond to the Gaussian version of PTR. Then,
following the same steps as for the Laplace version gives, for B € %(R?),

Pr (f(Xn) € B) < e*Pr (T(Yn) € B) +9,
when | ¢x, — ¢v, ||, <7 When [¢x, — ¢v, [, > 1,
Pr (f(xn) c B) <Pr <Z > \/210g(1.25/(5)> <.

We then have that

Pr (T(X,) € B) < ¢* Pr (T(Y,) € B) +4.

Again, we need to include sets of the form B = B’ U { L}, where B’ € #(R%). Recall that
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as = +/21og(1.25/9) and bs = 21log(1.25/0). Consider
. ~ b
Pr <T(Xn) € B) — Pr (T(Xn) € B/> +Pr <An(¢xn; X,) + %Z >1+ ?‘5)
2¢ T / as b(5
<e (Pl“ (T(Yn) S B) + Pr (An<¢Yn;Yn) + ?Z >1+4 ?>> + 20
— 2 Pr (T(Yn) € B) +26.
[

Proof of Theorem 18. The probability of no-reply follows directly from Theorem 16 for
¢ =1 or Theorem 17 for ¢ = 2. Using the techniques of Theorem 13, where A\, = ¢/7, one
can show together with the proof of Corollary 2, the condition

1
1—r

dlog (@ v d)

n>C
- G'Oé@e(t)

Y

for some r > 0 and universal constant C' > 0, gives that

—Qo, (t) + 9(057 Btb’ 0, 6/77) < —Qo, (t)/4'

Following the logic of the proof of Theorem 13, we have that

P

Proof of Corollary 4 follows from the techniques of the previous sample complexity results.
]

i~ 2 /€
T, — QH > t) <m-ce"?+m- C’le*”}”(aoe(t)/‘lvw) + e o)

221



change type

Magnitude (/)

dist.

t3

Y

n

100

200

500

100 200 500

100

200

500

MFHD
RP
LTR
MFHD'
RP
LTR’

0.80
0.44
0.90
0.92
0.83
0.93

0.99
0.89
1.00
1.00
0.99
1.00

1.00
1.00
1.00
1.00
1.00
1.00

0.14
0.12
0.16
0.14
0.14 0.48 0.96
0.16 0.52 0.98

0.45
0.44
0.51
0.49

0.96
0.95
0.97
0.98

0.78
0.40
0.90
0.88
0.86
0.93

1.00
0.90
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00

change type

Shape («)

dist.

l3

SG

n

100

200

500

100 200 500

100

200

500

MFHD
RP
LTR
MFHD’
RP’
LTR/

0.00
0.04
0.01
0.73
0.76
0.04

0.00
0.26
0.01
0.96
0.96
0.25

0.02
0.84
0.06
1.00
1.00
0.82

0.00
0.00
0.00
0.37

0.03
0.01
0.02
0.92

0.00
0.00
0.00
0.07
0.13 049 0.95
0.00 0.01 0.18

0.00
0.04
0.00
0.70
0.76
0.05

0.00
0.28
0.00
0.98
0.97
0.23

0.01
0.83
0.02
1.00
1.00
0.80

change type

No Change

dist.

g

l3

S¢

n

100

200

500

100 200 500

100

200

500

MFHD
RP
LTR
MFHD'
RP
LTR’

0.00
0.01
0.00
0.00
0.00
0.00

0.01
0.00
0.00
0.00
0.00
0.00

0.01
0.02
0.00
0.01
0.02
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.01
0.01
0.02
0.02
0.02
0.02

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.01
0.00
0.00
0.00
0.00

0.01
0.00
0.01
0.01
0.00
0.02

Table A.3: Table of the empirical power for each of the epidemic FKWC tests when there
was an epidemic-type magnitude change, an epidemic-type shape change and no change.
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(di,dy) (0,0) (0.4,0) (0.8,0) (0,04) (0,0.8) (0.4,0.4)

