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SUMMARY

Robust statistical inference is an important and fundamental problem in modern data
science. Many classical works in sequential analysis are designed for the case when we
have full knowledge of the underlying data-generating distributions, such as the well-
known Neyman-Pearson lemma for hypothesis testing and the cumulative sum (CUSUM)
algorithm for sequential change-point detection. However, there are many cases when we
do not have sufficient prior knowledge about the true distributions. In such cases, we need
robust statistical methods that can guarantee the worst-case performance. Moreover, we
also need algorithms that can be implemented efficiently in the online setting where data
comes sequentially.

Such kind of problem is frequently seen and is widely applicable to a variety of appli-
cations. For example, in health care applications, we might do not have much information
about the anomaly data (such as a new disease), and we would like to develop a method that
can detect anomaly pattern quickly from data; In sensor network modeling such as social
networks and seismic sensors, the goal is to detect any structural or correlation changes
among sensors as quickly as possible.

This thesis tackles the robust statistical inference from three aspects. Chapter 3 and 4
study the sequential change-point detection problem with unknown distributions, from both
the parametric side and non-parametric sides. Chapter 5 studies a data-driven setting of the
robust hypothesis testing problem when the only information we have is data. Chapter 6
studies the spatio-temporal modeling of event data over networks. Useful preliminaries
and important background information are summarized in Chapter 2 and all the proofs are

delegated to the Appendices.

XVi



CHAPTER 1
INTRODUCTION AND BACKGROUND

Statistical signal processing and hypothesis testing are fundamental problems in modern
data science and engineering applications. The development of modern data acquisition
enables us to have an increasing amount of data that can be accessed with high speed and
high resolution. This has brought new opportunities for us to build more reliable machine
learning models to perform estimation, prediction, and decision-making. However, this
also poses several new challenges, as explained below.

(1) High-dimensionality. Sequential data in modern applications is usually high di-
mensional. For example, in sensor networks, the Long Beach 3D seismic array consists
of approximately 5300 seismic sensors that record data continuously for seismic activity
detection and analysis; and in multi-stage manufacturing processes [181], we usually have
a huge amount of dependent data sequences as well. We need more efficient online al-
gorithms to deal with a large amount of high-dimensional data and to detect the anomaly
pattern in an online manner. Usually, changes in high-dimensional time series exhibit low-
dimensional structures in the form of sparsity, low-rankness, and subset structures, which
can be exploited to enhance the capability to detect weak signals quickly and efficiently.

(2) Data uncertainties. In certain cases, we might have enough training data from one
category but very limited data from another category, causing certain biases in our decision-
making. For example, in health care applications, we usually have enough data for normal
people or known diseases/medicine, but much fewer samples for new diseases/patients. We
need robust data-driven hypothesis testing/classification algorithms that can achieve the
optimal worst-case performance even when the true data-generating distribution deviates
from our estimate.

(3) Complex data distributions. Modern sequential data is more involved in nature. It



is much more challenging to come up with a simple parametric form to describe the data
distribution, as commonly done in the traditional setting. Therefore, the non-parametric
methods have been studied and extended a lot recently. Moreover, in modern applica-
tions, sequential data could have complex spatial and temporal dependencies, for instance,
induced by the network structure [165, 81, 15]. For example, in social networks, depen-
dencies are usually due to interaction and information diffusion [123]. We need a general
modeling framework for spatio-temporal event data and efficient algorithms with strong
theoretical guarantees.

This thesis mainly focuses on developing new theories and algorithms for three research
problems in the area of statistical inference, aiming to tackle the above challenges. The
first problem we study is sequential (quickest) change detection. We consider a subspace
change for high-dimensional data sequences, which is a fundamental problem since sub-
space structure is commonly used for modeling high-dimensional data. We also consider a
non-parametric setting that can be useful when the data distributions cannot be represented
by simple parametric families, and the weighted /5 divergence is proposed to detect the
change. The second problem we study is data-driven robust hypothesis testing when the
true date-generating distributions are all unknown and we only have access to a limited
number of training samples. The third problem is parameter recovery for spatio-temporal
models, with applications in modeling crime events and COVID-19 cases.

The structure of this thesis is organized as follows. Chapter 1 introduces the background
and motivation for each topic as explained below. Chapter 2 reviews some preliminary and
fundamental results in sequential change detection, distributionally robust optimization,
and variational inequalities. Those basics can help readers understand the problem set-up
and proof strategies in the Appendices.

In Chapter 3, we consider the online monitoring of multivariate streaming data for
changes that are characterized by an unknown subspace structure manifested in the covari-

ance matrix. In particular, we consider the covariance structure changes from an identity



matrix to an unknown spiked covariance model. We assume the post-change distribution
is unknown, and propose two detection procedures: the Largest-Eigenvalue Shewhart chart
and the Subspace-CUSUM detection procedure. We present theoretical approximations to
the average run length and the expected detection delay for the Largest-Eigenvalue She-
whart chart, as well as the asymptotic optimality analysis for the Subspace-CUSUM pro-
cedure. The performance of the proposed methods is illustrated using simulation and real
data for human gesture detection and seismic event detection.

In Chapter 4, we present a new non-parametric statistic, called the weighed ¢ diver-
gence, based on empirical distributions for sequential change detection. We start by con-
structing the weighed ¢, divergence as a fundamental building block for two-sample tests
and change detection. The proposed statistic is proved to attain the optimal sample com-
plexity in the offline setting. We then study the sequential change detection using the
weighed /5 divergence and characterize the fundamental performance metrics, including
the average run length and the expected detection delay. We also present practical al-
gorithms to find the optimal projection to handle high-dimensional data and the optimal
weights, which is critical to quick detection since, in such settings, there are not many
post-change samples. Simulation results and real data examples are provided to validate
the good performance of the proposed method.

In Chapter 5, we consider a data-driven robust hypothesis test where the optimal test
will minimize the worst-case performance regarding distributions close to the empirical
distributions with respect to the Wasserstein distance. This leads to a new non-parametric
hypothesis testing framework based on distributionally robust optimization, which is more
robust when there are limited samples for one or both hypotheses. Such a scenario often
arises from applications such as health care, online change-point detection, and anomaly
detection. We study the computational and statistical properties of the proposed test by
presenting a tractable convex reformulation of the original infinite-dimensional variational

problem exploiting Wasserstein’s properties and characterizing the optimal radius for the



uncertainty sets to control the generalization error. We also demonstrate the good perfor-
mance of our method on synthetic and real data.

In Chapter 6, we introduce a new general modeling approach for multivariate discrete
event data with categorical interacting marks, which we refer to as marked Bernoulli pro-
cesses. In the proposed model, the probability of an event of a specific category to take
place in a location may be influenced by past events at this and other locations. We do not
restrict interactions to be positive or decaying over time as it is commonly adopted, allow-
ing us to capture an arbitrary shape of influence from historical events, locations, and events
of different categories. In our modeling, prior knowledge is incorporated by allowing gen-
eral convex constraints on model parameters. We develop two parameter estimation pro-
cedures utilizing the constrained least square and maximum likelihood estimation, which
can be solved as convex problems based on variational inequalities. We discuss different
applications of our approach and illustrate the performance of proposed recovery routines

on synthetic examples and real-world data.

1.1 Sequential Subspace Change Detection

Detecting the change from high-dimensional streaming data is a fundamental problem in
various applications such as video surveillance [200], sensor networks [223], wearable
sensors [197], and seismic events detection [124]. In many scenarios, the change happens
to the covariance structure and can be represented as a low-rank subspace to capture the
similarity of signal waveforms observed at multiple sensors. In Chapter 3, we consider the
fundamental problem of detecting such a change in the covariance matrix that shifts from
an identity matrix to a spiked covariance model [97]. Different from the offline hypothesis
test considered in [22], we assume a sequential setting, where the goal is to detect such a
change as quickly as possible after it occurs.

A formal description of the problem is as follows. Assume a sequence of multivariate

observations 1, Ty, ..., 2y, ..., where ; € RF and k is the data dimension. At a cer-



tain time 7, the distribution of the observation changes. In particular, we are interested in
structural changes that happen to the covariance matrix, which we describe below: (1) the
emerging subspace, meaning the change is a subspace emerging from a noisy background
and thus the covariance matrix changes from an identity matrix to a spiked covariance ma-
trix; (2) the switching subspace, meaning that the signals are along with different subspaces
before and after the change, resulting the covariance matrix to change from one spiked co-
variance matrix to another. The emerging subspace problem can arise, for instance, from
weak signal detection for seismic sensor arrays [197], and the switching subspace detec-
tion can arise from monitoring principal component analysis (PCA) for streaming data
[14]. The switching subspace problem, as we will show, can be reduced to the emerging
subspace problem; therefore, we focus on the emerging subspace problem.

The main contribution of this work is two-fold. From the methodology perspective,
we propose two sequential detection procedures: the Largest-Eigenvalue Shewhart chart
and the Subspace-CUSUM procedure. The Largest-Eigenvalue Shewhart chart computes
the largest eigenvalue of the sample covariance matrix over a sliding window and detects a
change when the statistic exceeds the threshold. The Subspace-CUSUM is derived based
on the likelihood ratio following the approach of classical CUSUM [146], but instead of
assuming the parameters are fully specified, we estimate the parameters and plug-in, which
is analogous to the generalized likelihood ratio (GLR) statistic [108]. From the theoretical
perspective, we provide a theoretical analysis of the proposed procedures, which facilitates
efficient calibration of the parameters. We consider two commonly used metrics: the aver-
age run length (ARL) and the expected detection delay (EDD). Theoretical approximations
can help us determine the threshold in the detection procedure efficiently. Moreover, build-
ing on Anderson’s results for the distribution of eigenvectors [7], we provide theoretical
guidelines on how to choose the parameters involved in the Subspace-CUSUM procedure.
Through proper parameter optimization, we prove that the resulted procedure is first-order

asymptotically optimal in the sense that the ratio of its expected detection delay with the



corresponding of the optimum CUSUM (that has complete knowledge of the pre- and post-
change statistics) tends to one as the average run length tends to infinity.

The proposed detection procedures are computationally efficient since they only re-
quire computing the leading eigenvalue and eigenvector of the sample covariance matrix,
respectively. They are widely applicable to real data whenever there is a low-rank sub-
space change. For example, we have demonstrated its use in human activity detection from

wearable sensors data and seismic event detection.

Related Work

In change-point detection and industrial quality control, commonly used methods include
Shewhart chart, cumulative sum (CUSUM), generalized likelihood ratio (GLR) types of
detection procedures, etc.

Shewhart charts can be viewed as scan statistics over time. A change is detected when
the process is out of control, i.e., the detection statistic falls out of the control limit. A
commonly used Shewhart chart for multivariate observations is the Hotelling’s 7" control
chart [88], which can detect both mean and covariance shifts and the control limits are
set through chi-square distributions. Modified 7T charts based on principal component
analysis are considered in [92, 93]. The U? multivariate control chart in [174] considers
detecting the mean shift in a known subspace. Those work does not consider the largest
eigenvalue as a detection statistic.

While Shewhart charts use the current subgroup samples to compute the detection
statistic, the CUSUM procedure utilizes all past samples and updates the detection statistic
recursively based on the log-likelihood ratio [146]. Multivariate CUSUM procedure for
detecting mean shift has been developed in [152] and a more recent work [28] presents
CUSUM based on projected data. In classic CUSUM, the pre-change and post-change dis-
tributions are specified completely. The proposed Subspace-CUSUM procedure here is not

a typical CUSUM since we estimate the unknown subspace after the change.



Usually, the post-change distributions or their parameters are unknown and hard to pre-
specify. One solution is to set the post-change parameter to represent the “smallest possible
change” of interest. However, when there is a parameter mismatch, the CUSUM proce-
dure suffers from a performance loss. The generalized likelihood ratio (GLR) procedure
is introduced to handle unknown post-change distributions [108]. The Subspace-CUSUM
procedure here is different from the GLR procedure since we do not estimate the full log-
likelihood function; instead, we only estimate the subspace and introduce an additional
parameter to control the performance.

Covariance shift detection has been considered in the past literature using various de-
tection statistics. A multivariate CUSUM based on likelihood functions of multivariate
Gaussian is studied in [86] considering a specific setting where the covariance changes
from X to ¢ for a constant c. The determinant of the sample covariance matrix was used
in [3] and [4] to detect the covariance change. [36] considers a CUSUM chart for monitor-
ing covariance shift using the projection pursuit [90] and likelihood ratio, with simulation
studies on the performance of the proposed methods. Offline change detection of covari-
ance change is studied in [40] using the Schwarz information criterion [177], where the
change-point location must satisfy certain regularity condition to ensure the existence of
the maximum likelihood estimator. Recently, [212] uses the wide binary segmentation
through independent projection (WBSIP) to recover the change-points for the covariance
matrix in the offline setting. [11] uses the distance between empirical precision matrices
to detect abrupt changes in covariance for the offline case. Classical approaches usually
consider the general setting, and here we are interested in detecting the structural change,
i.e., spiked covariance matrix.

Recent work has also considered other types of structured covariance changes. The
detection of a shift in an off-diagonal sub-matrix of the covariance matrix is studied in [9]
using likelihood ratios. The detection of switching subspaces is studied in [95] based on a

CUSUM type procedure, but they only estimate the pre-change subspace using historical



data and assume the post-change subspace is known, this is different from our work since
we also estimate the post-change subspace. [230] develops an offline modeling framework
for multivariate functional data based on sparse subspace clustering.

The Largest-Eigenvalue Shewhart Chart is related to [22], which studies the sparse prin-
cipal component test based on sparse eigenvalue statistics. The largest eigenvalue statistic
is shown to be asymptotically minimax optimal in [22] for detecting whether there exists a
sparse and low-rank component. A natural sequential version of this idea is to use a sliding
window and estimate the largest eigenvalue of the corresponding sample covariance matrix.

However, this sequential version does not enjoy any form of (asymptotic) optimality.

1.2 Sequential Change Detection by Weighted ¢, Divergence

Many classic results and procedures for sequential change detection have been developed,
see [157, 17, 205]. However, many widely used methods assume a parametric form of
the distributions before and after the change. For high-dimensional data, such parametric
methods can be difficult to implement in certain scenarios since the post-change distribu-
tion is typically unknown and complicated. Recently, there have been many interests in
developing non-parametric change detection procedures for high-dimensional streaming
data.

We focus on a type of distribution-free methods based on empirical distributions. Com-
pared with parametric methods, such non-parametric tests are more flexible and can be
more applicable for various real-world situations. They tend to perform better when (i) the
data does not follow a parametric distribution or (ii) we do not have enough historical sam-
ples to estimate the underlying distribution reliably. However, one particular challenge is to
establish performance guarantees and improve the sample efficiency of the non-parametric
test statistic [166].

In Chapter 4, we develop a new data-driven distribution-free sequential change detec-

tion procedure based on the weighted (5 divergence between empirical distributions as the



test statistic, which is related to the idea of festing closeness between two distributions
[19]. More specifically, we start by considering the problem of testing closeness between

two discrete distributions from samples observed. Suppose we are given two independent

1
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sample sets z},...,x S pand 22,... x ) S q, where p and ¢ are discrete distributions
defined on the finite observation space and they can be both unknown. Our goal is to design
a test which, given these two sample sets, claims whether p = ¢ or there is a significant
difference between p and q. We use the ¢, norm ||p — ¢||2 to characterize the difference
between two distributions. Note that the ¢; norm is also commonly used in literature.

We propose a new type of test by considering a family of distance-based divergence
between empirical distributions of the two sets of observations. More specifically, the pro-
posed test rejects p = g whenever the distance-based divergence between empirical distri-
butions is larger than a data-dependent (random) threshold ¢. We introduce “weights” that
are design parameters, which can be particularly important in achieving good performance
in practice when we do not have a large number of samples. We show the optimality of
the proposed procedure in achieving the theoretical lower bound of the sample complexity
required for a low-risk test that meets the specifications. Moreover, we develop practical
optimization procedures for selecting the optimal weights and the low-dimensional projec-
tions for high-dimensional data. Finally, we extend the proposed test to sequential change
detection and characterize theoretical performances in both offline and online settings.

The proposed non-parametric test can fit into many potential applications, such as wet-

land and dryland classification [51], sensor network monitoring of cascades failures [41],

spatial crime rate change detection [233], personalize healthcare [45], etc.

Related Work

There is a long history of studying similar problems in both statistics and computer science.
In statistics, a two-sample test is a fundamental problem in which one aims to decide if

two sets of observations are drawn from the same distribution [119], with a wide range



of applications [115]. Available approaches to the two-sample test can be largely divided
into two categories: parametric and non-parametric. The parametric approach assumes
that the data distribution belongs to certain parametric families, but the parameters can
be unknown [49]. The non-parametric setting does not impose any assumption on the
underlying distribution and therefore is widely applicable to real scenarios.

Classical approaches focus on the so-called “goodness-of-fit” test to decide whether
the observations follow a pre-specified distribution. Non-parametric goodness-of-fit tests
can be generalized for two-sample (and multi-sample) tests; in this case, the focus is the
asymptotic analysis when the sample size goes to infinity. For instance, the Kolmogorov-
Smirnov test [196], and the Anderson-Darling test [79] focus on univariate distributions
and compute divergences between the empirical cumulative distributions of two (and multi)
samples. The Wilcoxon-Mann-Whitney test [130, 102] is based on the data ranks and is
also limited to univariate distributions. Van der Waerden tests are based on asymptotic
approximation using quantiles of the standard Gaussian distribution [48, 176]. The nearest
neighbors test for multivariate data is based on the proportion of neighbors belonging to
the same sample [175].

There is much work aimed at extending univariate tests to the multivariate setting. A
distribution-free generalization of the Smirnov two-sample test is proposed in [24] by con-
ditioning on the empirical distribution functions. Wald-Wolfowitz run test and Smirnov
two-sample test are generalized to multivariate setting using minimal spanning trees in
[65]. A class of distribution-free multivariate tests based on nearest neighbors is studied in
[25, 87, 175], and a multivariate k-sample test based on Euclidean distance between sam-
ple elements is proposed in [201]. Some recent work includes methods based on maximum
mean discrepancy (MMD) [75] and the Wasserstein distance [167]. In particular, the /5
test enables us to draw a conclusion directly based on comparing empirical distributions.
Compared with existing methods such as the MMD test, which requires a huge gram ma-

trix when the sample size is large, the /5 test enables us to choose weights flexibly to better
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serve the testing task.

Another line of research in theoretical computer science deals with closeness testing. It
is first studied in [ 19, 20], in which the testing algorithm with sub-linear sample complexity
is presented; the lower bound to the sample complexity is given in [207]; a test that meets
the optimal sample complexity is proposed in [37]; see [171] and [32] for recent surveys.
The ¢, case has also been studied in [19, 73, 37], and optimal algorithms are given. Many
variants of closeness testing have also been studied recently. In [1], sublinear algorithms
are provided for generalized closeness testing. In [23], the closeness testing is studied
under the case where sample sizes are unequal for two distributions. In [52], a nearly
optimal algorithm for closeness testing for discrete histograms is given. In [2], the problem
is studied from a differentially private setting.

Outstanding early contributions of sequential change detection mainly focus on para-
metric methods [146, 145, 183, 127] and is well-summarized in recent books [110, 205].
Recently, there have been growing interests in the non-parametric hypothesis test used in
change detection problems. In [29], the “QuantTree” framework is proposed to define
the bins in high-dimensional cases recursively, and the resulted histograms are used for
change detection. In [39], a sequential change detection procedure using nearest neighbors
is proposed. In the seminal work [116], a binning strategy is developed to discretize the
sample space to construct the detection statistic to approximate the well-known general-
ized likelihood ratio test. The binned detection statistic’s asymptotic properties are studied,
and it is shown to be asymptotically optimal when the pre-and post-change distributions
are discrete. Note that here we do not rely on likelihood ratios and assume the pre- and

post-change distributions are unknown, and all we have are some possible “training data.”