MFHD  0.08 0.59 0.98 0.54 0.94 0.97
RP 0.07 0.77 0.99 0.68 0.99 0.99
LTR 0.09 0.70 0.98 0.57 0.97 0.98
MFHD’ 0.10 0.98 1.00 0.98 1.00 1.00
RP"  0.06 0.97 1.00 0.97 1.00 1.00
LTR" 0.09 0.76 0.99 0.66 0.99 0.99

Table A.4: Table of empirical powers at the 5% level of significance for the AMOC
FKWC test under the functional autoregressive model discussed in the simulation study
of Sharipov and Wendler (2019).
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Appendix B

Select Topics from Functional
Analysis

To facilitate understanding in Chapter 3 and Chapter 4, it is useful to review some of
the results from functional analysis. These materials are closely adapted from Hsing and
Eubank (2015) and we refer the read there for more details (Hsing and Eubank, 2015).

B.1 Bochner integrals

The mean and covariance elements of a probability measure on a Hilbert space are written
in terms of Bochner integrals. We present the construction of the Bochner integral, and
list some properties at the end of this subsection. Define a simple function f: F — X as

k

flwy =Y lweE)g

i=1
for some finite k, E; € 4 and g; € X.

Definition 11 (Bochner integrable). Any simple function with p(E;) < oo for all i is said
to be Bochner integrable and the Bochner integral is defined as

k
/Efdu =2 u(Eng:
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A measurable function is Bochner integrable if there exists a sequence of functions f,, which
are simple and Bochner integrable, such that

i [ If = fulldn =0
n—oo E

The integral is defined as
/ fdp= lim [ f.du.
E n—oo E
It is obviously difficult to check if a function is integrable via the definition, and so the

following theorem can be useful.

Theorem 20. Suppose that f is a measurable function with

/EHfH dyt < oo.

Suppose that for each n there exists a finite dimensional subspace X,, C X such that

i [ £ = gull s =0
n—oo E
for g, taking values in X,,. Then f 1s Bochner integrable.

This is even simpler in a Hilbert space:

Theorem 21. Suppose that X is a separable Hilbert space and f is a measurable function
from E to X with [ ||f|ldu < co. Then f is Bochner integrable.

So, if we are working in a Hilbert space in order for f to be Bochner integrable, we
must have that the norm of f is Lebesgue integrable. There also exists an extension of the
dominated convergence theorem to Bochner integrals.

Theorem 22. Let {f,} be a sequence of Bochner integrable functions that converges to
some f. If there is a non-negative Lebesque integrable function such that ||f,|| < g for all
n a.e. p then f is Bochner integrable and [ fdp =lim, o [ fodp.

Another important feature of the Bochner integral is that

H / fduH < [ 1fldn
225



B.2 Linear operators and functionals

B.2.1 Operators

The covariance operators discussed in Chapters 3 and 4 are bounded linear transformations.
Bounded linear transformations 7 : X; — X, are uniformly continuous. They form a
Banach space if X, is a Banach space with the operator norm: || 7| = sup, = [| 7 ul|.
The space of all bounded operators will be denoted by B(X;, Xs).

e In finite Euclidean space, the operator norm is given by max,,—; 2’7’ 7«
e In Z?, we have that
1
7= [ KCpsde
0

is a linear operator. You may notice this looks similar to a covariance operator.
In addition, define the following

1. Dom(7) = the subset of X; on which .7 is defined
2. IM(T)={Tx:x€ Dom(T)}
3. ker(J)={x € Dom(T): Tz =0}

B.2.2 Adjoint operator

In this section we restrict our attention to Hilbert spaces.

Definition 12. Suppose T € B(H;,Hs). Then, there is a unique element ' € B(Hy, H;)
such that
(T x1,09)0 = (9/332,%1)1,

for all z1 € Hy, x9 € Hy. 7" is called the adjoint operator.

Definition 13. Suppose 7 € B(H,H). We say that T is self-adjoint if 7' = T .

Any symmetric matrix is self-adjoint in RP. Note that
(Tx,y)y=2'T'y=2"Ty=(x,Ty).
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Recall the integral operators:

7= [Keor0a
It follows that:

(T f,q) /IC t)dt, g) /(IC( g)dt = //IC s, t)f s)dsdt = (f, 7'g),

with
ﬂf:/lCt

So, if K is symmetric, then it is self-adjoint. The covariance operator discussed in Chapter
3 and Chapter 4 is an integral operator which a symmetric kernel. Therefore, it is self-
adjoint.

Theorem 23. If 7 € B(H) and the sequence x,, converges weakly to x (meaning all linear
functionals of x,, converge weakly) then Z x, also converges weakly.

We have the following list of properties of the adjoint operator between two Hilbert
spaces:

1. (7)) = 7.
2. |7 =171

3. 177 =17

4. ker(T) = (IM(T")*

5. ker(7'7) = ker(7) and IM(7'7) = IM(7")

6. Hy = ker(Z) @ IM(T")
7. rank(7*) = rank(7) (recall that rank(7) = dim(IM(.7)).)

It is useful to prove these results, to get a feel for the adjoint operator.

Proof. The first property is very simple. For the second, recall that

| 7" wally = (T 22, T wo)| = (w2, T T'wa)o| < || T || [l2| || 7]
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This gives that
17 wally < 17| 2l

which implies that
17 < 171l

and vice versa by symmetry. Part 2 gives that .77 < ||.7]|>. To show the other way,
|Tarl* = (T Tar,a0) < | 7' T |l

Suppose that x; € ker(.7). Then (1, 7'xy) = (T x1,22) = 0. Which means that z;
is orthogonal to IM (7). If vy € (IM(J'))*, then I'Tx; € IM(Z') and so 0 =
<9,9$1,5L‘1>:Hy$1“. ]

B.2.3 Non-negative, square-root and projection operators

Definition 14 (Positive definite). We say an operator is positive definite if it is self-
adjoint, and (T x,x) > 0 for all x € H. We say that 74 < D if To — A is positive
definite. If we replace the strict inequalities with non-strict inequalities then we say the
operator is non-negative definite.

For example, for any 7, .7'.7 is non-negative definite because it is self-adjoint and
(T'Tx,x) = || Tz||>. Covariance operators are non-negative definite. Non-negative defi-
nite operators admit a square-root-type decomposition.

Theorem 24 (Existence of a square root operator). Let 7 € B(H). If T is non-negative,
then there is a unique non-negative operator TY? such that TY?*TYV? = T and T'/?
commutes with any operator that commutes with 7 .

We can re-imagine the projection of x onto some subspace M as an operator. Suppose
that Zyx is the projection of x onto M. If M is a closed subspace, then &y z is a
self-adjoint linear operator such that 2, %), = &5;. The projection operator is also non-
negative. To see this, note that (P x, x) = (Pyx, Pyz) > 0. We have that || Py = 1.
If the subspace M has dimension 1 and is spanned by z, with ||z|| = 1, then ), can be
written as r ® x, with

(z ®@2)y = (y, ).

This gives rise to the tensor product.
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Definition 15. The tensor product operator (xq ® x2) between Hy and Hy is defined as
(71 ® 12)y = (21, y) T2

Note this reduces to the outer product in the finite dimensional, Euclidean case. In
Z?, we have that

(f1® f2)g = //f1(81) g(s2)dsidss .

Theorem 25. For xy,xy € H, it holds that

[(z1 @ za)[| = o]l |21l -

B.2.4 Operator inverses

Recall that a linear mapping is one-to-one if ker(.7) = {0} and onto if IM(.7) = X,.
When both of these are satisfied, then the linear map is a bijection and it is invertible.

Theorem 26. If a bounded linear mapping between two Banach spaces has an inverse,
then the inverse is bounded.

Theorem 27. Let H be a Hilbert space. If 7 € B(H) and T is self adjoint, and |7 f|| >
C||f|| then T is invertible.