1.3 Robust Hypothesis Testing with Wasserstein Uncertainty Sets

Hypothesis testing is a fundamental problem in statistics and an essential building block

for machine learning problems such as classification and anomaly detection. The goal
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of hypothesis testing is to find a decision rule to discriminate between two hypotheses
given new data while achieving a small probability of errors. However, the exact optimal
test is difficult to obtain when the underlying distributions are unknown. This issue is
particularly challenging when the number of samples is limited, and we cannot obtain
accurate estimations of the distributions. The limited sample scenario (for one or both
hypotheses) commonly arises in many real-world applications such as medical imaging
diagnosis [8], online change-point detection [156], and online anomaly detection [38].

For hypothesis testing, the well-known Neyman-Pearson Lemma [142] establishes that
the likelihood ratio gives the optimal test for two simple hypotheses. This requires to
specify a priori two true distribution functions P, and P, for the two hypotheses, which,
however, are usually unknown in practice. When the assumed distributions deviate from
true distributions, the likelihood ratio test may experience a significant performance loss.

Typically there are “training” samples available for both hypotheses. A commonly used
approach is the generalized likelihood ratio test (GLRT) [215], which assumes parametric
forms for the distributions and estimates parameters using data and plug into the likelihood
ratio statistic. Another popular method is the density ratio estimation [199]. However, in
many scenarios, the training samples for one or both hypotheses can be small. For instance,
we tend to have a small sample size for patients in healthcare applications. In limited-
sample scenarios, it can be challenging to estimate parameters for GLRT (especially in the
high dimensional case) or to estimate density ratios accurately. Without reliable estimation
of the underlying distributions, various forms of robust hypothesis testing [89, 91, 121, 77]
have been developed by considering different “uncertainty sets”. Huber’s seminar work
[89] sets the uncertainty set as the e-contamination sets that contain distributions close to
a nominal distribution defined by total-variation distance. In [91], the optimal tests are
characterized under majorization conditions, which, however, are intractable in general.
Thus, there remains a computational challenge to find the optimal test, especially when

the data is multi-dimensional. This has become a significant obstacle in applying robust
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hypothesis tests in practice.

We consider a setting where the sample size is small. When there are limited sam-
ples, the empirical distribution may have “holes” in the sample space: places where we
do not have samples yet, but there is a non-negligible probability for the data to occur, as
illustrated in Figure 1.1. Thus, we may not want to restrict the true distribution to be on
the same support of the empirical distribution. However, many commonly used distance
divergences for probability distributions, such as Kullback-Leibler divergence, are defined
for distributions with common support. Thus, in our setting, it can be restrictive if we
were to construct uncertainty sets using the Kullback-Leibler divergence (e.g., [121] and
[77]). Similarly, total-variational norm-induced uncertainty sets will have this issue since
they encourage distributions with the same support as the empirical distribution. This mo-
tivates us to consider an uncertainty set formed by the Wasserstein distance. It measures
the distance between distributions using optimal transport metric, which is more suitable

for distributions without common support.

Empirical distributions Least Favorable Distributions (LFD) Kernel smoothed LFD
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Figure 1.1: Left: Empirical distributions of two sets of training samples (5 samples each), gener-
ated from N (0, 1) and NV (2, 1.2), respectively. Middle: Least Favorable Distributions (LFD) solve
from Lemma 5.2 with radius equal to 0.1. Right: Kernel smoothed versions of LFD (with kernel
bandwidth A = 0.3).

In Chapter 5, we present a new non-parametric minimax hypothesis test assuming the
distributions under each hypothesis belong to two disjoint “uncertainty sets” constructed
using the Wasserstein distance. Specifically, the uncertainty sets contain all distributions

close to the empirical distributions formed by the training samples in Wasserstein distance.
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This approach is more robust in small sample sizes when we cannot estimate the true dis-
tributions accurately.

A notable feature of our approach is the computational tractability and explicit char-
acterization of the optimal test. The optimal test is based on a pair of least favorable
distributions (LFD) from the uncertainty sets, which is a reminiscence of Huber’s robust
test. However, here the optimal test form is different, and our LFDs are computationally
tractable in general. An outstanding challenge in finding the minimax test is that we face
an infinite-dimensional optimization problem (finding the saddle point for optimal test and
LFDs), which is hard to solve in general. To tackle the challenge, we make a connection
to recent advances in distributionally robust optimization. In particular, we decouple the
original minimax problem into two sub-problems using strong duality, which enables us
first to find the optimal test for a given pair of distribution P; and FP», and then find the
LFDs P} and Py by solving a finite-dimensional convex optimization problem. We further
characterize the general optimal test and extend the test to the “batch” setting containing
multiple test samples. We also characterize the optimal radii of the uncertainty sets, which
is an important question that affects the optimal test’s generalization property. Finally, we
show our method’s good performance using simulated and real data, and demonstrate its

applicability for sequential human activity detection.

Related Work

Robust hypothesis testing has been developed under the minimax framework by consid-
ering various forms of “uncertainty sets”. Seminal work by Huber [89] considers the
e-contamination sets that contain distributions close to a nominal distribution defined by
total-variation distance. Huber and Strassen later generalized the results in [91] based on
the observation that the e-contamination sets can be described using the so-called alternat-
ing capacities. It is claimed that under this capacity assumption, there is a representative

pair (namely the LFDs) such that the Neyman-Pearson test between this pair is minimax
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optimal. Although Huber provides an explicit characterization of the robust hypothesis test
in the form of a truncated likelihood ratio, the “capacities” condition is required to obtain
the optimality result; the LFDs are difficult to obtain in general. Our result is consistent
with [89] in that our robust test also depends on the least favorable distributions, but we
find the LFDs from data by solving a tractable optimization problem.

More recently, [121] and [77] consider uncertainty sets induced by Kullback-Leibler
(KL) divergence in the one-dimensional setting without specifying parametric forms; the
optimal test is obtained using the strong duality of problem induced by the KL divergence.
Aiming to develop a computationally efficient procedure, [72, 33] consider a convex opti-
mization framework for hypothesis testing, assuming parametric forms for the distributions
and the parameters under the null and the alternative hypothese belong to convex sets. We
consider a new way to construct uncertainty sets using Wasserstein metrics and empiri-
cal distributions to achieve distributional robustness. Using Wasserstein metric to achieve
robustness is a popular technique and has been applied to many areas, including computer
vision [172, 120, 161], generative adversarial networks [10, 78], and two-sample test [167].

Our work is also closely related to the distributional robust optimization (DRO) frame-
work [58, 68, 27, 194, 178]. However, we cannot obtain our results using a simple ex-
tension of the existing DRO framework. In particular, we need new techniques to obtain
tractable reformulation in our problem. Existing DRO problems typically involve only one
class of empirical samples. In contrast, our problem involves two classes and we can-
not rely on existing strong duality results in DRO [27, 58, 68]. Besides, we provide new
insights regarding our solution’s structural properties that are different from those that oc-
curred in other DRO problems. Another line of work in DRO aims to characterize the size
of uncertainty sets. The robust Wasserstein profile inference (RWPI) is one tool to provide
the asymptotic distribution of the sufficient radius. It is first proposed and applied in the
finite-dimensional case in [26] and is generalized to the infinite-dimensional case in [185].

The non-asymptotic concentration bound for the uncertainty set size is given in [67].
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1.4 Convex Parameter Recovery for Interacting Marked Processes

Discrete events are a type of sequential data, where each data point is a tuple consisting
of event time, location, and possibly category. Such event data is ubiquitous in modern
applications, such as police data [132], electronic health records [96], and social network
data [198, 105]. In modeling discrete events, we are particularly interested in estimating
the interactions of events, such as triggering or inhibiting effects of past events on future
events. For example, in crime event modeling, the triggering effect has been empirically
verified; when a crime event happens, it makes the future events more likely to happen in
the neighborhood. Similar empirical observations have been made for other applications
such as in biological neural networks, social networks [232, 123], financial networks [56],
and spatio-temporal epidemiological processes [103].

A popular model for capturing interactions between discrete events is the so-called
Hawkes processes [84, 83, 85, 168]. The Hawkes process is a type of mutually-exciting
non-homogeneous point process with intensity function consisting of a deterministic part
and a stochastic part depending on the past event. The stochastic part of the intensity
function can capture the interactions of past events and the current event, and it may be
parameterized in different ways. In a certain sense, Hawkes processes may be viewed as a
point process analog to classical autoregression in time series analysis. Hawkes process has
received a lot of attention since it is quite general and can conveniently model interactions.
For instance, in a network Hawkes process, interactions between nodes are modeled using
a directed weighted graph in which direction and magnitude of edges indicate direction and
strength of influence of one node on another. Along this line, there are various generaliza-
tions that allow for other types of point process modeling, where different “link” functions
are considered, such as self-correcting process, reactive process, and specialized process
(see [168] for an overview).

Estimating the interactions of the past events and the current event is a fundamental

16



problem for Bernoulli processes since it reveals the underlying temporal and spatial struc-
tures and allows for predicting future events. There has been much prior work in estimating
model parameters, assuming that interactions are shift-invariant and captured through ker-
nel functions. Furthermore, various simplifying assumptions are typically made for the
kernel functions, e.g., that the spatio-temporal interactions are decoupled (e.g., [232]), im-
plying that the interaction kernel function is a product of the interaction over time and
interaction over locations and can be estimated separately. It is often assumed that the tem-
poral kernel function decays exponentially over time with an unknown decay rate [123], or
it is completely specified [80]; thus, the problem focus is on estimating spatial interaction
between locations. It is also commonly assumed that the interactions are positive, i.e., the
interaction triggers rather than inhibit future events [229]. Such simplification, however,
may impede capturing complex interaction effects between events. For instance, negative
interaction or inhibition is well known to play a major role in neuronal connectivity [55].
The study of more complex modeling of spatial aspects, especially jointly with discrete
marks, is still in infancy.

In Chapter 6, we present a general computational framework for estimating marked
spatio-temporal processes with categorical marks. Motivated by Hawkes processes, we
consider a model of a discrete-time process on a finite spatio-temporal grid, which we refer
to as Bernoulli processes. A brief description of the proposed modeling is as follows. At
each time ¢ a site k of the grid of the M -state Bernoulli process can be in one of M + 1
states — a ground state, in which “nothing happens,” or an event state if an event of one
of M given types at every (discrete) time instant ¢ takes place at the site. We assume that
the probability distribution of the events at each location at time ¢ is a (linear or nonlinear)
function on the process history — past events at different sites at times fromt — d to ¢t — 1,
d being the memory depth parameter of the process. For instance, each site of a 1-state
linear (vanilla) Bernoulli process can be in one of two states — 0 (no event) or 1 (event takes

place).
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From the point of view of time series, this process can be seen as a vector autoregressive
process with observations at sites of the grid at time ¢ being Bernoulli random variables
with conditional expectation given the process history being a linear combination, with
coefficients which are unknown process parameters, of states of the process sites at times
t —dtot — 1. This model can be seen as a natural simplification of the continuous-time
Hawkes process where spatio-temporal cells are so small that one can ignore the chances
for two or more events occurring in a cell.

A notable feature of this model is that prior information on the structure of interactions
is represented by general convex constraints on the parameters, allowing for very general
types of structures of interactions. Here convexity is assumed for the sake of computa-
tional tractability. For instance, we can relax the nonnegativity restrictions on interaction
parameters and/or avoid assumptions of monotone or exponential time decay of interac-
tions commonly used in the literature; when the situation has a “network component” al-
lowing to assume that interacting sites are pairs neighboring nodes in a known graph, we
can incorporate this information, for instance, by restricting the interaction coefficients for

non-neighboring pairs of sites to be zero.

Related Work

The considered model is related to information diffusion processes over continuous time,
for example, nonlinear Hawkes model [42], self-exciting processes over networks (see
[168] for an overview), information diffusion networks [74], and multivariate stationary
Hawkes processes [55]. Compared to these well-known models, time and space discretiza-
tion leading to the spatio-temporal Bernoulli process is a considerable simplification that,
nonetheless, leads to practical estimation routines that can be used in “real world” scenar-
10s.

Various approaches to parametric and nonparametric estimation of spatio-temporal pro-

cesses have been proposed in the literature. A line of work [63, 229, 134] consider non-
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parametric Hawkes process estimation based on the Expectation-Maximization (EM) algo-
rithms and the Kernel method. Least-square estimates for link functions of continuous-time
multivariate stationary Hawkes process are studied in [55]. There is also much work [133,
57, 153] considering the estimation in the Bayesian framework. In particular, [159] con-
siders estimation in a Bernoulli model similar to the one we promote in this work using the
Bayesian approach and impose prior distributions on parameters. Several authors consider
the problem of sparse model estimation for point processes [82].

Our approach to processing the estimation problem is based on convex optimization,
which leads to computationally efficient procedures. We consider two classes of recovery
procedures based on the Least Squares (LS) (which, in hindsight, is resembling but not
identical to what is done in [55]) and Maximum Likelihood (ML) estimation. We cast
estimation into convex optimization using Variational Inequality (VI) formulation of the
corresponding statistical problems, which allows us to provide interpretable performance
bounds and confidence intervals for the estimates and leads to computationally efficient
numerical algorithms when processing large data sets.

The main contribution is in proposing models for the marked interacting processes
which allow for simple “computation-friendly” statistical analysis utilizing variational in-
equalities with monotone operators. To the best of our knowledge, except for [98], we do
not know other examples of using this approach in the statistical literature. The importance
of this approach becomes clear in the case of nonlinear link function. Assuming the link
to be a monotone vector field, our variational inequality-based approach reduces the esti-
mation problem to an efficiently solvable problem with convex structure. In contrast, the
ML and the LS estimation in the “nonlinear monotone link™ case of our model result, in
general, lead to solving nonconvex optimization problems and thus are not computationally
friendly. It is also worth mentioning that concentration inequalities for martingales are not
standard: the corresponding bounds are expressed using observable characteristics, which

leads to confidence sets for the estimates expressed in terms of observations.
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CHAPTER 2
PRELIMINARIES

This chapter presents some preliminaries and useful background information in the filed of
sequential change detection, distributionally robust optimization, and variational inequali-
ties with monotone operators. The standard problem formulations are introduced and clas-

sical results are reviewed.

2.1 Sequential Change Detection

The efficient detection of abrupt changes in the statistical behavior of streaming data, re-
ferred to as sequential (quickest) change detection, is an important and fundamental re-
search topic in statistics, signal processing, and information theory. Such problems have
been studied under the theoretical framework [157, 205, 208], and has a wide range of
applications, such as power networks [43], internet traffic [113], cyber-physical systems
[143], sensor networks [162], social networks [163, 148], epidemic detection [16], scien-
tific imaging [160], genomic signal processing [180], seismology [6], video surveillance
[118], and wireless communications [106]. This section presents the basics of sequential
change detection and some related generalizations and extensions. Some detailed reviews

on this topic can be found in [222, 208, 111], etc.

2.1.1 Problem Definition

In the sequential change detection problem, the aim is to detect a possible change in the
data generating distribution of a sequence of observations {X,,,n = 1,2,...}. The initial
distribution of the observations is the one corresponding to normal system operation. At
some unknown time v (referred to as the change-point), due to some event, the distribution

of the random observations changes. The goal is to detect the change as quickly as possi-
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ble, subject to false-alarm constraints. We start by assuming that the observations X, are
independent and identically distributed (i.i.d.) with probability density function (pdf) f,
before the change-point (n < v) and pdf f; after the change-point (n > v), respectively.
The generalization to non-i.i.d. settings is summarized in some recent books [205, 203].
A central problem when designing sequential change detection procedures is about the
tradeoff between false-alarm and detection delay. The goal in sequential change detection
theory is to find detection procedures that have guaranteed optimality properties in terms

of this tradeoft.

2.1.2 Mathematical Preliminaries

Sequential change detection is closely related to the problem of statistical hypothesis test-
ing, in which observations, whose distribution depends on the hypothesis, are used to de-
cide which of the hypotheses is true. For the special case of binary hypothesis testing,
we have two hypotheses, the null hypothesis and the alternative hypothesis. The classic
Neyman-Pearson Lemma [142] establishes the form of the optimal test for this problem. In
particular, consider the case of a single observation X, and suppose the pdf of X under the
null and alternative hypotheses are f; and fi, respectively. Then, the test that minimizes the
false negative error (Type-II error), under the constraint of the false-positive error (Type-
I error), is to compare the likelihood ratio fi(X)/fo(X) to a threshold to decide which
hypothesis is true. The likelihood ratio test is also optimal under other criteria such as
Bayesian and minimax [136]. As we will see, the likelihood ratio also plays a key role in
the development of sequential change detection algorithms.

The goal of sequential change detection is to design a stopping time on the observation
sequence at which it is declared that a change has occurred. A stopping time is formally

defined as follows:

Definition 2.1 (Stopping time). A stopping time with respect to a random sequence { X,,,n =

1,2,...} is arandom variable 7 such that for each n, the event {7 = n} € o(Xy,..., X,),
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where o( X7, ..., X,) denotes the o-algebra generated by (X1, ..., X, ). Equivalently, the

event {7 = n} is a function of only X7, ..., X,,.

The main results on stopping times that are most useful for sequential change detection
problems include Doob’s Optional Stopping Theorem [46] and Wald’s Identity [187].
A quantity that plays an important role in the performance of sequential change detec-

tion algorithms is the Kullback-Leibler (KL) divergence between two distributions.

Definition 2.2. (KL Divergence). The KL divergence between two pdfs f; and f; is defined
as D(fillfo) = [ fi(z) log(fi(2)/ fo(x)) dx

Note that D(f1||fo) > 0 with equality if and only if f; = fo almost surely. It is usually
assumed that 0 < D(f1]|fo) < oo.

Define the log-likelihood ratio for an observation X:

- h(X)

0(X) :=log )

2.1

A fundamental property of the log-likelihood ratio, which is useful for constructing se-
quential change detection algorithms, is that before the change n < v, the expected value
of £(X,,) is equal to —D(fy||f1) < 0; and after the change, n > v, the expected value of
((X,) is equal to D(fi||fo) > 0. As will be seen later, the KL divergence between the
pre- and post-change distributions is an important quantity that characterizes the tradeoff

between the average detection delay and the false-alarm rate.

2.1.3 Common Sequential Change Detection Procedures

We now present two commonly used sequential change detection procedures, the CUSUM
and GLR procedure, which will be used frequently in subsequent chapters.