It follows from the above theorem that

Theorem 28. It |7 || < 1 then I — T is invertible and

I-T)'=1+) T
=1

B.3 Compact operators and singular value decompo-
sition
B.3.1 Compact operators

Definition 16. A linear operator is compact if for any bounded sequence x,,, 7, contains
a convergent sub-sequence.
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Theorem 29. The identity operator is not compact on an infinite dimensional normed
space.

Some facts about compact operators are as follows:

e The closure of the range of any compact operator is separable
e Operators with finite rank are compact
e The composition of two operators is compact if either operator is compact

e The set of compact operators that map to any Banach space is closed

We also have that

Theorem 30. A bijective operator between two infinite dimensional Banach spaces is not
compact.

We now present a result specific to Hilbert spaces.

Theorem 31. Suppose that 7 € B(H;y,Hy). T is compact if there exists a sequence of
finite dimensional operators such that ||F, — 7| — 0 as n — oo and T is compact if T’
15 compact.

B.3.2 Eigenvalues of compact operators

We need the following definition

Definition 17 (CONS). We can define a complete orthonormal system as an orthonormal
sequence whose closed span 1s equal to H. It can be shown that an orthonormal sequence
{e;} is a CONS if (x,e;) =0 for all i implies that x = 0.

Definition 18. For some .7 € B(H), we say that X is an eigenvalue and e is an eigenvector
for T if it holds that
Te = )e.

We call
ker(Z — \)

the eigenspace of \.
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Note that the eigenspace is a closed linear space.

Theorem 32. Suppose \; are distinct and non-zero, then, e; € ker(J — \;I) are linearly
independent and, if 7 s self-adjoint, they are mutually orthogonal.

Theorem 33 (Eigenvalues of compact operators). For some . € B(H), we have that

1. ker(Z — Al) is finite dimensional for all positive A
2. The number of distinct eigenvalues greater than any positive number is finite

3. The set of non-zero eigenvalues is countable

Theorem 34 (Eigenvalue decomposition of compact operators). If . is compact and
self-adjoint, then the set of mon-zero eigenvalues for 7 s finite or tends to 0. Fach
nonzero eigenvector has finite multiplicity, and eigenvectors corresponding to difference
eigenvalues are orthogonal. Then the set of eigenvectors obtained from the Gram-Schmidt

decomposition is a CONS for IM(7) and
T = Z Aje; ® ej, which means that T x = Z iz, e;)e;.
i>1 i>1
Theorem 35. If .7 is compact and non-negative definite, then
(T x,x)

A = max R/t
gt B T
where {eq,...,ex_1} is H when k = 1.

Theorem 36. If 7 is compact and self-adjoint then

T
’)\k‘ = max M7
vefet,mer1}t |||

where {eq,...,ex_1} is H when k = 1.

Theorem 37 (Courant-Fischer minimax). If 7 is compact and non-negative definite,

then,
T
Ar = max min M
V1,...,Uk vEspan(vi,...,vx) ||U||
T
Ar = min max <sz>
V1,V vEspan(vy,...,vg ) ||U||
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Theorem 38. Let .7, T be non-negative definite, compact operators, then

sup|)\k—5\k| < Hﬁ—jH

k>0

These results can be used on self-adjoint operators, by splitting the operator into pos-
itive and negative components.

B.3.3 Singular value decomposition

The following gives singular value decomposition in the context of compact operators:

Theorem 39. If .7 is a compact operator, then,

T = Z A (f1j © foj) (B.1)

where

. )\JZ are the non-ascending eigenvalues of 7.7’
e {f1;} are the eigenvectors of 7' T

o {fa;} are the eigenvectors of 7T satisfying T’ fo; = |Nj| f1;.

We refer to A; as the singular values of .7. Note that the largest singular value )\
satisfies || .7 || = A;.

Theorem 40. An operator 7 is compact if an only if (B.1) holds.