The CUSUM procedure was first introduced by Page [144]. Although the CUSUM
procedure was developed heuristically, it was later shown in [127, 137, 170, 107] that it has

very strong optimality properties, which we will discuss further in Section 2.1.4.
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The CUSUM procedure utilizes the properties of the cumulative log-likelihood ratio

sequence:
S = U(Xp).
k=1

Before the change occurs, the statistic has a negative drift because the expected value of
¢(X}) before the change is negative. After the change, it has a positive drift because the
expected value of ¢(X}) after the change is positive. Thus, S,, roughly attains its minimum
at the change-point v. The CUSUM procedure is then constructed to detect this change in
the drift of .S,,. Specifically, the exceedance of .S,, with respect to its past minimum is taken

and compared with a threshold b > 0:

Te = inf {n >1:W, = <Sn — min Sk> > b} . (2.2)
0<k<n
The CUSUM statistic can also be rewritten as:
W, =S, — min S, = max ((X;) = max 0(X;). (2.3)
0<k<n 0<k<n Parw 1<k<n+1 P

Note that the maximization over all possible v = k corresponds to plugging in a maximum
likelihood estimate of the unknown change-point location in the log-likelihood ratio of the
observations to form the CUSUM statistic. It can be shown that IV,, can be computed

recursively:

Wn = (anl + E(Xn>>+7 WO = 07

where (z)" = max{z,0}. This recursion enables the efficient online implementation of
the CUSUM procedure in practice. In many cases, a slightly different recursion is also
frequently used:

W, = (Wat)" +0(X,), Wo=0. (2.4)

The CUSUM procedure requires full knowledge of pre- and post-change distributions
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to obtain the log-likelihood ratio ¢(X') used in computing the test statistics. In practice, the
post-change distribution f; may be unknown. In the parametric setting, the post-change
distribution can be parametrized using fy, where § € O is the unknown parameter. A
commonly used method for the situation here, which corresponds to the problem of com-
posite hypothesis testing, is the generalized likelihood ratio (GLR) approach. In the GLR
approach, a supremum over # € O is taken in constructing the test statistic. In particular,

the test statistic for the GLR-CUSUM algorithm is given by:
WS = max sup Z lo(X (2.5)

where (y(X) = log(fo(X)/fo(X)). Performance analyses of the GLR-CUSUM algorithm
for one-parameter exponential families can be found in [127, 129]. A major drawback of
the GLR approach is that the corresponding GLR statistic (e.g., the one given in (2.5)) can-
not be computed recursively in time, except in some special cases (e.g., when the parameter
set O has finite cardinality). To reduce the computational cost, a window-limited GLR ap-
proach was developed in [216] and generalized in [107, 112]. Window-limited versions
of the GLR algorithm can be shown to be asymptotically optimal in certain cases if the

window size is carefully chosen.

2.1.4 Optimality Results

We now briefly summarize optimality results in the existing literature for the above pro-
cedures. We only review the minimax (non-Bayesian) setting, where we do not assume a
prior distribution for the change-point v. The Bayesian setting is not discussed here, more
details can be found in [182, 205, 222].

A fundamental problem in sequential change detection is to optimize the tradeoff be-
tween the false-alarm rate and the average detection delay. Controlling the false-alarm rate

is commonly achieved by setting an appropriate threshold on a test statistic such as the
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one in (2.2). But the threshold also affects the average detection delay. A larger threshold
incurs fewer false alarms and leads to a larger detection delay, and vice versa.

In minimax settings, the change-point is assumed to be a deterministic unknown vari-
able. In this case, the average run length (ARL) to false alarm is generally used as a perfor-

mance measure for false alarms:

ARL(7) = Eoo[7], (2.6)

where P, is the probability measure on the sequence of observations when the change
never occurs, and E, is the corresponding expectation. Denote the set of stopping times
that satisfy a constraint y on the ARL by D, := {7 : ARL(7) > ~}.

Finding a uniformly powerful test that minimizes the delay over all possible values
of the change-point v, subject to a ARL constraint, is generally intractable. Therefore,
it is more tractable to pose the problem in the so-called minimax setting. There are two
essential measures of the detection delay in the minimax setting, due to Lorden [127] and
Pollak [154], respectively.

Lorden considers the supremum of the average detection delay conditioned on the worst

possible realizations. In particular, Lorden defines:

WADD(7) = supess sup E, [( —n)"|Xy,..., X,|, (Lorden) (2.7)

n>0

where P,, denotes the probability measure on the observations when the change-point v =
n, and [E,, denotes the corresponding expectation. We then have the following Lorden’s
formulation:

minimize WADD(7) subject to ARL(7) > . (2.8)

For the i.i.d. setting, Lorden showed that Page’s CUSUM procedure given in (2.2) is

asymptotically optimal as v — oo. It was later shown in [137] and [170] that the slight
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modification of the CUSUM procedure in (2.4) is exactly optimal for (2.8) for all v > 0.
Although the CUSUM procedure is exactly optimal under Lorden’s formulation, WADD
is a pessimistic measure of detection delay since it considers the worst-case pre-change

samples. An alternative measure of detection delay was suggested by Pollak [154]:

CADD(7) =sup E, [t —n|T > n], (Pollak) (2.9

n>0

for all stopping times 7 for which the expectation is well-defined. It is easy to see that
for any stopping time 7, WADD(7) > CADD(7), and therefore, Pollak’s formulation is
less pessimistic. On the other hand, Pollak’s measure applies in the case where the change
imposing mechanism uses data that are independent from the observations, while Lorden’s
measure applies when the change imposing mechanism can use data dependent with the
observations. In terms of this perspective, the Lorden’s performance measure can be viewed
as less pessimistic since the corresponding limitation of its applicability is less obvious. We
will use the Lorden’s measure in remaining chapters.

In general, it may be challenging to exactly solve the problem in (2.8) and the corre-
sponding problem defined using CADD in (2.9). For this reason, asymptotically optimal
solutions for the above problems are often investigated in the literature. Specifically, a

stopping time 7 is said to be first-order asymptotically optimal if it satisfies:

CADD(r)
infcp, CADD(7)

— 1, asvy — oo;

the notions can also be defined similarly for the problem in (2.8) defined using WADD.
Pollak’s formulation has been studied for the i.i.d. data in [154] and [204]. The first-

order asymptotic optimality for Lorden’s formulation can also be extended to Pollak’s for-

mulation. To show this, Lorden in [127] established a universal lower bound for WADD

and Lai in [107] proved the lower bound to CADD:
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Theorem 2.1 (Lower bound for CADD [107]). As v — 0,

inf CADD(7) > —87 (1 4 o(1)).

TE€D, D( f1]]fo)

It can be shown that the CUSUM procedure with a threshold b = |log~| is first-order
asymptotically optimum for both Lorden’s and Pollak’s formulations. In particular, as
v — 00,

1
CADD(7.) = WADD(7.) ~ %,

where ~ means the ratio of the quantities on its two sides approaches 1 as v — oc.
Moreover, an alternative detection method called the SRP algorithm (Pollak’s version
of the Shiryaev-Roberts algorithm that starts from a quasi-stationary distribution of the
Shiryaev-Roberts statistic) was proved to be third-order asymptotically optimal in [154],
namely the correspoonding stopping time 7 satisfies CADD(7) —inf,cp CADD(7) = o(1)

as 7y — oo. It was later shown by [155] that it is not strictly optimum.

Remark 2.1 (Evaluating the performance metrics). In the definition of the WADD metric
(2.7) and the CADD metric (2.9), it appears that we need to consider the supremum over
all possible past observations and all possible change-points. However, we can actually
show that for the CUSUM procedure, and some other algorithms, that the supremum over
all possible change-points in WADD and CADD is achieved at time n = 0, i.e., the change

happens before we take observations:
CADD(7.) = WADD(7.) = Eq [7] .

Therefore, the CADD and the WADD can be conveniently evaluated by setting v = 0,
without “taking the supremum”. In such cases, we can also use the term expected detection

delay (EDD) instead to denote E 7], and it is equivalent to the worst-case detection delay

WADD in Lorden’s definition and the CADD in Pollak’s definition.
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2.2 Distributionally Robust Optimization

For many modern data-driven decision-making problems, we typically solve an optimiza-
tion problem to find the optimal decision variable. The performance of the decision is
usually affected by uncertainties for the underlying data-generating distribution. Classi-
cal optimization problems for a fixed distribution might perform poorly in practice when
the fixed distribution deviates significantly from the true distribution. In order to learn a
decision from limited training samples that will generalize well to unseen test samples,
the distributionally robust optimization (DRO) framework is commonly used and has gain
much attention recently [50, 71, 164, 53, 214]. We focus on the distributionally robust

optimization problem based on Wasserstein distances in the following [68, 26, 58].

2.2.1 Problem Definition

We start by considering the single-state stochastic program where the goal is to find a
decision variable € RY which minimizes the expected risk E¢.p[¥(z,&)], where the
expectation is taken with respect to a random variable ¢ taking values in the set {2 C R™
following a distribution P and W is the loss function. Let (£2,c¢) be a metric space (2
with metric ¢. The space of Borel probability measures on €2 is denoted by Z(£2) and
P € 2(X2). When the true underlying distribution P of the random variable ¢ is unknown,
a possible solution is to use the distributionally robust optimization as an alternative.

In distributionally robust optimization problems, we typically construct an ambiguity
(uncertainty) set containing all possible distributions of the random variable £, denoted as
P C Z(Q). The goal is to find a decision variable = which minimizes the worst-case

expected risk defined as the supreme expected risk over the ambiguity set P:

sup Be._p[¥(, €)].
Pep
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Then the problem of solving the optimal robust decision variable = can be written as:

inf sup E¢op[¥(z, €)]. (2.10)

T PeP

There are multiple ways to construct the ambiguity set P. We focus on the case when
we have a nominal distribution F and the ambiguity set P is the collection of probabilities

that are close to the nominal distribution F, with respect to certain divergence measures:

P={Pe PQ):DPP)<r},

where > 0 is the so-called radius parameter that controls the size of the ambiguity set.
If r is set to zero, then the ambiguity set is a singleton that only contains the nominal
distribution Fy. Some commonly used divergence measures D(-, -) include the Kullback-
Leibler divergence [77, 121], Total-Variation distance [89, 91], Wasserstein metric [68, 58,
69], etc. In the following subsection, we focus on the data-driven distributionally robust

optimization using Wasserstein metric and review some useful results.

2.2.2 Data-driven Formulation and Strong Duality

In particular, in the data-driven case, we may not know the true date-generating distribution
P for the random variable £ exactly and the only information we have is historical samples
of the random variable . Suppose we have a set of training samples {&;, ..., &, } that are
i.i.d. sampled from the unknown distribution P, then we can estimate the distribution P

using the empirical distribution defined as follows:

. 1 <&
b, = Ei;é&,

where 0, denotes the Dirac point mass concentrated on ¢ for each £ € R™, i.e., 6¢(A) =

1 {¢c 4y for any Borel measurable set and 1 is the indicator function.
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In the following, we first define the Wasserstein metric and then construct the ambiguity

set P based on the Wasserstein metric.

Definition 2.3. (Wasserstein metric). The Wasserstein metric of order p for two given

distributions P, ) € Z(2) is defined as:

w2.0) = _min (B @oa)})

veT(P,Q)

where ¢(-,-) : Q x Q — R, is a metric on €2, and I'(P, Q) is the collection of all Borel

probability measures on €2 x {2 with marginal distributions P and Q).

When both distributions P and () are discrete measures, the Wasserstein metric is also
known as finding the optimal transport plan that maps P to () [210]. The well-known
Kantorovich duality establishes the equivalent dual form for the Wasserstein metric that is

commonly used in practice.

Theorem 2.2 (Kantorovich Duality, [210]). Let (X, i) and (), v) be two Polish probability
spaces and let ¢ : X x Y — R U {400} be a lower semicontinuous cost function. Then we

have the duality

min / c(z,y)dy(z,y) = sup (/cb du+/1/} )
YEll(p,v) Jxxy (qw)eLl YX LY (v

d(z)+(y <cry) Vry

where v € 11(u, v) denotes the joint distribution on X x Y, with marginal distributions [

and v, respectively.

Note that when g is a discrete distribution on {1, . .., x,, }, then the function ¢ € L'(u)
can be viewed as a vector £ := [p(x1);...; d(z,)] € R™. And the above dual formulation

will be reduced to:

min c(z,y)dy(x,y) = sup &inl(x;) /¢
veH(W)/Xxy ( ) EeR™ pell (v) (Z

§1+¢( )<C(CE2 y)
V1<i<m,Vy
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this is what we will use frequently in Chapter 5.
Based on the definition of the empirical distribution and the Wasserstein metric, the
ambiguity set can be constructed as all distributions whose Wasserstein distance of order p

with the nominal distribution P, is at most a given radius 7:
Py(P,,7) ={P € 2(Q):W,(P,P,) <r}. (2.11)

We have the following strong duality result for solving the inner supreme in the Wasser-
stein distributionally robust optimization problem (2.10) when the ambiguity set is con-

structed from Wasserstein metric as in (2.11).

Theorem 2.3 (Theorem 1, [68]). Suppose () is the sample space for the random variable

& Consider any v € 2 (Q) and ¥ € L'(v). Let p € [1,00) and 0 > 0. Then we have:

sup [ Wl - inf{W— / ggg[Acp<<,§>—@<£>]u<dc>},

Mepp(yve) )\20

where P,(v, 0) is the ambiguity set induced by Wasserstein metric:
Pp(v,0) ={p e P(Q) : Wy(u,v) <6},

Due to the strong duality results, the optimal decisions can often be computed by solv-
ing tractable convex optimization problems which can be computed efficently through off-

the-shelf optimization software.

2.3 Variational Inequalities with Monotone Operators

Variational inequality (VI) with monotone operators is the principal computational tool
for optimization problems, and is a general method for solving convex optimization prob-
lems. The structural assumptions to be imposed on the variational inequality formulations

are weaker than those resulting in convex maximum likelihood based problems and their
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sample average approximations. For example, it can be shown that using a least-square es-
timation approach for parameter recovery in generalized linear models (GLM) sometimes
will lead to a non-convex optimization problem. However, using VI approach for param-
eter estimation will lead to a convex program. The solution to the VI can be found in a
computationally efficient way (more details can be found in [98]).

We start with the related preliminaries. A vector field ' : X — RY defined on a

nonempty convex subset X of RY is called monotone, if

(F(z) = F(y),z —y) >0, Yo,y € X.

When N = 1, monotonicity means that the scalar function F' is nondecreasing on X
A basic example of a multivariate monotone vector field is the subgradient of a convex
function f : X — R, i.e., F(x) = 0f(x) be defined as the set of all subgradients of f at
x. Since f is convex, for any z, 2’ € X and f'(x) € df(x), f'(z’) € Of(x"), we have that
(f' @) (@~ ') > fla) — f(') > (f(@)T (@ — '), thus (f/(z) - f(2')T (@ — ') > 0.

We say that o > 0 is a modulus of strong monotonicity of vector field F', when

(F(z) = F(y),z —y) > alz — yl3, Va,y € X;

when o > 0, F' is called strongly monotone.

A pair (X, F') comprised of nonempty convex domain X and monotone vector field F’
on this domain gives rise to variational inequality VI(F, X). A weak solution to this VI is
a point z € X such that

(F(z),z—z) >0, Vo € X.

A strong solution to this VI is a point z € A" such that

(F(z),x—Z) >0, Vz € X.
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Whenever F' is strongly monotone, weak solution, if exists, is unique. Every strong so-
lution is a weak one; when F' is continuous on X, the inverse is also true. When X is a
convex compact set, VI(F, X') always has weak solutions. When F is the gradient field of
a continuously differentiable convex function f on X, the weak and the strong solutions to
VI(F, X) are exactly the minimizers of f on X.

Finally, we should stress that variational inequalities with monotone operators are the

b

most general “problems with convex structure;” under mild computability assumptions,
that can be efficiently solved to a high accuracy, see [98] for the stochastic algorithms and

convergence analysis.
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CHAPTER 3
SEQUENTIAL SUBSPACE CHANGE DETECTION

This chapter presents the work on sequential subspace change-point detection. This work
1s mainly summarized in [221, 218, 220]. Section 3.1 introduces the problem set-up for se-
quential subspace change-point detection and shows a unified framework for the emerging
and switching subspace problems. Section 3.2 presents the proposed two sequential change
detection procedures: the Largest-Eigenvalue Shewhart chart and Subspace-CUSUM pro-
cedure. Section 3.3 presents theoretical approximations and bounds for the average run
length and the expected detection delay of the Largest-Eigenvalue Shewhart chart, as well
as asymptotic optimality of the Subspace-CUSUM procedure. Section 3.4 contains simula-
tion studies to demonstrate the performance of the proposed algorithms in different settings.
Section 3.5 shows two real data examples using human gesture detection and seismic event

detection.

3.1 Problem Setup

We first introduce the spiked covariance model considered in [97], which assumes that a
small number of directions explain most of the variance. For simplicity, we consider the
spiked covariance model of rank-one. The results can be generalized to the case where rank
is greater than one using similar ideas. In particular, the rank-one spiked covariance matrix
is given by

Y =o%l, + Ouu',

where I;, denotes an identity matrix of size k; 6 is the signal strength; u € R¥ represents
a basis for the subspace with unit norm ||u|| = 1; o2 is the noise variance, which will be

considered known since it can be estimated from historical data. It is possible to consider o2
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unknown as well and provide estimates of this parameter along with the necessary estimates
of u. However, to simplify our presentation, we decide to consider o2 known. The Signal-
to-Noise Ratio (SNR) is defined as p = 0/c>.

Formally, the emerging subspace problem can be cast as follows:

xt% (0,0%1}), t=1,2,...,7, A1)

Ty o 0,02, +Ouu" ), t =7+ 1,7+2,...
where 7 is the unknown change-point that we would like to detect from data that are ac-

quired sequentially. Similarly, the switching subspace problem can be formulated as fol-

lows
z; oS 0,020, + Ougu] ), t =1,2,...,7,
3.2)

xt%N(O,02[k+9u2u;),t:T+1,7-+2,...

where u;,u, € R represent bases for the subspaces before and after the change, with
|lui]] = |luz|| = 1 and u, is considered known. In both settings, our goal is to detect
the change as quickly as possible, subject to the constraint that false detections occurring
before the true change-point are very rare.

The switching subspace problem in (3.2) can be reduced into the emerging subspace
problem in (3.1) by a simple data projection. In detail, we can select any orthonormal

matrix Q € RE=Dxk gych that

Qui =0, QQ" =1,

which means that all rows of () are orthogonal to u;, and they are orthogonal to each other
and have unit norm. Then, we project each observation z; using the projection matrix )

onto a k — 1 dimensional space and obtain a new sequence:

Y =Qu, e RF1t=1,2,....
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Then y; is a zero-mean random vector with covariance matrix o*I;_; before the change

and 0211 + 0Quoug QT after the change. Let u = Quy/ ||Qus||, and
0 =0 Qus||* = 0[1 — (u] us)?].

Thus, problem in (3.2) can be reduced to the following

iid 2
vy ~ N(0,0%1,_1), t=1,2,...,7,
e~ N (0,0 i) (3.3)

e SN(0,02 Ly + 0unT), t =7+ 1,7 +2,...
Note that this way the switching subspace problem is reduced into the emerging subspace
problem, where the new signal strength 0 depends on the angle between u; and w5, which
is consistent with our intuition.

We would like to emphasize that by projecting the data onto a lower-dimensional space,
we lose information, suggesting that the two versions of the problem are not exactly equiv-
alent. Indeed, the optimum detector for the transformed data in (3.3) and the one for the
original data in (3.2) do not coincide. This can be easily verified by computing the corre-
sponding CUSUM tests and their optimum performance. Despite this difference, it is clear
that with the proposed approach, we put both problems under the same framework, offering
computationally simple methods to solve the original problem in (3.2). Consequently, in

the following analysis, we focus solely on problem in (3.1).

3.2 Detection Procedures

We propose two online methods: the Largest-Eigenvalue Shewhart chart and the Subspace-
CUSUM procedure. The notations are standard. Denote by PP. and [E, the probability and
expectation induced when there is a change-point at the time 7. Under this definition, P,
and E., is the probability and the expectation under the nominal regime (change never

happens) while Py and E, the probability and expectation under the alternative regime
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(change happens before we take any data).

3.2.1 Largest-Eigenvalue Shewhart Chart

Motivated by the test statistic in [22], we consider a Shewhart chart by computing the
largest eigenvalue of the sample covariance matrix repeatedly over a sliding window. As-
sume the window length is w. For each time ¢ > 0, the un-normalized sample covariance

matrix using the available samples is given by

. Tix] + -+ ), fort < w;
Et,min{t,w} = (34)
xtwarlx;r,erl + -+ xtsctT, fort > w.
We note that for ¢ = 1 the matrix contains a single outer product and as time progresses the
number of outer products increases linearly until it reaches w. After this point, namely for
t > w, the number of outer products remains equal to w.

Let A\yax(X) denote the largest eigenvalue of a symmetric matrix X. We define the

Largest-Eigenvalue Shewhart chart, as the one that stops according to the following rule:
Ty = inf{t > 0 : Anax(Seminftwy) > b} (3.5)

where b > 0 is a constant threshold selected to meet a suitable false alarm constraint. We
need to emphasize that we do not divide by min{¢, w} when forming the un-normalized
sample covariance matrix. As we will explain in Section 3.3.1, it is better for 7 to always
divide by w instead of min{¢, w}. Consequently, we can omit the normalization constant

w from our detection statistics by absorbing it into the threshold.

3.2.2 Subspace-CUSUM Procedure

The CUSUM procedure [146, 188] is the most popular sequential test for change detec-

tion. When the observations are independent and identically distributed before and after
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the change, CUSUM is known to be exactly optimum [138] in the sense that it solves a
very well defined constrained optimization problem introduced in [128], see Chapter 2.1
for useful preliminaries. However, the CUSUM procedure can only be applied when we
have exact knowledge of the pre- and post-change distributions. For our problem, this re-
quires complete specification of all parameters, namely the subspace u, noise power o2,
and SNR p. In this section, we first derive the exact CUSUM statistic in our setting and
then present the proposed Subspace-CUSUM procedure.

To derive the CUSUM procedure, let fo.(-), fo(-) denote the pre- and post-change pdf

of the observations. Then recursive CUSUM statistics as defined in (2.4) is as follows:

_ + 1 fO(xt)
S = (5i-)" +log o5, (3.6)
and the CUSUM stopping time in turn is defined as
Te =inf{t > 0:5; > b}, (3.7

where b > 0 is a threshold selected to meet a suitable false alarm constraint.

For our problem of interest (3.1), we can derive that

1 Jolze) | |:[(27T)k|0'2]k + Quu T[] 7V/? " exp{—z; (021 + Ouu") "'z, /2}
" Foola) [(@m)o? 172 exp{—l,/(20)}
1 [ T 2
e o)
_ P 1
= m{(qﬁ@)? —o? <1 + ;) log(1 + p)}

The second equality is due to the matrix inversion lemma [217] that allows us to write

1 0 uu'
2

2 TyV-1 _
(oI + Ouu ') == Ik—m?7

which, after substitution into the equation, yields the desired result. Note that the multi-
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plicative factor p/[202(1 + p)] is positive, so we can omit it from the log-likelihood ratio

when forming the CUSUM statistic in (3.6). This leads to
1
Sy = (Sp_) T+ (u'2y)?* — o? (1 + ;) log(1+ p). (3.8)

Remark 3.1. We can show that the increment term in (3.8), i.e.,

1
(u'2)? — o? (1 + ;) log(1+ p),

has the following property: its expected value is negative under the pre-change and positive
under the post-change probability measure. The proof relies on a simple argument based
on Jensen’s inequality [173]. Due to this property, before the change, the CUSUM statistics
S; will oscillate near 0 while it will exhibit, on average, a positive drift after the occurrence

of the change forcing it, eventually, to hit or exceed the threshold.

Usually, the subspace u and SNR p are unknown. In this case it is impossible to form the
exact CUSUM statistic depicted in (3.8). One option is to estimate the unknown parameters
and substitute them back into the likelihood function. Here we propose to estimate only «
and introduce a new drift parameter d which plays the same role as o2(1 + 1/p) log(1 + p),

this leads to the following Subspace-CUSUM update
S = (S )T+ (0] x)* —d, t>1 (3.9)

and Sy = 0. To apply (3.9), we need to specify d and of course provide the estimate
u;. Regarding the latter we simply use the unit-norm eigenvector corresponding to the
largest eigenvalue of the un-normalized sample covariance matrix it+w7w depicted in (3.4).
We denote the estimator of u as ; because at time ¢ the estimate will rely on the data

Tit1, - -, Tepq that are in the “future” of . Practically, this is always possible by properly
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delaying our data by w samples. Stopping occurs similarly to CUSUM, that is

Tsc = inf{t > 0: S, > b}. (3.10)

Of course, in order to be fair, at the time of stopping we must make the appropriate correc-
tion, namely if S; exceeds the threshold at ¢ for the first time, then the actual stopping takes
place at ¢t + w. The reason we use estimates based on “future” data is to make z; and 1,
independent which in turn will help us decide what is the appropriate choice for the drift

constant d in Section 3.3.3.

Remark 3.2. An alternative possibility is to use the generalized likelihood ratio (GLR)
statistic, where both p and u are estimated for each possible change location x. The GLR

statistic is

~ t
t—k L pue T \2
max<{ — log(1+ ppy) + ——2>— W, ,2;
ot { 2 g( pﬁ,,t) 20_2 1 “_th Z ( Kt 'L) )
Y g=k+1

where p.;, U, are estimated from samples {x;}!_, ;. However, this computation is more
intensive since there is no recursive implementation for the GLR statistic, furthermore it
requires growing memory. There are finite memory versions [112], however are equally

complicated in their implementation. Therefore, we do not consider the GLR statistic here.

3.3 Theoretical Analysis

To fairly compare the detection procedures discussed in the previous section, we need to
calibrate them properly. The calibration process must be consistent with the performance
measure we are interested in. Recall from Chapter 2.1 that for a given stopping time 1" we
measure false alarms through the average run length (ARL) expressed with E,[T']. For the
detection capability of 7" we use the worst-case average detection delay (WADD) defined

in (2.7), which considers the worst possible data before the change and the worst possible
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change-point.

In this section, we first discuss the scenarios that lead to the worst-case detection delay
for the proposed procedures. Then we characterize the ARL and WADD of the Largest-
Eigenvalue Shewhart chart. The theoretical characterization of ARL is very important be-
cause it can serve as a guideline on how to choose the threshold b used in the detection
procedure. Without theoretical analysis, people usually use Monte Carlo simulation to set
the threshold, which can be time-consuming when the problem structure is complicated.
Therefore a theoretical way to choose the threshold can be beneficial, especially for online
change-point detection where computational efficiency is of great importance. We will also
provide performance estimates for the Subspace-CUSUM test. This will allow for the op-
timum design of the two parameters w, d and for demonstrating that the resulting detector

is asymptotically optimum.

3.3.1 Worst-Case Average Detection Delay

We now consider scenarios that lead to the worst-case detection delay. For the Largest-
Eigenvalue Shewhart chart, assume 1 <t —w + 1 < 7 < t. Since for the detection we use
)\max(flt7w) and compare it to a threshold, it is clear that the worst-case data before 7 are

the ones that will make )\max(it,w) as small as possible. We observe that

)\max(i]t,w) = Amax(xt—w-i-lx;r_w_;,_l + -+ 177—=TI + -+ ZEtlL';r)

Z /\max($7+1$;r+1 + -+ xtx;r) = )\max(it,t—T)y

which corresponds to the data x;_,, .1, . . ., z,, before the change, being all equal to zero. In
fact, the worst-case scenario at any time instant 7 is equivalent to forgetting all data before
and including 7 and restarting the procedure from 7 + 1 using up to w outer products in the
un-normalized sample covariance matrix, exactly as we do when we start at time 0. Due to
stationarity, this suggests that we can limit ourselves to the case 7 = 0 and compute Eq[T%|

and this will constitute the worst-case average detection delay. Furthermore, the fact that
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in the beginning we do not normalize with the number of outer products, is beneficial for
T since it improves its ARL.

We should emphasize that if we do not force the data before the change to become zero
and use simulations to evaluate the detector with a change occurring at some time different
from 0, then it is possible to arrive at misleading conclusions. Indeed, it is not uncommon
for this test to appear outperforming the exact CUSUM test for low ARL values. Of course
this is impossible since the exact CUSUM is optimum for any ARL in the sense that it
minimizes the WADD depicted in (2.7) [138].

Let us now consider the worst-case scenario for the Subspace-CUSUM procedure. We
observe that

S, = (S )+ (0] 2)* —d >0+ (4 2,)* —d,

suggesting that when &, restarts this is the worst it can happen for the detection delay.
Therefore, the well-known property of the worst-case scenario in the exact CUSUM carries
over to Subspace-CUSUM. Again, because of stationarity, this allows us to fix the change-
point time at 7 = (0. Of course, as mentioned before, because ; uses data coming from
the future of ¢, if our detector stops at some time ¢ (namely when for the first time we
experience S; > b) then the actual time of stopping must be corrected to ¢ + w. A similar
correction is not necessary for CUSUM because this test has the exact information for all
parameters.

Threshold b is chosen so that the ARL meets a pre-specified value. In practice, b is
usually determined by simulation. More specifically, by simulating multiple streams of data
from pre-change distribution, we can obtain the ARL for different thresholds. Therefore the
threshold can be determined by the simulation results.

A very convenient tool in accelerating the estimation of ARL (which is usually large) is

the usage of the following formula that connects the ARL of CUSUM to the average of the
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sequential probability ratio test (SPRT) stopping time [188]:

]Eoo [TSPRT]
]POO(STSPRT > b)7

Eo[Tc] = (3.11)

where the SPRT stopping time is defined as

TsprT = 1nf{t >0: St é [0, b}}

The validity of (3.11) relies on the CUSUM property that, after each restart, S; is indepen-
dent of the data before the time of the restart. Unfortunately, this key characteristic is no
longer valid in the proposed Subspace-CUSUM scheme since ; uses data from the future
of t. We could, however, argue that this dependence is weak. Indeed, as we will see in
Lemma A.2, each 4, is equal to u plus some small random perturbation (estimation error
with the power of the order of 1/w), with these perturbations being practically indepen-
dent in time. As we observed with numerous simulations, estimating the ARL directly and
through (3.11) (with S; replaced by &,), results in almost indistinguishable values even for
moderate window sizes w. This suggests that we can use (3.11) to estimate the ARL of
the Subspace-CUSUM as well. As we mentioned, in the final result, we need to add w to

account for the future data used by the estimate ;.

3.3.2 Analysis of Largest-Eigenvalue Shewhart Chart

In this section, we first introduce some connection with random matrix theory, which are
the building blocks for the theoretical derivation. Then we provide the approximation to
ARL as a function of threshold b after taking into account the temporal correlation between
detection statistics. The comparison with simulation results shows the high accuracy of our
results.

The study of ARL requires the understanding of the property of the largest eigenvalue

under the null hypothesis, i.e., the samples are i.i.d. Gaussian random vectors with zero-
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mean and identity covariance matrix. In [97], the Tracy-Widom law [206] was used to
characterize the distribution of the largest eigenvalue. Define the center constant i, ;, and

scaling constant o,

Hw ke = (\/’LU -1+ \/E)Q’

Tuw = (Vo =1+ Vk) (\/%jtﬁ)ug.

(3.12)

If k/w — ~y < 1, then the centered and scaled largest eigenvalue converges in distribution

to a random variable W, with the so-called Tracy-Widom law of order one [97]:

A

)\maX(Ew) - ,Uw,k
Ow.k

— Wi (3.13)

The Tracy-Widom law can be described in terms of a partial differential equation and the
Airy function, and its tail can be computed numerically (using for example the R-package

RMTstat).

Remark 3.3 (Connection with random matrix theory). There has been an extensive litera-
ture on the distribution of the largest eigenvalue of the sample covariance matrix, see, e.g.,
[97, 228, 13, 94]. The so-called bulk [54] results are typically used for eigenvalue distribu-
tions. It treats a continuum of eigenvalues, and the extremes, which are the (first few) largest
and smallest eigenvalues. Assume there are w samples which are k-dimensional Gaussian
random vectors with zero-mean and identity covariance matrix. Let 3, = S wr) de-
note the un-normalized sample covariance matrix. If k/w — ~ > 0, the largest eigenvalue
of the sample covariance matrix converges to w(1 + ﬁ)Q almost surely [70]. Here we use

the Tracy-Widom law to characterize its limiting distribution and tail probabilities.

If we ignore the temporal correlation of the largest eigenvalues produced by the sliding
window, we can obtain a simple approximation for the ARL. If we call p = Po (Amax(St.0) >

b) for t > w then the probability to stop at ¢ is geometric and it is easy to see that the
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ARL can be expressed as 1/p. We note that to obtain this result, we must assume that
Pw(Amax(it7w> > b) = pfort < w as well, which is clearly not true. Since for ¢t < w
the un-normalized sample covariance has less than w terms, the corresponding probability
is smaller than p. This suggests that 1/p is a lower bound to the ARL while w + 1/p an
upper bound. If w < 1/p, then approximating the ARL with 1/p is quite acceptable. We
can use the Tracy-Widom law to obtain an asymptotic expression relating the ARL with the

threshold b. The desired formula is depicted in the following theorem.
Theorem 3.1 (Approximation of ARL by Ignoring Temporal Correlation). For any 0 <
p < 1 we have E [Tg] =~ 1/p, if we select

b= Guiby + fu (3.14)

where b, denotes the p-upper-percentage point of Wy namely P(W; > b,) = p.

Now we aim to capture the temporal correlation between detection statistics due to
overlapping time windows. We leverage a proof technique developed in [186], which can

obtain satisfactory approximation for the tail probability of the maximum of a random field.

ELJr(Y«,w
I Y
Ly i1 Liwis Lrwrsa =0 Ly Ly oo Tyys
.
Y
by

taw

Figure 3.1: Illustration of the temporal correlation between largest eigenvalues, § € Z*.

Figure 3.1 illustrates the overlap of two sample covariance matrices and provides nec-

essary notation. For each flm, define 7, = )\max(flm). We note that for any given M > 0,

IP’OO(TSM):IP’OO(maX Zth),
1<t<M
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which is the max over a set of correlated variables {Z; },. Capturing the temporal depen-
dence of {Z,} is challenging. Below, we assume the dimension % and the window size w
are fixed, and consider local covariance structure of the detection statistic when they only
non-overlap at a small shift § relative to the window size, i.e.,  /w is small. By leveraging
the properties of the local approximation, we can obtain an asymptotic approximation us-
ing the localization theorem [186]. Define a special function v(-) which is closely related

to the Laplace transform of the overshoot over the boundary of a random walk [192]:

5 (3.15)

v(z) ~

where ¢(z) and ®(x) are the probability density function (pdf) and cumulative distribution
function (cdf) of the standard normal distribution N'(0,1). Then we have the following

results.

Theorem 3.2 (ARL of Largest-Eigenvalue Shewhart Chart). For large values of b we can

write
-1
Eoo[TE] = {b@b(b’)ﬁk,wy(b’./2ﬁk,w/w)/w} (1+0(1)), (3.16)
where
A (1+ ek i /o) (2+ak i/ Vo) b= (et o
S c%k:_%/w ’ N Ow kC2 ’

with ¢; = E[W;] = —1.21 and ¢ = \/Var(W;) = 1.27.

We perform simulations to verify the accuracy of the threshold values obtained with-
out and with considering the temporal correlation (Theorem 3.1 and Theorem 3.2, respec-
tively). The results are shown in Table 3.1. Compared with the thresholds obtained from
Monte Carlo simulation, we find that the threshold in (3.16), when temporal correlation
is taken into account, is more accurate than its counterpart obtained by using the Tracy-

Widom law in (3.14).
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Table 3.1: Comparison of the threshold b obtained from simulations and using the approx-
imations ignoring the correlation in (3.14), and considering the correlation in (3.16). Win-
dow length w = 200, dimension & = 10. The numbers shown are b/w. Approximations
that are closer to simulation values are indicated in boldface.

Target ARL Sk 10k 20k 30k 40k 50k

Simulation 1.633 1.661 1.688 1.702 1.713 1.722
Approx (3.14) 1.738 1.763 1.787 1.800 1.809 1.816
Approx (3.16) 1.699 1.713 1.727 1.735 1.740 1.744

We now focus on the detection performance and present a tight lower bound for the
EDD of the Largest-Eigenvalue Shewhart chart. The results are based on a known result
for CUSUM [188] and requires the derivation of the Kullback-Leibler divergence for our

problem.

Theorem 3.3. For large values of b we have

/ -y _
Bo[Ty] > 22+ 1%1+dny (3.17)

p—log(l+p

where
_ 1 [
a 20%(1+ p)

/

bp — (1 + p)o”log(1+p)] .

Consistent with intuition, in Theorem 3.3, the right-hand-side of (3.17) is indeed a de-
creasing function of the SNR p. Comparing the lower bound in Theorem 3.3 with simulated
average delay, as shown in Figure 3.2, we can show that in the regime of small detection
delay (which is the main regime of interest), the lower bound serves as a reasonably good

approximation.

3.3.3 Analysis of Subspace-CUSUM Procedure

In this section, we focus on how to set the drift parameter d for Subspace-CUSUM proce-
dure and the proof of its asymptotic optimality. The drift d is an important parameter for

the Subspace-CUSUM to achieve desired properties of change-point detection algorithms.
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Figure 3.2: Simulated EDD and lower bound as a function of the threshold b.

For the drift parameter d we need the following inequalities to be true:
Eool(t ¢)%) < d < Eo[(a] z,)?). (3.18)

With (3.18), we can guarantee that S; mimics the behavior of the exact CUSUM statistic S;
mentioned in Remark 3.1, namely, it exhibits a negative drift before and a positive after the
change. As we mentioned, the main advantage of using f]t+w7w is that it provides estimates
u; that are independent from x;. This independence property allows for the straightforward
computation of the two expectations in (3.18) and contributes towards the proper selection
of d. However, for this computation to be possible, especially under the alternative regime,
it is necessary to be able to describe the statistical behavior of our estimate u,. We will as-
sume that the window size w is sufficiently large so that Central Limit Theorem (CLT) type
approximations are possible for u; and we will consider that #; is actually Gaussian with
mean v (the correct vector) and (error) covariance matrix that can be specified, analytically,

of being size 1/w [7, 147].

Lemma 3.1. Adopting the Gaussian approximation for u; we have the following two mean
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values under the pre- and post-change regime:
ST N\2 2 LT N\2 2 k-1
Exl(t, )] =0, Eo[(, )] =0°(14p) |1 — o | (3.19)

Lemma 3.1 also suggests that the window size w and the drift d must satisfy 02 < d <
o?(1+p) (1 — %> Necessary condition for this to be true is that w > (k—1)(1+p)/p?.
Actually this constraint is required for the Gaussian approximation to make sense. But in
order for the approximation to be efficient we, in fact, need w to be significantly larger
than the lower bound. We can see that when the SNR is high (p > 1) then with relatively
small window size we can obtain efficient estimates. When on the other hand SNR is low
(p < 1) then far larger window sizes are necessary to guarantee validity of the Gaussian
approximation.

Consider now the case where p is unknown but exceeds some pre-set minimal SNR pyi,
of interest. From the above derivation, given the worst-case SNR and an estimation for the
noise variance 62, we can give a lower bound for Eo[(4/ x;)?]. Consequently, the drift d
can be anything between 62 and 6*(1 + puin)(1 — (k — 1)/(wpmin)) where, we observe,
that the latter quantity exceeds 62 when w > (k—1)(1+ pmin) /P2 Below, for simplicity,
for d we use the average of the two bounds. It is worthwhile mentioning that the lower and
upper bound in Lemma 3.1 are derived based on the assumption that the window size w is

large enough.