B.3.4 Hilbert-Schmidt operators

Definition 19. Let {e;} be a CONS for H; and .7 € B(H,,Hy). If T satisfies

o
> I 7el; < o,
1=1

then 7 is called a Hilbert-Schmidt operator. We can denote the collection of Hilbert-
Schmidt operators by Byg(H,, Hy).
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Note that Hilbert-Schmidt operators are compact. In addition, B y¢(H;, Hy) is a linear
space with the following inner product

o0

(G, Bo)us = Y _(Fiei, Toei)a,

=1

where {e;} is a CONS for H;. See Theorem 4.4.1 in Hsing and Eubank (2015) to see that
this result is independent of the chosen CONS. Therefore, we can choose the CONS to be
the singular vectors of .7 to get that

oo
2
17 \7rs = DAL,
i=1

where \; are the singular values of 7. This is the Frobenius norm for matrices! The
following theorem shows that truncating the sve approximates HS operators well:

Theorem 41. Let 7 be a self-adjoint HS operator between H and itself, with singular
system {\;,e;}. Then, for any finite integer k, it holds that

k
Hg_zxj @ Y

j=1

k
9—2)\]‘63‘®€j

j=1

>

HS

Y

HS

for any set of functions x;, y; € H.

B.3.5 Trace class operators

For this section, we focus on self-adjoint, non-negative definite linear operators.

Definition 20. Let . € B(H) for a separable H. Then, 7 is trace class if for some
CONS {e;}, the quantity

oo

1Tl = 3 (Tewrer) < oo

i=1
We call || T || ;g the trace norm of .

Note that trace class operators are HS operators. In addition, we can then write

1T e =D A
i=1
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where \; are the singular values of 7. Therefore, |7 ;5 < VAT |15

B.3.6 Integral operators

Let (E, %, 1) be a probability space. Suppose that K is a measurable function on £ x E

and
///C2d,ud,u < 00.

Then define the integral operator J# by

HF() = / K(s,-)f()dn,

for f € L?(E, %, ). Note that K is the kernel of .#". Note that J# f is measurable and
that % € B(L*(E, %A, u)). Suppose now that we only consider K which is continuous.
If £ is compact then K is uniformly continuous. This implies that JZ f(-) is uniformly
continuous. Note that £ is compact. If K is symmetric, then ¢ is self-adjoint and
admits

H = i)\lelébel

i=1
In addition, J# is non-negative definite if and only if K is. We can finally present Mercer’s
theorem:

Theorem 42 (Mercer’s Theorem). Let K be a continuous kernel which is non-negative
definite and symmetric. Let & be the corresponding integral operator. Then if (\;,e;) are
the eigenvalue-eigenfunction pairs of # , K has the representation

K(s,t) = Z Ajei(s)ej(t),

for all s, t and the sum converges absolutely and uniformly.

We can then use Mercer’s Theorem and the results of the previous section to show that
J is trace class with

1H 0= [ Klso)nts)  and s = [ [ Kl 0Pduts)dte)
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We then have from the previous section that
K(s,t) = Ajej(s)e;(t)
j=1

approximates K(s,t) optimally. Lastly, we discuss unitary operators, these are the exten-
sion of orthonormal matrices in Euclidean space. A unitary operator (on a Hilbert space)
is a bounded linear operator which is surjective and preserves inner products. We can also
define a unitary operator as a bounded linear operator such that Z % * = w*% = I. We
have that if J#] is unitarily equivalent to %5, then

(Hiu, u) = (Hou",u’),

so if the space is such that the uniform measure on S exists, then

[t = [t vt = [ (i

S

B.4 What are the observations in the setting of func-
tional data?

We can either assume that the functions are random elements which lie in some Hilbert
space, or we could assume they are continuous time stochastic processes. When do these
assumptions coincide?

B.4.1 Probability on a Hilbert space

For this section consider . Z2-valued random elements.

Theorem 43. If X is a mapping from 0 — £2, then

o X is measurable if (X, f) is measurable for all f in L2

o [f X is measurable then its distribution is uniquely determined by the marginal dis-
tributions of (X, f) over f in £2.
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Definition 21. Suppose that E[| X||]] < oo, the mean of X is defined as the Bochner
integral:

E[X] = /Q XdP.