Remark 3.4 (Monte Carlo simulation to choose the threshold). Alternatively, and in par-
ticular when w does not satisfy w > k, we can estimate Eq[(4, 2;)?] by Monto Carlo
simulation. This method requires: (i) estimating the noise level 52, which can be ob-
tained from training data without a change-point; (ii) the pre-set worst-case SNR ppin;
(1i1) a unit norm vector v that is generated randomly. Under the nominal regime we have
Eoo[(t] ;)] = 6. Under the alternative Ey|[(@, x;)?] depends only on the SNR p as shown

in (3.19). We can therefore simulate the worst-case scenario pp,;, using the randomly gen-
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erated vector 1 by generating samples from the distribution N'(0, 621} + pmintot )-

Even though the average of the update in (3.9) does not depend on true subspace u, the
computation of the test statistic S; in (3.9) requires the estimate 4, of the eigenvector. This
can be accomplished by applying the singular value decomposition (SVD) (or the power
method [131]) on the un-normalized sample covariance matrix f]t+w7w.

We then provide performance estimates for the proposed Subspace-CUSUM test. This
will allow for the optimum design of the two parameters w, d and for demonstrating that
the resulting detector is asymptotically optimum.

From [205, Pages 396-397] we have that the exact CUSUM test has the following

performance

(=

%(1 +0(1)), Eo[Tc] = %(1 +o(1)), (3.20)

Eoo[Tc] =
where b is the constant threshold; K is of the order of a constant with its exact value be-
ing unimportant for the asymptotic analysis; finally I; is the Kullback-Leibler information
number |y = Eq[log(fo(x)/feo(x))]. We recall that the worst-case average detection delay
in CUSUM is equal to [Eq[T¢], as detailed in Chapter 2.1. This is the reason we consider
the computation of this quantity. If now, we impose the constraint that the ARL is equal to
~v > 1 and for the asymptotic analysis that v — oo, then we can compute the threshold b

that can achieve this false alarm performance namely b = (log)(1 + o(1)). Substituting

this value of the threshold in EDD we obtain

log
lo

Eo[T¢] = (1+o(1)). (3.21)

Applying this formula in our problem we end up with the following optimum performance

B 2log
Eo[Tc] = S loe(L 1)) (1+0(1)). (3.22)

For the performance computation of Subspace-CUSUM, since the increment (i, 2)? —d
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in (3.9) is not a log-likelihood, we cannot use (3.21) directly. To compute the ARL of Ts¢

we first find d,, > 0 from the solution of the equation:
E. [eém[(ﬁf:vz)Q*d]] -1 (3.23)

and then we note that J.,[(4, )2 — d] is the log-likelihood ratio between the two pdfs f, =
exp{duo|(ti] 7)* —d]} f+ and f... This allows us to compute the threshold b asymptotically
as b = (log7)(1 + o(1)) /6 after assuming that w = o(log~). Similarly we can find
ady > 0 and define fo, = exp{—do[(4] ;)2 — d]}fo so that 6o[(@] ;)2 — d] is the log-
likelihood ratio between fo and f., leading to Eo[Tsc] = b(1 + o(1)) /(Eo[(4] )% — d)

with the dependence on 4, being in the o(1) term. Substituting b we obtain

logy
dso (IE?O[(@tT x)?] — d)

Eo[Tsc] = (1+0(1)) +w, (3.24)

where the last term w is added because we use data from the future of ¢ as we explained
before. Parameter d,, defined in (3.23), is directly related to d. We show in the Appendix

that d can be expressed in terms of 0., as follows

1 2

By (3.25), we obtain the following expression for the EDD:

_ log y(1+o(1))
Eo[Tsc] = T (1= )+ Tlog(1—2:70) + w. (3.26)

Note that in the previous equation we have two parameters ., and w and the goal is
to select them so as to minimize the EDD. Therefore if we first fix the window size w
we can minimize over d,, (which is equivalent to minimizing with respect to the drift d).

We observe that the denominator is a concave function of d, therefore it exhibits a single

51



maximum. The optimum ., can be computed by taking the derivative and equating to
0 which leads to a particular d.,. Substituting this optimal value we obtain the following

minimum EDD:

— 2logy(1+0(1))

Equation (3.27) involves only the target ARL level v and the window size w. If we keep
w constant it is easy to verify that the ratio of the EDD of the proposed scheme over the
EDD of the optimum CUSUM tends, as v — o0, to a quantity which is strictly greater than
1. In order to make this ratio tend to 1 and therefore establish asymptotic optimality we
need to select the window size w as a function of . Actually we can perform this selection
optimally by minimizing (3.27) with respect to w for given . The following proposition

identifies the optimum window size.

Proposition 3.1. For each ARL level ~, the optimal window size that minimizes the corre-

sponding EDD is given by

* 2(k7_1)
w :\/10g7'm(1+0(1)),
resulting in an optimal drift

" a?(1+p) 1—2—;; _
o) ;))1log[(1+p)(1—fu*;>].

(4 (1-E52)-

Using these optimal parameter values it is straightforward to establish that the corre-
sponding Subspace-CUSUM is first-order asymptotically optimum. This is summarized in

our next theorem.

Theorem 3.4. As the ARL level v — o0, the corresponding EDD of the Subspace-CUSUM
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procedure Tsc with the two parameters d and w optimized as above satisfies

Eo[T
lim olTsc]

=1. 3.28
Y00 ]EO [Tc] ( )

Proof. As we pointed out, the proof is straightforward. Indeed if we substitute the optimum
d and w and then take the ratio with respect to the optimum CUSUM performance depicted

in (3.22) we obtain
Eo[Tsc] k—1

— 14+
Eo [T¢] 2logy

which proves the desired limit. Even though the ratio tends to 1, we note that Eq[7sc] —

+o(1) = 1,

Eo[T¢c] = O(v/logy) — oo. This is corroborated by our simulations (see Figure 3.4, red

curve). O

3.4 Simulation Study

In this section, numerical results are presented to compare the proposed detection proce-
dures. The tests are first applied to synthetic data, where the performance of the Subspace-
CUSUM and Largest-Eigenvalue Shewhart chart are compared against the CUSUM opti-
mum performance. Then the performance of Subspace-CUSUM is optimized by selecting

the most appropriate window size.

3.4.1 Performance Comparison

Simulation studies are performed to compare the Largest-Eigenvalue Shewhart chart and
the Subspace CUSUM procedure. The exact CUSUM procedure with all parameters known
is chosen as the baseline and gives the minimal detection delay to all detection procedures.

Figure 3.3 depicts the EDD-ARL curves for parameter values k = 5, 0% = 1, w = 50
and three different levels of signal strength (SNR): § = 0.5, § = 1, and 6 = 1.5. For fair
comparison, the SNR lower bound is set to be a constant p,,;, = 0.5 in all three scenarios.

The threshold for each procedure is determined using the pre-set lower bound p;,, as
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Figure 3.3: Comparison of Subspace-CUSUM and the Largest-Eigenvalue Shewhart chart,
fixed window size w = 50. Baseline: Exact CUSUM (optimal).

discussed in Remark 3.4. In Figure 3.3, the black line corresponds to the exact CUSUM
procedure, which is clearly the best and it lies below the other curves. Subspace-CUSUM
has much smaller EDD than the Largest-Eigenvalue Shewhart chart, and the difference
increases with increasing ARL for SNR # = 0.5 and # = 1. However, when the signal
is stronger (6 = 1.5), the Largest-Eigenvalue Shewhart chart outperforms the Subspace-
CUSUM as shown in Figure 3.3 (c). This is consistent with previous research findings
in [141] that Shewhart charts are more efficient when detecting strong signals, while the

CUSUM-type charts can detect weak signals more quickly due to its cumulative structure.

3.4.2 Optimal Window Size

We also consider the EDD-ARL curve when w is optimized to minimize the detection delay
at every ARL value. We first compute the EDD for window sizes w = 1,2, ..., 50, given
each ARL value. Then we plot in Figure 3.5 (a) the lower envelope of EDDs corresponding
to the optimal EDD achieved by varying w. We also plot the optimal value of w as a
function of ARL in Figure 3.5 (b). The comparison of the Largest-Eigenvalue Shewhart
chart and the Subspace-CUSUM procedure with optimal window size w is summarized
in Figure 3.4. Even though the best EDD of the Subspace-CUSUM is diverging from
the performance enjoyed by CUSUM, this divergence is slower than the increase of the

optimum CUSUM EDD, as shown in Theorem 3.4.
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Figure 3.4: Comparison of the largest eigenvalue procedure and CUSUM procedures.
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Figure 3.5: (a): Minimal EDD vs ARL among window sizes w from 1 to 50; (b): Corre-
sponding optimal window size w.

3.5 Real Data Examples

In this section, we show how to apply the proposed methods to real data problems and
demonstrate the performance using two real datasets: one is the human gesture detection
dataset, the other is a seismic dataset. It is worth mentioning that the subspace model
formulation is a fundamental problem in high dimensional problems, and the proposed

methods are widely applicable to a variety of applications.
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3.5.1 Human Gesture Detection

We apply the proposed method to the sequential posture detection problem using a real
dataset: the “Microsoft Research Cambridge-12 Kinect gesture” dataset [61]. The cross-
correlation structure of such multivariate functional data may change over time due to
the posture change. [230] studies the same dataset from the dynamic subspace learning
perspective in the offline setting, our goal is to detect the change-point from sequential
observations. This dataset contains 18 sensors. At each time ¢, each sensor records the
coordinates in the three-dimensional cartesian coordinate system. Therefore there are 54
attributes in total.

We select a subsequence with a posture change from “bow” to “throw”, and we use
the first 250 training samples to estimate the subspace before the change. Figure 3.6 (a)
shows the eigenvalues resulted from the principal component analysis (PCA). We select
r leading eigenvectors of the sample covariance matrix as our estimate of the pre-change
subspace. For example, when r = 1, we estimate the pre-change subspace to be a rank one
space characterized by the leading eigenvector of the sample covariance matrix of training
samples. Then we normalize the observations by multiplying them with a matrix () that
is orthogonal to the pre-change subspace, as discussed in Section 3.1. This enables us to
approximate the covariance of pre-change observations by an identity matrix. Then we
apply the proposed Subspace-CUSUM procedure to detect the change.

The detection statistic is shown in Figure 3.6 (b,c) for different r values, the detection
statistic both increase significantly at the true change-point time (indicated by the red dash
line). It also shows that the proposed test performs well not only when r = 1, but also for
r > 1 cases, which means that although we focus on the rank one case in the previous the-
oretical discussion, the propose method can be widely used in many problems that involves
such low-rank change.

We also compare the proposed method with Hotelling’s 7" control chart [88]. We use

the same training data to estimate the pre-change mean /i and covariance matrix ¥, and then
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Figure 3.6: (a): PCA Eigenvalues; (b,c): Subspace-CUSUM statistic over time; (d):

Hotelling’s T2 statistic. True change-point indicated by red line.

construct the Hotelling’s T2 statistics (2, — ji) ' X~ (x; — ji). As shown in Figure 3.6 (d),
the detection statistic has a much larger vibration then the Subspace-CUSUM procedure

and the performance is sensitive to the estimation of ji and 3.

3.5.2 Seismic Event Detection

In this example, we consider a seismic signal detection problem. The goal is to detect
micro-earthquakes and tremor-like signals, which are weak signals caused by minor sub-
surface changes in the earth. The tremor signal may be seen at a subset of sensors, and
the affected sensors observe a similar waveform corrupted by noise. The tremor signals
are not earthquakes, but they are useful for geophysical study and prediction of potential
earthquakes. Usually, the tremor signals are challenging to detect using an individual sen-
sor’s data; therefore, network detection methods have been developed, which mainly uses
covariance information of the data for detection [124]. We will show that network-based

detection can be cast as a subspace detection problem.
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Assume that we have NV sensors. At an unknown onset, the tremor signal may affect all
sensors. Let s(t) be the unknown signal waveform , then the signal observed at sensors can
be represented as

zi(t) = ws(t — 1) +wi(t), i =1,2,...,n, (3.29)

where w;(t) KN (0,0?%) denotes the random noise, u; > 0 is the unknown deterministic
magnitude of the signal, and 7 is the unknown change-point or the time when the seismic
event happens. Here the waveform function s(¢) is assumed to be causal, i.e., s(t) =
0,Vt < 0. Moreover, we suppose the signal waveform at time time follows a zero-mean

normal distribution with time-varying variance (vibration), i.e., s(t) ~ N(0, c2).

2-hour 2-16 Hz envelope recorded at Parkfield, norm=2 216 Hz data of 13 sensors at Parkfield
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Figure 3.7: (a) the raw data; (b) comparison of different detection procedures; (c) increment
term; (d) Subspace-CUSUM statistic.

Denote the observation vector X (¢) and magnitude u as
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Following (3.29), we can formulate the problem as follows

X(t) S N(0,01,), t=1,2,...,7

iid

X(t) ~

(3.30)
N(O,0%, +c?uu’ ), t=7+1,7+2,....

We apply the proposed methods to a real seismic dataset recorded at Parkfield, Califor-
nia from 2am to 4am on 12/23/2004. The raw data contains records at 13 seismic sensors
that simultaneously records a continuous stream of data. The frequency of the raw data is
250Hz. In this example, we set the window size w = 200, which corresponds to a 0.8s
time window. For each procedure, we use the data within the first 600s to find the threshold
by controlling the false alarm rate.

We apply the proposed Largest-Eigenvalue Shewhart chart and the Subspace-CUSUM
procedure. We further compare them with the classic Hotelling’s 7 procedure based on
the estimated sample mean and sample covariance. The results are shown in Figure 3.7
(b). Using the detection statistics in Figure 3.7 (c,d), we find three main events at the
615, 2127, and 6371 seconds, as well as some continuous vibration during 2500~3200
seconds. By comparing the detection results with the true seismic event catalog that can
be found online at the Northern California Earthquake Data Center, we found that our
findings match the three true events at 594, 2124 and 6369 seconds, along with a tremor
catalog around 2500~3180 seconds. The comparison shows that all detection delays are
within 20 seconds. Both the Largest-Eigenvalue Shewhart chart and the Subspace-CUSUM

procedure work for this dataset effectively.

3.6 Conclusion and Discussions

We study two online detection procedures for detecting the emergence of a spiked covari-
ance model: the Largest-Eigenvalue Shewhart chart and the Subspace-CUSUM procedure.
For Subspace-CUSUM, we perform a simultaneous estimate of the required subspace in

parallel with its sequential detection. We avoid estimating all unknown parameters by fol-
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lowing a worst-case analysis with respect to the subspace power. We are able to derive
theoretical expressions for the ARL and an interesting lower bound for the EDD of the
Largest-Eigenvalue Shewhart chart. In particular, we are able to handle the correlations
resulted from the usage of a sliding window, which is an issue that is not present in the
off-line version of the same procedure. For the comparisons of the two proposed detection
procedures, we discuss how it is necessary to calibrate each detector so that comparisons
are fair. Comparisons are performed using simulated data and real data about human ges-

ture detection and seismic event detection.

60



CHAPTER 4
SEQUENTIAL CHANGE DETECTION BY WEIGHTED /; DIVERGENCE

This chapter studies the non-parametric sequential change detection based on weighted /s
divergence. This work is mainly summarized in [219]. Section 4.1 introduces the problem
set-up and proposes the weighted ¢, test and shows its optimality in ¢, sense. Section 4.2
studies sequential change detection using the proposed statistic. Section 4.3 discusses dif-
ferent aspects to optimize the parameters involved in the proposed method. Section 4.4
and Section 4.5 demonstrate the performance of the proposed detection procedure using

simulation and real-data studies.

4.1 Problem Setup and Weighted /> Divergence Test

We consider the problem of testing closeness between two discrete distributions from sam-

ples observed. Let €2 be an n-element observation space, identified with {1, ...,n}. Prob-

ability distributions on 2 are denoted as vectorp € A, = {p € R : p > 0,> . p; = 1},

where p; is the probability mass of the i-th element in {2. Given two independent sam-
iid

ple sets X' = {z1,...,2, } and X* = {af,...,22 }, where x1,...,x, ~ p, and

2 2

iid . . . . . )
Xy ey Ty, ™~ (, OUr goal is to design a fest which, given observations X! and X 2 claims

one of the following hypotheses:

Hy:p=gq, H:: Hp— QH2 > GHPH%

where || - ||2 is the , norm on R"™ and € > 0 is a parameter that represents the relative
difference of magnitude. Note that the alternative hypothesis /; considered here is slightly
different but closely related to the traditional setting where H; is defined as ||p — ¢l|2 > e.

Define the type-I risk of a test as the probability of rejecting hypothesis H, when it is
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true, i.e., the probability of claiming ||p — ¢||2 > €||p||2 when p = ¢. The type-II risk is the
probability of claiming p = ¢ when ||p — ¢||2 > €||p||2. We aim at building a test which,
given 0 < «, 5 < 1/2, has the type-I risk at most o (which we call at level «), and the
type-II risk at most 3 (of power 1 — [3); and we aim to meet these specifications with sample
sizes ny and ny as small as possible.

We focus on a family of distance-based divergence between empirical distributions of
the two sets of observations. More specifically, we consider tests that reject the null hy-

pothesis Hj (and accept the alternative /) when

D(X', X?) > ¢,

where D(-,-) is a proxy for the weighted ¢, divergence between distributions p and ¢ un-
derlying X! and X2, and / is a data-dependent (random) threshold.

The motivation for considering the /5 divergence for the non-parametric test is twofold.
First, the ¢/, divergence-based test has a certain (near) optimality that we will show in
Section 4.1.3. Second, the ¢, divergence is more robust compared to other divergences
such as x2-divergence, which is commonly used when /; separation between distributions
is of interest. The x2-divergence becomes numerically difficult to evaluate when there are
“small” p; (meaning some atoms have small probability), while the /5 distance remains
bounded in such cases. Similar argument holds for the a— and S—divergences [44, 169, 18,
47, 5] and detection statistic for robust change detection [231]. Moreover, here we focus on
a new weighted (5 divergence, which emphasizes atoms that contribute most to ||p — ¢||».

Our goal in this section is to develop a test statistic, the weighted ¢, divergence, used as
the basic building block of the change detection procedure. We aim to construct a test with
the following properties. When applied to two independent sets of size NV, i.i.d. samples

{z},...,2%} and {z?, ..., 2%} drawn from unknown distributions p, ¢ € A, the test

(i) rejects the null hypothesis with probability at most a given o under Hy : p = ¢;
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(ii) accepts the null hypothesis with probability at most a given 5 when there is a relative

difference “of magnitude at least a given ¢ > 0,” i.e., under H; : ||[p — ql|2 > €]|p]|2.

We want to meet these reliability specifications with as small sample size IV as possible.

4.1.1 Test Statistic

The main ingredient of weighted ¢y divergence test is the individual test built as follows.
Let us fix “weights” 0; > 0,7 = 1, ..., n, and let X = Diag{oy, ..., 0,,} be a diagonal matrix
with diagonal entries being oy, ...,0,. Given {z},...,x\} and {2%,..., 2%}, we divide
them into two consecutive (left) parts F, E’, of cardinality L each, and (right) parts F, F”,
of cardinality R each, respectively. Note that the cardinality L and R are at most /NV/2 and

can be less than N/2 if we do not use all N samples. Set
y=1-v=——=, M= ——=27L =27R. 4.1)

Letw,w’,(, (" € A, be the empirical distributions of observations in sets £, £, F', F’, and

x be the weighted /5 test statistics defined as

X=w-0"2wW-¢) Zo—l wi — G (W) — Q). (42)
The weighted (5 divergence test T claims a change if and only if
Xl > ¢,

where / is the threshold. The following lemma summarizes the properties of 7 :

Proposition 4.1 (Test Properties). Let T be the weighted (5 divergence test applied to a

pair of samples drawn from distributions p,q € A, and let the threshold { satisfy

0> 2v20M~/>, 02p2, (4.3)
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for some 0 > 1. Then
1. Risk: The type-I risk of T is at most 1/6%;

2. Power: Under the assumption

S oi(pi — @) > 0+ 2v20 | MV2\ /3 02(p — )2 (vpi + Vi) +

M71¢72i05p?+72i0595 )

4.4)

the power of T is at least 1 — 3/6>.

For simplicity, in the rest of this section we assume that 0; = 1, 1 < 7 < n, so the left
hand side of (4.4) reduces to ||p — ¢||5. In Section 4.3.1, we will discuss how to utilize the

non-uniform weights.

4.1.2  Special Case: ¢ Test With Uniform Weights

The individual test 7 in the previous section has two drawbacks: (i) to control the type-I
risk, the threshold ¢ in (4.3) specifying 7 must be chosen with respect to the magnitude
|p|l2 which is typically unknown; (ii) to achieve a small type-I risk of 7 we need to set a
large 6, thus resulting in poor power of the test. This section will show that we can reduce
these limitations by “moderately” increasing the sample sizes. To simplify the notation,
from now on, we use the fixed value = 3 (i.e., the type-I risk is at most 1/9 and the power
is at least 2/3), and use M = L = R as a special case of the definition in (4.1).

The testing procedure will be as follows. We first give the Algorithm 1 to specify the
threshold ¢ that satisfies the condition (4.3) with high probability and then introduce the
testing procedure.

When the nominal distribution p is unknown, we perform a training-step — use part of
the first set of observations to build, with desired reliability 1 — ¢, a tight upper bound o

(the output of Algorithm 1) on the squared norm ||p||3 of the unknown distribution p such
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that

PllIpl3 <o <3|pll3] =1-96, (4.5)

where the probability is taken with respect to the observations sampled from distribution p.

The training-step is organized in Algorithm 1, where the input parameter S is defined

semnlsens S (V) (5) () ) @9

The definition in (4.6) has an intuitive explanation: S is the smallest number such that in 2.5

as

independent tosses of a coin, with probability of getting a head in each toss being < 1/3,

the probability of getting at least S heads does not exceed § /m, where m = [log,(n)].

Algorithm 1: Training-step to estimate a tight upper bound on ||p||3.
Input: Samples X! := {zy,...,zy}; Reliability 1 — d; m = [logy(n)]; S in (4.6);
Output: A tight upper bound  on ||p||3 satisfying the condition (4.5);
for:=1,...,mdo

pi =272

Set P; € R, as the solution to

- _ 1
3|27 2P ] = gt

Set@Q; = [F];

Use 4S consecutive segments, of cardinality (); each, of the sample X! to

build 25 pairs {(&s,&L),s = 1,...,2S} of empirical distributions;

Setf, =&l ¢ fors=1,...,28,;

Set ©; as the median of 4, ..., O,g;

if ©;, > 2p?/30ori=mor N = |X'| < 45Q;,, (running out of sample) then
| Terminate.

end

end

Return o = O, + p?/3.

Properties of the training-step in Algorithm 1 can be summarized as follows:

Proposition 4.2 (Bounding ||p||2). Let p; = 27"/ and i(p) be the smallest i < m such that
pi < ||pll2 (note that i(p) is well defined due to p,, < n~'/?). Assume that the size of the

first group of sample X' is at least 45Qi(p). Then the probability for the training-step to
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terminate in the first i(p) stages and to output o satisfying the condition (4.5) is at least
1 — 0, where ¢ is the reliability tolerance specifying the training-step. Besides this, the

number of observations utilized in a successful training-step is at most

15Qu) = O(1) In(In(n)/3)/ . @47

After p is built, we use the part of the first sample X! not used in the training-step and
the entire second sample X2 to run K = K («, 3) individual tests to make a decision. Here
a < 1/2and 8 < 1/2 are pre-specified upper bounds on the type-I and type-II risks of the
testing problem, and K («, ) is the smallest integer such that the probability of getting at

least K'/2 heads in K independent tosses of a coin is
(i) < «, when the probability of getting head in a single toss is < 1/9,
(i) > 1 — /3, when the probability of getting head in a single toss is > 2/3.

It is easy to check that K < O(1)[In(1/a) 4+ In(1/5)].

The k-th individual test is applied to two 2M -long segments of observations taken first
from the sample X! (and these are non-overlapping with the training-step observations),
and second from X2, with non-overlapping segments of observations used in different in-
dividual tests. Here the positive integer M, same as the reliability tolerances ¢, a, 3, is a

parameter of our construction, and the threshold ¢ for individual tests is chosen as

(=6vV2M~t/¢p. (4.8)

After running K individual tests, we claim H; if and only if the number of tests where H;
is claimed is at least K'/2. The properties of the resulting /5 test are presented as follows:
Theorem 4.1 (Sample Complexity). Consider the {5 test above with design parameters 9,

a, € (0,1/2) and M. Then for properly selected absolute constants O(1), the following
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holds true. Let p, q be the true distributions from which X' and X* are sampled, and let

the size N of X', X? satisfies

N = 0(1) [In(In(n)/0)/|pll2 + In(1/a) + In(1/5)]M]. (4.9)

Then

1. The probability for the training-step in Algorithm 1 to be successful is at least 1 —
9, and when it happens there are enough observations to carry out K = K(a, f3)

subsequent individual tests.
2. Under the condition that the training-step is successful:

(a) The type-I risk (claiming H, when p = q) is at most o,

(b) For every e > 0, with positive integer M satisfying

1

llpll2’

0(1) (4.10)
the type-1I risk (claiming Hy when ||p — q||2 > €||pl|2) is at most f5.

4.1.3 Near-Optimality of /5 Divergence Test

From the above analysis, when testing a difference of magnitude ||p—q¢||2 > €||p||2, reliable
detection is guaranteed when the size N of samples X' and X? is at least O(n'/2¢=2) (due
to the fact that ||p|ly > n~'/2), with just logarithmic in the reliability parameters factors
hidden in O(-). We will show that the O(n'/?) sample size is the best rate can achieve

unless additional a priori information on p and ¢ is available.

Proposition 4.3 (Optimality). Given cardinality n of the set §) and sample size N. For
i.i.d. N-observation samples X' and X?, suppose there exists a low-risk test that can

detect reliably any difference of magnitude ||p — q||2 > €l|pl|2 for 0 < € < 1/2 such that
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1. for every distribution p, the type-I risk is at most a given « < 1/2, and

2. for every distributions p, q satisfying ||p — ql|2 > €||pl|o, the type-II risk is at most a

given f < 1/4.

Then N > O(1)+/n, with a positive absolute constant O(1) that depends on «, 3, e.

4.1.4 Tllustrating Example: Quasi-Uniform Distribution

Now we present an illustrative example using “quasi-uniform” distributions. Assume that
the nominal distribution p and the alternative distribution q are quasi-uniform, i.e., there

exists a known constant « satisfying 2 < x < n such that ||p||s < £/n and ||¢||c < K/n.

Since ||z||2 < /||z]]1]|%]| > We have max]||p]|2, [|¢]|2] < +/#/n, and hence the threshold

(= 6vV2M~/k/n (4.11)

satisfies the condition (4.3) with § = 3 (recall that we are in the case of uniform weights
o; = 1). With this choice of ¢, the right hand side of (4.4) is at most 6v/2[2M ~'\/k/n +
M2, /k/n||p — q||2]. To ensure the validity of (4.4) with § = 3, it suffices to have

Ip = aly = 6v2 |20 /ifn + M~Y2/iullp — alls)

which holds when
lp—qll3 > O(1)M~'\/k/n, (4.12)

with properly selected moderate absolute constant O(1). For quasi-uniform distributions,
lp — ql|2 is no larger than 2y/k/n. Therefore, for ||p — q|ls > An~'/2 with some \ €

(0, 24/k], the sample size M should satisfy

> oY
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in order to ensure (4.12). We see that in the case of L = R, given o < 1, f < 1, the

sample size of

N

O(1)[n(1/a) +1n(1/8)] =53

ensures that for the /5 test with the threshold in (4.11), its type-I risk and type-II risk are
upper bounded by « and 3, respectively.

In the following, we provide numerical examples to validate the optimality results in
Proposition 4.3. Suppose the support size n is even and set L = R = M for simplicity.

The experiment set-up is described as the following two steps:

(i) Draw two n/2-element subsets independently, 2; and €2, of Q from the uniform

distribution on the family of all subsets of 2 of cardinality n /2.

(i) The samples X Lare i.i.d. drawn from the uniform distribution on €2;, denoted as p;
and the second group of samples X? are i.i.d. drawn from the uniform distribution

on ()5, denoted by q.

Therefore we have max(||p||, , [|¢|l,] < /2/n, implying that we can set the threshold as
(=12M""n"1/2,

In all simulations, the individual test was applied. We perform the simulation for various
n and M values. The power is shown in Figure 4.1, averaged over 1000 trials. The results
show that for magnitude ||p — ¢|l, = O(1//n), at least O(y/n) samples are required in

order to detect the difference between p and ¢ with high probability.

4.2 Change Detection Procedures Based on ¢, Test

In this section, we construct the change detection procedure based on the proposed weighted

/5 divergence test. Change detection is an important instance of the sequential hypothesis
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Figure 4.1: Validation of the theoretical O(/n) bound by plotting the empirical test power
of “quasi-uniform” in Section 4.1.4, averaged over 1000 random trials. The Type-I risk is
controlled to be less than 1073, The theoretical lower bound to sample complexity O(+/n)
is shown in red line, which match the empirical phase-transition “watershed”.

test, but it has unique characteristics that require a separate study due to different perfor-
mance metrics considered. Since we do not know the change location, we have to perform
scanning when forming the detection statistic. We discuss two settings: the offline scenario

where we have fixed samples and the online setting where the data come sequentially.

4.2.1 Offline Change Detection by “Scan” Statistic

In the offline setting, we observe samples X? = {z1, ..., xr} onatime horizont = 1,..., T,
with x;’s taking values in an n-element set 2 = {1,...,n}. Assume there exists time
K € {1,...,T} such that for t < K, z; are i.i.d. drawn from some pre-change distribution
p, and fort > K + 1, z; are i.i.d. drawn from the post-change distribution ¢. Our goal is to
design a test which, based on the samples X7, decides on the null hypothesis K = T (“no
change”) versus the alternative X' < 7' (“change”). Meanwhile, we want to control the
probability of false alarm to be at most a given o > 0, and under this restriction to make
the probability of successfully detecting the change as large as possible, at least when K
and 7" — K both are moderately large and ¢ “significantly differs” from p.

We use the proposed test in Section 4.1 to construct a scan statistic for change detection.
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Given T, we select a collection of bases B;, 1 < j < J. A base B is a segment of
{1,..., T} partitioned into three consecutive parts: pre-change part By, middle part B,,,
and post-change part B,,; the last instant in B, is the first instant in B,,, and the first instant
in B, is by 1 larger than the last instant in B,,. For example: B, = {1,...,10}, B,, =
{10,11}, B, = {12, ...,20}. We associate with base B an individual test Tz which operates
with observations {x;,t € B, U B,} only. This test aims at deciding on two hypotheses:
(1) “No change:” there is no change on B, that is, either K is less than the first, or larger
than or equal to the last time instant from B5; (2) “Change:” the change point K belongs to
the middle set B, ,.

Given o« > 0 and a base B, we call individual test 7z associated with this base «-
feasible, if the probability of false alarm for 7 is at most «, meaning that whenever there
is no change on the base B of the test, the probability for the test to claim change is at
most . Our “overall” test 7 works as follows: we equip bases B;, 1 < j < J, with
tolerances a; > 0 such that Z}]:1 a; = «, and then associate with each base B; with a
«aj-feasible individual test 7p; (as given by the ¢; test in Section 4.1.1). Given observations
X7, we perform one by one the individual tests in some fixed order, until either (i) the
current individual test claims change; and when it happens, the overall test claims change
and terminates, or (ii) all J individual tests are performed and no one of them claimed

change; in this case, the overall test claims no change and terminates.

Proposition 4.4 (False Alarm Rate for Offline Change Detection). With the outlined struc-
ture of the overall test and under condition ; 0 = «, the probability of false alarms for

T (of claiming change when K = T') is at most .

4.2.2  Online Change Detection

In practice, the online detection of abrupt changes is often of more interest. Instead of
giving a fixed duration of samples in the offline setting, the observations arrive sequentially

for online detection tasks. The goal is to detect the change as quickly as possible, under the
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constraint that the false alarm rate is under control.

The proposed detection procedure based on /5 test is illustrated in Figure 4.2. Given
a sequence {x;,t = 1,2,...}, as each time ¢, we search over all possible change-points
k < t. In particular, we form two sequences before k and two sequences between [k, t]
with the length all equal to M, ;, = [(t — k)/2]; their corresponding empirical distributions

are denoted as & i, &; ;.. and 7 i, 17; .. The detection statistic x; j is formed as:

Xtk = Mg (Eer — ner) T2(Ex — 7110)- (4.13)

We note that the multiplicative term M j, can be viewed as a scaling parameter (which is
proportional to the standard deviation of the test statistic) such that the variance of x; j is

of a constant order as ¢ — k increases.

Potential

change-point .
Potential post-change data

! !
Stk Stk Ntk Ntk
——  —— |~ A N A N
--------- xk eee see oo eee oo s xt
Xk time
. - . ~
Stk ft,kl Nt kr Nt kr

Figure 4.2: Illustration of the sequential change detection procedure.

The online change-point detection procedure is given by a stopping time
= i f . > 4. 14
T = inf{t axX Xek > b}, (4.14)

where b > 0 is a pre-specified threshold that needs to be determined by controlling the false
alarm rate. An intuitive interpretation of 7 is that at each time ¢, we search over all possible

change-pints £ < ¢, and raise alarm if the maximum statistic exceeds the threshold.
Remark 4.1 (Window-Limited Procedure). In practice, we can also adopt a window-limited
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version of 7 as follows to improve the computational efficiency:

T' =inf{t: max x> b}, (4.15)

mo<t—k<m

where m and m, are the lower and upper bounds of the window size that we would like
to scan for the possible changes. Usually m, can be set such that the resulted sequences
are long enough to have meaningful empirical distributions for constructing the detection
statistic in (4.13). For practical considerations, we usually require the window size m; to
be at least the expected detection delay, as discussed in [109] where the original theoretical

study of the window-limited test was proposed.

Remark 4.2 (Comparison with the Binning Approach [116]). We note that the binning
approach in [116] also considers discretized space and scans over all possible change-points
when approximating log-likelihood ratio statistics. Compared with [116] which assumes
the pre-change distribution is known, the detection procedure (4.14) and its window-limited
version (4.15) do not need the prior knowledge of the pre-change distribution. We did
not use the log-likelihood ratio statistic here but scan over all neighboring time windows

directly to detect any significant difference in empirical distributions.

4.2.3 Theoretical Analysis

Now we characterize the two fundamental performance metrics for sequential change de-
tection, namely the average run length (ARL) and the expected detection delay (EDD). We
cannot use the previous method in Proposition 4.1 to determine the threshold because the
bound is too conservative and will be intractable when the ARL is large. Here we present
an asymptotic theoretical approximation.

To compute the ARL, we need to quantify the distribution of 7 when data are sampled
from the same distribution p. Intuitively, the detection statistic x; ; is small when the sam-

ples are from the same distribution. A relatively standard result is that when the threshold
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b tends to infinity, the stopping time’s asymptotic distribution is approximately exponential
when there is no change. This is proven true in various scenarios [ 189, 193, 225]. The main
idea is to show that the number of boundary cross events for detection statistics over dis-
joint intervals converges to Poisson random variable in the total variation norm; the result
can be established by invoking the Poisson limit theorem for dependent samples. Detailed
proofs by adapting those techniques into the specific /5 test setting are left for future work.

Under such approximation, we have

1<t<m mo<t—k<mi

Po(T' > m) =P (max max  Xip > b) e,

where P, is the probability measure when the change-point equals to oo, i.e., the change
never happens; and [E., denotes the corresponding expectation under this probability mea-
sure. Therefore, we only need to compute the probability P, (7’ > m) and find the pa-
rameter A, then the expectation of 7’ equals 1/A. We adopt the change-of-measure trans-
formation [226, 223, 186] and characterize the local properties of a random field. We first
quantify the correlation between x; x ane x5 in order to find the probability P.. (7" > m)

theoretically.

Proposition 4.5 (Temporal Correlation of Sequential Detection Statistics). Suppose all
samples are i.i.d. drawn from the same distribution p, denote M =t — k = 17 — s,
then the correlation between ., and X s is

(t—7)%+ (s — k)?
M?2 ’

2 2
COIT(Xt,k;XT,s) =1- M’t — T’ — MVC — S| +

Based on the correlation result, we have the following Theorem characterizing the ARL
of the proposed ¢, sequential detection procedure. The main idea is to use a linear approx-
imation for the correlation between detection statistics x:; and X, . Then the behavior
of the detection procedure can be related to a random field. By leveraging the localization

theorem [186], we can obtain an asymptotic approximation for ARL when the threshold b is
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large enough (in the asymptotic sense). Define a special function v(-) which is closely re-

lated to the Laplace transform of the overshoot over the boundary of a random walk [192]:

:(@(5) —0.5]
32(3) +9(5)

where ¢(z) and ®(z) are the probability density function and cumulative density function

v(x) &~

(4.16)

of the standard Gaussian distribution; this is the same function as used in Chapter 3 (see

(3.15)). For simplicity, we denote the variance of x; , as

0% = Varlxes] = 4 [0, 0220 —p)P 4 Soyoopii] . @17

Theorem 4.2 (ARL Approximation). For large values of threshold b — oo, the ARL of the

test T' can be approximated as

4b2 moa 1/2

[Tl] 2 -1 b2 202) 27_[_0_ 1/2/[L VQ(y)dy(1+0(1)) (418)

b2/(m102)]1/2

The main contribution of Theorem 4.2 is to provide a theoretical method to set the
threshold that can avoid the Monte Carlo simulation, which could be time-consuming, es-
pecially when ARL is large. Although there is no close-form analytical solution for b, when
we let the right-hand side of (4.18) equals to a specific ARL value (a target lower bound for
ARL), we can numerically compute the right-hand side of (4.18) for any given threshold
value b. Then we search over a grid to find the corresponding threshold values. Table 4.1
validates the approximation’s good accuracy by comparing the threshold obtained from
(4.18) and compares it with that obtained by the Monte Carlo simulation. In detail, we gen-
erate 2000 independent trials of data from nominal distribution p and perform the detection
procedure 7" for each trial; the ARL for each threshold b is estimated by the average stop-
ping time over 2000 trials. In Table 4.1, we report the threshold obtained through Monte

Carlo simulation (as a proxy for the ground-truth) and on the approximation (4.18), for a
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range of ARL values. The ARL values in Table 4.1 correspond to the lower bound of an
ARL; since ARL will increase when increasing the threshold. So if we have a good approx-
imation, this can help us to calibrate the threshold and control the false alarm rate. The
results in Table 4.1 indicate that the approximation is reasonably accurate since the relative
error is around 10% for all specified ARL values. It is worth mentioning that ARL is very
sensitive to the choice of threshold, making it challenging to estimate the threshold with
high precision. However, the EDD is not that sensitive to the choice of the threshold, which

means that a small difference in the threshold will not significantly change EDD.