We also have that

Theorem 44.
E[IX -EXI°] =E[IXI°] + B [X][*.

We can then define the covariance operator as follows:

Definition 22. Suppose that E [HXHQ} < 00, then the covariance operator for X is the
element in Bys(L?), given by:

JS/:E[(X—E[X])@)(X—E[X])]:/Q(X—E[X])QQ(X—E[X]) ir

We also have that
E(X-EX])X-EX])]=E[X®X]-E[X|®E[X].

One may recall that in %2, we have that
@ou)() = [al)idsy.
Theorem 45. Suppose that E [X] =0 and that E [HX||2] < 0. For f,g € £,

1. (A f,9) = E[(X, [)(X,9)]

2. K is non-negative definite, trace class operator with || ||y = E [||XH2}

3. Pr(X € IM(K)) = 1

As a result, we have that

%: Z/\j@j ®€j.

=1
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In addition, it holds with probability 1 that

X =) (X e)e;,

o0
j=1

where (X, e;) are uncorrelated with mean zero and variance ;. In addition, the best
approximation of X in terms of mean squared error is

k k

D (X ey,

=1 j=1

see Theorem 7.2.8 in Hsing and Eubank (2015).

B.4.2 Stochastic process viewpoint

Suppose instead we view some observed function as a stochastic process: X = {X(t): t €
[0,1]}. Recall that we assume that X (¢) is defined on a probability space (£2,.o7, P) and
each X (t) are all measurable for fixed ¢. It is then simple to define E [X(¢)] as the mean
and IC(s,t) = E[X(t)X(s)] as the covariance kernel, where we assume the expectations
exist. Note that K is non-negative definite.

Definition 23 (Mean square continuous process). We say X is mean square continuous
if
lim E [|X(¢,) — X(¢)]] =0

n—oo

for any sequence in [0, 1] converging to t.

Theorem 46. X is mean square continuous if and only if its covariance kernel and mean
function are continuous.

Actually, if the mean function is continuous, then I is continuous at all points if it is
continuous on the diagonal. Define J# as the associated integral operator corresponding
to K. Then, Mercer’s theorem gives that

K(s,t) = Z Ajej(s)e;(t).
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Theorem 47 (Karhunen-Loeve Theorem). Let X (t) be a mean square continuous process
with mean zero. There exists a random variable Ix(e;) such that Then

2

lim E | > Ix(e;)e;(t) — X(t)

n—oo
i=1
Ix(e;) are the principle component scores of X.

B.4.3 Combining the viewpoints

One assumption that allows us to consider X as both a random element in a Hilbert space
and a mean square continuous stochastic process is joint measurability. We would assume
that X (¢, w) is measurable with respect to the product field %([0, 1]) x 7. This assumption
is somewhat opaque, so it is useful to provide a simple condition where joint measurability
is implied.

Theorem 48. Suppose that for each t, X (t,-) is measurable and that X (-,w) is continuous
for each w € Q. Then, X is jointly measurable, and is defined by its finite dimensional
distributions.

Now one only needs to verify that X (t,-) is continuous. One way to do this is with the

Kolmogrov condition:
E[IX(t) = X (2)|*] < Cltr — 1|7,
holds for all ¢,t5 € [0,1]. If X is a mean square continuous process that is jointly measur-

able, then

1. The mean function and mean element coincide
2. The covariance operator coincides with the integral operator described previously

3. The scores satisfy Ix(f) = (X, f)

Restating the Karhunen-Loeve theorem, we have that if X (¢) is a jointly measurable mean
square continuous stochastic process with mean zero, then it holds that Then

n 2

lim B Z<X’ ej)e;(t) — X(t)
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Now, one may recall that in Chapter 3 and Chapter 4 we assumed that the the observed
functions are mean zero, mean square continuous stochastic processes that satisfy the
conditions of Theorem 48. Therefore, the covariance operators considered are trace class
and the trace norm exists. Further, we may make use of Mercer’s theorem to expand the
covariance kernel in terms of its eigenfunctions and eigenvalues.
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