Table 4.1: Comparison of the threshold b obtained from simulations and the approximation
(4.18). Scanning window my = 10, m; = 50, support size n = 20, nominal distribution p
is uniform.

ARL 5k 10k 20k 30k 40k 50k
Simulation ~ 2.0000 2.1127 2.2141 2.2857 2.3333  2.3750
Theoretical 1.8002 1.8762 1.9487 1.9897 2.0183  2.0398

After the change occurs, we are interested in the expected detection delay, i.e., the ex-
pected number of additional samples to detect the change. There are a variety of definitions
for the detection delay [127, 154, 149, 205]. To simplify the study of EDD, it is custom-
ary to consider a specific definition Eo[7”], which is the expected stopping time when the
change happens at time 0 and only depends on the underlying distributions p, ¢. It is not al-
ways true that Eg[77] is equivalent to the standard worst-case EDD in literature [127, 154].
However, since [Eq[7”] is certainly of interest and is reasonably easy to approximate, we
consider it as a surrogate here. We adopt the convention that there are certain pre-change
samples {x_1,x_o, ...} available before time 0, which can be regarded as reference sam-
ples.

Note that for any ¢ > 0 and & = 0, the sequences ;o and &; , come from the pre-
change distribution p since they belong to the reference sequence {z_1,z_», ...}, and the

sequences 7, o and 17; , are from the post-change distribution g. Therefore, the expectation
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of the detection statistic x; 4 is E[x:x] = [(t — k)/2](p — q¢) " 2(p — ¢), which determines
the asymptotic growth rate of the detection statistic after the change. Using Wald’s identity
[187], we are able to obtain a first-order approximation for the detection delay, provided

that the maximum window size m; is large enough compared to the EDD.

Theorem 4.3 (EDD Approximation). Suppose b — oo, with other parameters held fixed.
If the window size m, is sufficiently large and greater than 2b/|(p — q) " X(p — q)], then the

expected detection delay

b(1+o(1))

BT = s - a2

(4.19)

Remark 4.3 (Optimize weights to minimize EDD). From the EDD approximation in (4.19),
it is obvious that we can minimize EDD by optimizing over the weights matrix .. In par-
ticular, the EDD can be minimized when we can find the weights Y. such that the weighted
{5 divergence between p and q is maximized. This is consistent with the subsequent dis-
cussion in Section 4.3.1. In particular, when we have certain prior information about the
distributions p and g, we could apply the optimization-based method in Section 4.3.1 to

find the optimal weights to reduce the detection delay.

4.3 Optimized Weights and Projection of High-Dimensional Data

This section discusses setting optimal weights that adapt to the closeness at different el-
ements in (), given some a prior information on p and ¢. In addition, we tackle the data
high-dimensionality by adopting the Wasserstein-based principal differences analysis [139]

to find the optimal projection.

4.3.1 Optimize Weights for ¢, Test

So far, we primarily focused on the case with uniform weights o; = 1. In this section, we

will discuss how to further improve performance by choosing the optimal weights. In the
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simplest case, when we know in advance (or can infer from additional “training” samples)
that the distribution shift p — ¢ (nearly) does not affect probabilities with indexes from
some known set I, we can set 0; = O fori € [ and o; = 1 for ¢ ¢ I. This will keep the
magnitude Y, o;(p; — ¢;)* on the left hand side of (4.4), as compared to uniform weights,
intact, but will reduce the right hand side of (4.4).

A framework to optimize over o;’s is as follows. Assume that we know distributions

p, q belong to a set X C A,,, which is defined by a set of quadratic constraints:
X={pecA,:p'Qup<1,k=1,... K}, (4.20)

where (), € R"*" are positive semi-definite () = 0).

A natural way to measure “magnitude of difference” is to use ||[p — ¢l|2 (the case
using ||[p — ¢||; can also be similarly defined and solved). Assume we want to select
o = [o1,...,0,] > 0 to make reliable detection of difference ||[p — ¢||2 > p, for some
given p > 0. To achieve this, we can impose a fixed upper bound on the right hand side in
(4.4) when p = q € X, 1.e., to require o to satisfy

g(o) =max » oip; <a

pEX “—
(3

with some given a, and to maximize under this constraint the quantity

folo) = H}}iqn{zi oipi— @) :p,ge X, |lp—qll2 > p}.

For any o that satisfies g.(0) < a, the associated test which claims H; when the statistics
(defined in (4.2)) |x| > 2v/20M~'\/a is with type-I risk at most 1/62. At the same time,
large f.(o) is in favor of good detection of distribution shift of magnitude ||p — ¢||2 > p.

By the homogeneity in o, we can set a = 1 without loss of generality.
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In general, both g, and f, are difficult to compute. Therefore, we replace the problem

max {fi(0) s g:(0) <1}

with its safe tractable approximation:

max {f(0) : g(o) < 1}, 4.21)

o>0

where f is a concave efficiently computable lower bound on f,, and g is a convex efficiently
computable upper bound on g,.
To build g, note that when p € X, the matrix P = pp’ € R™*" is positive semi-definite

(P = 0), non-negative in each entry (P > 0), >_" =1, and Tr(PQy) < 1,k < K,

231

by (4.20). Consequently, the function

¢(o) = max {Tr(E2P) P=0,P>0,3" = 1, Tr(PQy) < 1, k < K} ,

1]1

with ¥ := Diag{o1, ..., 0, }, is an efficiently computable convex upper bound on g,. Simi-
larly, to build f, observe that the matrix S = (p — ¢)(p — ¢)* stemming from p, ¢ € X with

|lp — q|l2 > p belongs to the convex set

S = {S S =0, 1Syl <4, 50 U:O,Tr(S)2p2,Tr(SQk)§4,k§K}.

Therefore,

fe(o) > f(o) := min Tr(X9),

Ses

and the function f (o) is concave and efficiently computable.
To implement the problem in (4.21) efficiently, we derive the tractable dual formulation
in the following. Note that these constraints can be greatly simplified if () are diagonal

matrices, especially for the high dimensional case.
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Proposition 4.6 (Dual Reformulation). The dual formulation of the optimization problem

4.21) is

max \p> — 4, @ — 4€

s.. A>0,P3=0,6>0,2,>0,U>0,W=>0,A%=0,V>0,p,>0,1<k<K,
S tkQr+U—W — P —rJ =X, = -3,
Uj+W; <& 1<i<nl1<j<n,

St —v <1l —A=V4+>, mQr—vJ =X
where ¥ = Diag{o, ...,0,} and J € R™™ is a matrix with all elements equal to 1.

We present an illustrative simulation example to show the benefits of optimizing weights
0. The experimental set-up is as follows. Consider the sample space 2 = {1,...,n}
with n = 48. The distributions p and ¢ are set as uniform distributions on the subset
O ={1,...,3n/4} and Qy = {n/4 + 1,...,n}, respectively. The common support of p
and ¢ consists of n/2 elements. We first use training data to estimate the matrix () in our
formulation. Specifically, we sample 32 observations from each distribution and compute
the empirical distribution of all observations. This process is repeated for m = 50 trials,

and the resulting () is solved from the following optimization problem

min logdet A™!

st. | Apill, <1, i=1,...,m,

where A = Q'/? and p; is the empirical distribution in the i-th trial. The volume of the
ellipsoid defined with () is proportional to det A~!. Thus the solution to the above opti-
mization problem is the minimum ellipsoid that contains the m empirical distributions [30].
The optimal weights are shown in Figure 4.3 (a). Moreover, we compare the ROC curve of
the test under equal weights o; = 1 and optimal weights in Figure 4.3 (b), averaged over

10,000 trials. The result shows the benefits of using optimized weights.
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Figure 4.3: Illustration of optimal weights on a simulated example. (a): Optimal weights;
(b): The ROC curves under optimal weights and equal weights.

4.3.2 Optimal Projection for High-Dimensional Data

Assume that the two distributions p and g, rather than discrete distributions on a given finite
set, are continuous distributions on R?. In this situation, we may try to convert observations
r € R? into observations f(x) taking values in a finite set and apply the proposed test to
the transformed observations.

One way to build f is to project observations z onto one-dimensional subspace and
then split the range of the projection into bins. We propose to select this subspace using,
when available, “training sample” x4, ..., zop, with the first 7" observations drawn, inde-
pendently of each other, from the nominal distribution p, and the last 7" observations drawn
independently of each other and of x4, ..., zp, from the distribution g. A natural selection
of the one-dimensional subspace can be as follows. Denote by e the unit vector spanning
the subspace. Let us look at the sample empirical distributions of the projections of the ob-
servations 1, ..., Tor on e, and try to find unit vector e for which the Wasserstein distance

between the distributions of the first half and the second half of the projections is as large
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as possible [139]. The distance above is, up to factor 1/7, the quantity

¢(e) = min { Sl (z; — xj)|wij rwi; > 0,1 <4, 5 <2T;

Wij, 1<4,j<2T 2,]
D wij = P2 wij =
j . i .
0, i>T 1, j>T

= { S0 N = Sy At di = Ay < [T (i —2)),1 <4, j < 2T}

1, i<T 0, j<T}

= ®(Ele]),
where
Ele] =ee',
d(E max{zA — z it X =N < i — ] TEw; — 2], 1 < i,j < 2T},

=T+1

Note that function ®(F) is concave and the goal is to maximize ®(E) over positive semi-
definite rank-one matrices £ = ec' with trace 1. An efficiently solvable convex relaxation

after relaxing the rank-one constraint is:

max{i/\i— % NitAi =N <[z — 2] TE[x —mj],W,j;EEO,Tr(E)zl}.
EXx iz i=T+1
After the optimal solution £, to the problem is found, we can use standard methods to
obtain a reasonably good e, e.g., take e as the leading eigenvector of F..

Here we present a simple numerical illustration for the optimal project. Consider the
two-dimensional Gaussian distributions with same mean value and different covariance
structures. More specifically, let the data X to be sampled i.i.d. from N (1, X;) and data

X, to be sampled from N (0, X5), where

T T 5.03 —2.41 5.50 3.30
1 = [0 0] , P2 = [2 0] , 2 = , 2o . (4.22)
—2.41 1.55 3.302.53
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Figure 4.4 shows the optimal projection obtained from 50 training samples from each dis-
tribution (which can be seen to optimally “separate” the two distributions), and the ROC

curve averaged over 10,000 trials that demonstrates the performance gain of the optimal

projection.
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Figure 4.4: Illustration of optimal projection on simulated data. (a): Optimal projection for
two training sets; (b): The ROC curves for optimal projection and random projection.

4.4 Numerical Examples

In this section, we perform some simulations to validate the performance of the /5 test and
compare with two benchmarks: (i) the classical parametric Hotelling’s 7 test [88]; and
(i1) the non-parametric maximum mean discrepancy (MMD) test [75]. More specifically,
we study the test power of the two-sample test for Gaussian distributions under various
dimensions. Moreover, we show the performance in change detection by studying the
detection power in the offline case and the expected detection delay in the online case,
respectively.

We first introduce briefly the two benchmark procedures.

Hotelling’s T2 statisticc The Hotelling’s 7 statistic is a classical parametric test de-
signed utilizing the mean and covariance structures of data, and thus it can detect both the

mean and covariance shifts [88]. Given two set of samples {1, ..., 2, }and {y1, ..., Yn, }»

83



the Hotelling’s T statistic is defined as

£ s =) S - ), (4.23)

where z and y are the sample mean and Y. is the pooled covariance matrix estimate.

MMD statistic: The MMD test is a non-parametric benchmark for two-sample test and
change detection [75, 122]. Given a class of functions J and two distributions p and ¢,
the MMD distance between p and g is defined as MMD#(p, q) = sup sc z(Eqnp|f(7)] —
Eyq[f(y)]). For MMD in reproducing kernel Hilbert spaces (RKHS), given samples
{z1,...,2,,} and {y1, ..., yn,}, an unbiased estimate of squared MMD distance is given

by

1 < 1 -
MMD =——— k(zg,2;) + ————— k(i v
u nl(nl—l)zz (xaxj)+n2<n2_1)zz (y y])
=1 j#i i=1 j#i
9 ny no

1M Z Z k(zi, y5),

i=1 j=1

(4.24)

where k(-, -) is the kernel function associated with RKHS.

4.4.1 Two-Sample Test

Following a similar setup as in [75], we investigate the performance of various tests as
a function of the dimension d of the sample space R?, when both p and ¢ are Gaussian
distributions. We consider values of d up to 256. The type-I risk for all tests is set as
a = 0.05. The sample size is chosen as n; = ny = 100, and results are averaged over
500 independent trials. In the first case, the distributions p, ¢ have different means and the
same variance. More specifically, p = N(0, ;) and ¢ = N (u1/v/d, I,) with p = 0.8.
Note that the division of each element of the mean vector by v/d makes the difficulty of the

hypothesis testing similar across all d values. In the second case, the distributions p, g have
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the same means but different variance. More specifically, p = N (0, 1;) and ¢ = N (0, %)
with ¥ = Diag{0.25,1,..., 1}, i.e., we only scale the first diagonal entry in the covariance
matrix to make the hypothesis testing problem challenging to perform.

The test power for different methods is shown in Figure 4.5. The test power drops when
the dimension increases, which is consistent with the results in [166]. Hotelling’s T2 test
performs good in low dimensions, but its performance degrades quickly when we consider
higher dimensional problems. The MMD test is comparable to /5 test in low dimensions,
but the /5 test tends to outperform the MMD test in high dimensions. The reason can be
that by projecting to one-dimensional spaces using a good projection, the power of ¢ test

tends to decrease slower compared to Hotelling’s 7> and MMD tests.

_ Mean shift
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Test power
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Figure 4.5: Comparison of test power of the proposed test versus classic Hotelling’s 7"
statistic and the MMD statistic, when performing a two-sample test on two Gaussian dis-
tributions, with significance level a = 0.05. (Left) Gaussian distributions having the same
variance and different means; (Right) Gaussian distributions having same mean and differ-
ent variances.

4.4.2 Offline Change Detection

As an extension and application of the proposed /5 test, we investigate the performance
for the offline change detection and compare the detection power, i.e., the probability of
successfully detecting the change when there is a change.

Assume we have sample x1, ..., zy with a fixed time horizon 7" = 200, when there is

a change, we set the change-point K = 100. The ¢, detection statistic at each time ¢ is
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M x with x defined in (4.2) (here M = 2LR/(L + R) is the normalizing constant). To
avoid the segment being too short, we compute the detection statistics for time instances
t € [w, T — w] with w = 20, and then take the maximum. Similarly, the Hotelling’s 7"
statistic at each time ¢ is computed using (4.23) by treating data before ¢ as one sample and
after ¢ as another sample; the MMD statistic is computed in a similar way from (4.24). We
claim there is a change-point when the maximum of the detection statistics within window
t € [w, T — w] exceeds the threshold. The thresholds for different methods will be chosen
by Monte Carlo simulation to control the false alarm rate.

We consider the following cases (distribution changes) in the numerical experiments.

Case 1 (Discrete distributions). The support size is n = 10, distribution shifts from
p = 1/10 (uniform) to ¢ = [1/30,2/30,...,5/30,5/30,...,2/30,1/30] (non-
uniform).

Case 2 (Gaussian mean and covariance shift). The distribution shifts from two-dimensional
Gaussian NV (0, I5) to N ([0.5 0]7,[1 0.7)7[1 0.7] + [-1 0.4]T[-1, 0.4]).

Case 3 (Gaussian to Gaussian mixture). The distribution shifts from A/(0, I5) to the Gaus-
sian mixture 0.8 (0, Io) + 0.2N (0, 0.1150).

Case 4 (Gaussian to Laplace). The distribution shifts from standard Gaussian N (0, 1) to

Laplace distribution with zero mean and standard deviation 0.8.

The detection power is averaged over 500 repetitions and is reported in Table 4.2. It
shows that the proposed ¢, test outperforms the classic Hotelling’s 72 and MMD tests,
especially when the distribution change is difficult to detect (such as Case 3 and Case 4,
where pre- and post-change distributions are close). For Case 2 detecting mean and covari-
ance shifts, the MMD test performs slightly better. A possible explanation is that the MMD
metric can capture the difference between pre- and post-change Gaussian distributions well

in a fairly low-dimensional setting.
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Table 4.2: Detection power in offline change detection. The sequence of length is 200.
Thresholds for all methods are calibrated so that the significance level is @ = 0.10 and
a = 0.25. Averaged over 500 trials.

a=0.10 a=0.25
Case 1 Case?2 Case3 Case4d Case 1 Case?2 Case3 Case4
(5 test 052 085 0.18 0.56 070 090 035 0.71
MMD 032 090 0.16 043 0.60 095 034 0.69
Hotelling’s 1 0.07 023 0.09 0.06 020 023 023 0.23

4.4.3  Online Change Detection

We further investigate the performance for online change detection and compare the aver-
age detection delay, i.e., the number of samples it takes to detect the change after the change
happens. More specifically, the detection delay is the difference between the stopping time
and the true change-point.

Assume we have samples {x;,t = 1,2,...} that are available sequentially. We adopt
the convention that there are pre-change samples available as {...,z_5, x_1, 2}, which
are referred as historical data and can be used during the detection procedure. Consider
the window-limited ¢, detection procedure defined in (4.15) with parameter my = 20 and
my = 100. The Hotelling’s T detection statistic at each time ¢ is constructed as (Zy —
()'SY(%, — i) where 7, is the average of samples within window [t —mq+ 1, ], and i, 5.
are estimated from historical data. The MMD statistic is constructed in the same way as in
[122] with block size By = 20 and number of blocks N = 5. We will claim change and stop
the detection procedures when the detection statistic exceeds the threshold; the thresholds
for different methods are chosen by Monte Carlo simulation to control the average run
length.

We consider the following four cases, which are modified slightly from the offline case.
We have increased slightly the signal-to-noise ratio in certain cases to increase the de-

tectability in the online setting.
Case 1 (Discrete distributions). The support size is n = 10, distribution shifts from p =
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1/10 (uniform) to ¢ = [0.04,0.14,0.32,0, 0,0, 0,0.32,0.14, 0.04] (non-uniform).

Case 2 (Gaussian mean and covariance shift). The distribution shifts from two-dimensional
Gaussian (0, I5) to N ([0.5 0]7,[1 0.7]7[1 0.7]+ [-1 0.4]T[-1 0.4]).

Case 3 (Gaussian to Gaussian mixture). The distribution shifts from A (0, ) to the Gaus-
sian mixture 0.4\ (0, I59) + 0.6 (0, 0.11).

Case 4 (Gaussian to Laplace). The distribution shifts from standard Gaussian N (0, 1) to

Laplace distribution with zero mean and standard deviation 0.7.

The evolution paths of detection statistics for all cases are given in Figure 4.6. To simulate
EDD, we let the change occur at the first time instant of the testing data. The detection

delay is averaged over 500 repetitions and reported in Table 4.3.
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Figure 4.6: Illustration of online change detection using the /5 divergence under four simu-
lated cases explained in Section 4.4.3. For each case, the upper plot shows the raw data and
the bottom plot shows the evolution path of the /5 detection statistic, with true change-point
indicated in red dash lines.

Table 4.3: Comparison of EDD for online change detection using the proposed statistic, the
MMD, and the Hotelling’s T? statistic. The parameter is n = 10, mg = 20, m; = 100 and
thresholds for all methods are calibrated so that ARL = 500. The dashed line indicates the
method fails to detect the change (i.e., the delay is larger than the time horizon).

Case 1 Case 2 Case 3 Case 4

{5 test 20.34 89.66 69.23 92.49
MMD 258.02 47.72 — 39491
Hotelling’s 7" 406.42 36.79 — 370.61
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4.5 Real Data Study: Online Gesture Change Detection

In this section, we apply our method to the sequential gesture detection problem using a real
dataset: the Microsoft Research Cambridge-12 (MSRC-12) Kinect gesture dataset [61].
This dataset consists of sequences of human skeletal body part movements (represented
as body part locations) collected from 30 people performing 12 gestures. There are 18
sensors in total, and each sensor records the coordinates in the three-dimensional Cartesian
coordinate system at each time. Therefore there are 54 attributes, denoted by y; € R5,
t = 1,2,...,T. The goal is to detect the transition of gestures from the sequences of
sensor observations.

We apply the proposed online change detection procedure defined in (4.15) to the
MSRC-12 dataset, and the detailed scheme is outlined as follows. We first preprocess
the data by removing the frames that the person is standing still or with little movements.
Then we select a unit-norm vector v € R and project data into this direction to obtain
a univariate sequence: z; = u'%,. The projection vector u is found by finding the opti-
mal projection to maximize the Wasserstein distance described in Section 4.3.2. Then we
discretize the univariate sequence into n bins. At each time ¢, we construct the detection
statistic maX,<t—k<m, Xtk as illustrated in Figure 4.2.

The parameters are set as my = 20, m; = 300 for the detection procedure. The
detection statistics are shown in Figure 4.7, with the true change indicated by red dash
lines. We also compare the /5 test with tests based on Hotelling’s T statistic, ¢; distance,
and KL divergence. For the ¢; distance based approach, we build the test statistic as for
time ¢ and potential change-point & < ¢ as the ¢, distance between empirical distributions
of samples before and after £, then the detection statistic is computed by maximizing over
all potential change-points £ in my < t — k < my. The KL divergence based approach
is built similarly by replacing the ¢; distance with KL divergence (see [219] for detailed

implementations).
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Figure 4.7: Real-data example using online gesture change detection. Comparison of de-
tection statistics (under uniform weights) for “bow” to “throw”, for the proposed procedure,
the Hotelling’s T2 test, ¢; test, and the KL test. Red dash lines indicate the true change-
point (hand-labeled).

From the results in Figure 4.7, we can observe that our sequential detection procedure
based on the ¢, divergence can detect the change right after it happens. This is because
the detection statistic before the change has a smaller variance, which indicates that we
can set the threshold to be reasonably low for quicker detection. Moreover, there is a clear
linear increasing trend after the change, enabling quick and reliable detection. In contrast,
Hotelling’s T statistic does not have the desired online change detection behavior. The
detection statistic is noisy before the change and does not have a consistent positive shift
after the change; the KL test is even worse in this regard. The ¢, divergence-based test has
a similar behavior as the /5 divergence. However, the ¢; divergence has smaller “signal-to-
noise” ratio in that the variance between the change is larger, and post-change distribution

drift seems to be smaller.

4.6 Conclusion and Discussions

We have presented a new non-parametric change detection procedure based on the opti-
mal weighted ¢/, divergence. We study the optimality and various theoretical properties
of the weighted /5 divergence for the offline and online change-point detection. We also
study the practical aspects, including calibration threshold using training data, optimizing
weights, and finding an optimal projection for high-dimensional data. We demonstrate the
good performance of the proposed method using simulated and real-data for human gesture

detection.
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CHAPTER §
ROBUST HYPOTHESIS TESTING WITH WASSERSTEIN UNCERTAINTY SETS

This chapter studies the data-driven robust hypothesis testing problem with Wasserstein
uncertainty sets. This work is partially summarized in [69]. Section 5.1 introduces the
problem formulation of data-driven robust hypothesis testing. Section 5.2 presents the
optimal test. Section 5.3 presents the asymptotic distribution of the optimal radii of the
uncertainty sets. Section 5.4 demonstrates our robust tests’ good performance using both

synthetic and real data.

5.1 Problem Setup and Wasserstein Minimax Test

Let 2 C R? be the sample space, where d is the data dimension. Denote (1)) as the
set of Borel probability measures on ). Given Py, P, € Z2(X), the simple hypothesis test
decides whether a given test sample w is from P; or . In many practical situations, Py, P,
are not exactly known, but instead we have access to n; and ns training samples for each
hypothesis. Denote the two sets of training samples as QO = {&, ..., @0}, k= 1,2, and

define empirical distributions constructed using training data sets as

1 &
= — Oni .
Qk g ; Wy,

Here ¢,, denotes the Dirac point mass concentrated on w € ).
To capture the distributional uncertainty, we consider composite hypothesis test of the

form:

Hoi w~P1, P1€771;

H : w~P, P,ePsy,
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where Py, P, are collections of relevant probability distributions. In particular, we will

consider them to be Wasserstein uncertainty sets. Below let us describe our problem setup.

5.1.1 Randomized Test

We consider the set of all randomized tests defined as follows [99].

Definition 5.1 (Randomized test). Given hypotheses H,, H1, arandomized test is any Borel
measurable function 7 :  — [0, 1] which, for any observation w € (2, accepts the hypoth-
esis Hy with probability 7(w) and H; with probability 1 — 7(w).

In the randomized test, the decision to accept a hypothesis can be a random selection
based on the function 7(w). Thus, the usual deterministic test (e.g., considered in [69]) is a
special case by setting m(w) € {0, 1} and the randomized test is more general.

For a simple hypothesis test with hypotheses P, and P, we define the risk of a random-

ized test 7 as the summation of Type-I and Type-II errors:

O(7; P, Py) :=Ep,[1 — 7(w)] + Ep,[r(w)], (5.1

where [Ep denotes the expectation with respect to the random variable w that follows distri-
bution P. Here we consider equal weights on the Type-I and Type-II errors; other weighted

combinations can be addressed similarly.

5.1.2 Wasserstein Minimax Formulation

The minimax hypothesis test finds the optimal test that minimizes the worst-case risk over

all possible distributions in the composite hypotheses:

inf  sup  D(m; P, By). (5.2)
T PieP1,PrePs

The resulting worst-case solution P}, P; are called the least favorable distributions (LFDs)

in the classical robust hypothesis testing literature [89, 91].
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We consider uncertainty sets based on the Wasserstein metric of order 1, defined as:

o : , /
W(P7 Q) C ’yerlp(l]g,lQ) {E(w,w )y [C<w7 w )]} 5

where ¢(-,-) : © x Q — R, is a metric on €2, and I'(P, Q) is the collection of all Borel
probability measures on €2 x {2 with marginal distributions P and (). Define the Wasserstein

uncertainty sets P, P, as Wasserstein balls centering at two empirical distributions:

where 61,605 > 0 specify the radii of the uncertainty sets. See Chapter 2.2 for useful

background information and preliminaries.

Remark 5.1 (Comparison with Huber’s censored likelihood ratio test). Huber’s seminal
paper [89] considered a deterministic minimax test with uncertainty sets referred to as e-

contamination sets:

Pr=1{(1 — ex)pr + e fr, fr € 2(Q)},

where ¢, € (0,1), py is the nominal density function, and f is the density that can be
viewed as the perturbation, £ = 1, 2. Huber proved that the optimal test in this setting is a

censored version of the likelihood ratio test, with censoring thresholds ¢, ¢’, and the LFDs

are given by: '
(I—=e)pi(z)  palz)/pi(2) <’
Q1(m) = :
\ﬁ(l —e)p2(z) pa(x)/pr(2) >
(1 —ex)palz)  pa(x)/pr(x) > ¢
@() = )
d(1—e)pi(x) pox)/mi(x) <

\

Huber assumed the exact knowledge of the nominal distributions p; and p,. This is different

from our setting, where we only have limited samples from each hypothesis. A simple
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observation is that if we set pj, to be the empirical distribution, then the ratio ps(z)/p1(z)
will be oo on ), \ Q, and 0 on O, \ Q. In such a case, the LFDs proposed by Huber are

degenerate

(1—e)/n1 zey (1—6)/ny z€y
Q(z) = R q(7) = R
61/n2 Z'EQQ 62/n1 l‘EQl

which do not lead to any meaningful test.

5.2 Tractable Convex Reformulation and Optimal Test

The saddle point problem (5.2) for the Wasserstein minimax test is an infinite-dimensional
variational problem, which in the original form does not amend to any tractable solution.
In this section, we derive a finite-dimensional convex reformulation for finding the optimal
test.

At the core of our analysis is the following strong duality result, which means we can

exchange the order of infimum and supremum in our problem:

inf  sup O(m P, P) = sup  inf &(m; P, Ps). 5.4)
T PEP1,P2EP> PeP1,PePy T

This is essential in leading to closed-form expression for the optimal test and convex re-
formulation in solving the LFDs. Our proof strategy is as follows. First, in Section 5.2.1,
we derive a closed-form expression of the optimal test for the simple hypothesis problem
inf, ®(m; Py, P;). Next in Section 5.2.2, we develop a convex reformulation of the sup inf
problem on the right-hand side of (5.4), whose optimal solution gives the LFDs. Then in
Section 5.2.3, we construct the optimal minimax test for the original formulation (left-hand
side of (5.4)) leveraging strong duality. Note that here we cannot directly rely on existing
tools such as Sion’s minimax theorem [195], because (i) the space of all randomized tests

is not endowed with a linear topological structure and, (ii) Wasserstein ball is not compact
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in the space Z({2) since {2 may not be compact.

5.2.1 Optimal Test for Simple Hypothesis Test

Let us start by considering the simple hypothesis test for given P, P, € Z2((2), the inner

minimization in the right-hand-side of (5.4):
inf &(m; Py, P). (5.5)

Define the total variation distance between two distributions P, and P, as TV(Py, P;) =
(1/2) [, |dPi(w) — dP2(w)]. The following Lemma gives a closed-form expression for the
optimal test, which resembles a randomized version of the Neyman-Pearson Lemma. The

proof is provided in the Appendix.

Lemma 5.1. Let p;(w) := d(lg‘iil&)(w). The test
.
1, if p1(w) > 1/2,
m(w) =140, if pr(w) < 1/2,
any real number in [0, 1], otherwise,

\

is optimal for (5.5) with the risk

(P, Py) = /Qmin{pl(w), 1—pi(w)}d(PL+ Py)(w)=1—-TV(P, P). (5.6)

Lemma 5.1 shows that the optimal test for the simple hypothesis takes a similar form as
the likelihood ratio test that accepts the hypothesis with a higher likelihood and breaks the
tie arbitrarily. An important observation from the lemma is that the risk only depends on the
common support of the two distributions, defined as Qg (P, P») := {w € Q: 0 < p1(w) <
1}, on which P, and P, are absolutely continuous with respect to each other. In particular,

if the supports of P;, P, have measure-zero overlap, then inf, ®(7; P, P») equals to zero
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— the optimal test for two non-overlapping distributions P;, P has zero risk.

5.2.2 Least Favorable Distributions

Now we continue with finding the LFDs given the form of the optimal test in Lemma 5.1,

which corresponds to the remaining supermum part of the right-hand side of (5.4):

sup 1/1(P1,P2). (57)

P1EP1,PoeP2

Note that from the definition of ¢ in (5.6), the risk associated with the optimal test, the
problem of finding LFDs admits a clear statistical interpretation: the LFDs correspond to a
pair of distributions in the uncertainty sets that are closest to each other in the total variation
distance.

To tackle the infinite-dimensional variational problem (5.7), let us first discuss some
structural properties of the LFDs that will lead to a finite-dimensional convex reformula-
tion. Consider a toy example where ); = dg,, Q2 = d3,, i.e., there is only one sample in
each training data set. The goal of solving LFDs can be understood as moving part of the
probability mass on @w; and &, to other places such that the objective function ¢ (P, P;) is
maximized. Note that, to find the LFDs, we need to (i) move the probability mass such that
P, and P, overlap as much as possible, since the objective value ¢ (P;, P») depends only
on the common support; (ii) then if we were to move pj, from Wy, to a common point w € €2,
k = 1,2, in the least favorable way, then we solve min,cq[p;c(w, @) + pac(w, @2)] by the
definition of the Wasserstein metric. From the triangle inequality satisfied by the metric
c(+, ), we need w to be on the linear segment connecting &; and @, and in fact, it has to be
one of the endpoints ; or Ws. More generally, one can generalize this argument, and there
exist LFDs supported on the empirical observations.

The following lemma shows that the LFDs can be solved via a finite-dimensional

convex optimization problem. For simplicity, define the total number of observations
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n := nq + ns and the union of observations from both hypotheses:

~

@ = Ql UQQ

Without causing confusions, we re-label the samples in Q as {@', ..., 0"}

Lemma 5.2 (LFDs). The LFD problem in (5.7) can be reformulated as the following finite-

dimensional convex program:

max Z min {pll,pé}
=1

p1,p2€RY
71,726R1Xﬂ/
n n
subject to Z Z Vrtmc(@ ™) < O, k=1,2;
I=1 m=1 (5.8)

> Veim =@ 1< 1<k =1,2;
m=1

Z%,z,m =pi,1<m<n, k=12
=1

Above, the decision variables ~y; are square matrices that can be viewed as a joint dis-
tribution on Q x ) with marginals specified by ), and candidate LFDs p;. The Im-th
entry of - is specified by <., and the [-th entry of p; (respectively, (J;) is specified by
pl (respectively, Q). In the following, we will denote (P}, P;) as the LFDs solved from
(5.8). Note that Lemma 5.2 simplifies the LFD problem (5.7) from infinite-dimensional to
finite-dimensional, using the fact that there exist LFDs supported on a finite set Q C Qdue
to our analysis. We also comment that the complexity of solving the LFDs in (5.8) is inde-
pendent of the dimension of the data, once the pairwise distances c(&', &™) are calculated

and given as input parameters of the convex program.
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5.2.3 General Optimal Test

Thus far, we have found one of the LFDs defined on the discrete set of training samples ® by
solving the original minimax problem’s dual form. However, it may be common in practice
that the given test sample is different from all training samples. In this case, the current
optimal test in Lemma 5.1 is not well-defined. Moreover, this optimal test is not uniquely
defined when there is a tie between the likelihood of samples under two hypotheses. To
overcome these limitations, we will establish an optimal test that is well-defined anywhere
in the observation space ).

Our main result is the following theorem which specifies the general form of the optimal
test 7* and LFDs (P;, Py) to the saddle point problem (5.2), whose proof is given in the

Appendix.

Theorem 5.1 (General Optimal Test). Let Py, := PN 2 (Q), k = 1,2, and let (P}, P}) be
the LFDs solved from (5.8). The optimal test over the whole observation space 7 : ) —

0, 1] is given by

(i) On the support of training samples w € Q, ™ (w) =75 forw=0", m=1,...,n,
where ', € [0,1], m = 1,...,n, is the solution to the following system of linear
equations

. -~ x(~m : 1 - =~ ~lo~m
Z(l — ) Py (™) = min {)\191 + . 1r<nn?§n{1 — T — A (0, @ )}},
m=1 - =1 -

S ey 1§ - ~Usm L
mZ:l?rsz (@ ):AQE%{A?%*@;1?3§n{”m_AQC(W’“’ )}}7

the solution is guaranteed to exist.
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(ii) Off the support of training samples w € )\ Q, (w) € [l(w),u(w)], where

lw) = max{ max min {7*(@) + A\je(@, &) — Ne(w, @)} ,0} ,
1=1,...,n1 5eQ (5 10)

ufe) = min { i (@) — X5e@.34) + Aol @)1},
J=14eees n2 $eN

A\, k = 1,2 are the minimizers to the inf problems on the right hand side of (5.9),

and it is guaranteed that u(w) > ((w), Yw € Q\ (L

To illustrate Theorem 5.1, let us consider a toy example as shown in Figure 5.1. Suppose
the training samples for hypothesis Hj is ; = —2 and for hypothesis H; are &y = 1 and
w3 = 3. Then, the two empirical distributions (); is a point mass on w; = —2 and (),
is a discrete distribution that s = 1 and W3 = 3 occur with equal probability 1/2. By
setting the radii of the uncertainty sets §; = 6y = 1, the LFDs solution to (5.8) becomes
Pf(&y) = 0.69, Pf(Wy) = 0.28, P(3) = 0.03, and Py (W) = 0.29, Py(W,) = 0.28,
P} (Ws) = 0.43. Notice that there is a tie at the point we. Now we will invoke Theorem 5.1
to break this tie. According to (5.9), the general optimal test 7*(&J;), ¢ = 1,2, 3 needs to

satisfy:
1— W*(al) - X{c(@l,@l) =1- 7'['*(@2) - )\TC(@l,ag) =1- W*(ag) - )\TC(@l,ag).

Therefore, we can set 7*(Wy) = 1 — ¢(ly, W) /c(Wy,03) = 0.4. This means that the
optimal test at i, should accept the hypothesis H, with probability 0.4 (note that the tie
is not broken arbitrarily). As a comparison, consider a different case where W, = 2 while
everything else is kept the same. It can be verified that there is still a tie at W,. However,
this time we have 7%(2) = 1 — ¢(&y,Wa)/c(@Wy,W3) = 0.2, meaning that the optimal test
at Wy should accept the hypothesis Hy with probability 0.2. We note that in this simple

experiment, the chance of accepting H, decreases if we move J, away from ;, which is

99



consistent with our intuition as illustrated in Figure 5.1. Moreover, we also plot the upper
and lower bounds u(w) and ¢(w), as defined in (5.10), showing the range of the optimal test
off the support of training samples. This example also demonstrates the advantage of using
Wasserstein metrics in defining the uncertainty sets: the optimal test will directly reflect
the data geometry.

Empirical distributions Least Favorable Distributions (LFD) Optimal test T*(w) = P(accept Hy)

’ e w(w)
=0, = . t(w)
Casel I 1 =6, =1 I (o) =1 (@) = 04
I I = (@3) = 0.
& @, =—2 =
Tie

@D =-2 @y =-2
1 1

Case2 I B1=6,=1 I @) = 1I T =02

D, =2 by =-2 Wy =-2

Tie

Figure 5.1: A toy example illustrating the optimal test depends on the training data config-
uration. In these two cases, there are three samples, and only Ws is different, which takes
values 1 and 2, respectively. Note that the optimal test 7*(ioy) will change when the gap
between empirical samples are different. We also illustrate the upper and lower bounds
u(w) and ¢(w) from (5.10).

5.2.4 Extension to Whole Space via Kernel Smoothing

We observe that for samples w off the empirical support, it is possible to have u(w) strictly
larger than ¢(w) with u(-) and ¢(-) given in (5.10). In such cases, there are infinite choices
for 7*(w) according to Theorem 5.1. In this subsection, we describe a specific choice for
7*(w) under such situation by kernel smoothing. As a natural strategy, we may use kernel
smoothing to extend LFDs solved from (5.8) to the whole space. This can be done by
convolving the discrete LFDs with a kernel function G, : RY — R parameterized by a

(bandwidth) parameter h:

Plw) =Y Pr@")Ghw—a"), k=12, Vwe Q. (5.11)
=1
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There can be various choices of kernel functions. For instance, given normalized data, we

can use the product of one-dimensional kernel function g : R — R with bandwidth 4 > 0:

Gh(x):%Hg<%>,mERd.

An example of the kernel-smoothed LFDs is shown in Figure 1.1. Through convolution,
we can obtain the kernel-smoothed LFDs and the corresponding test 7; that is defined as
the optimal test for the simple hypothesis under (P}, P}) as specified in Lemma 5.1. To
ensure the risk after kernel-smoothing is comparable to that of the general optimal test
7, we truncate the resulted 7; such that (5.10) is satisfied after truncation. After such a
procedure, the test based on the kernel-smoothed LFDs will achieve a good performance

as validated by the numerical experiments in Section 5.4.

5.2.5 Test with Batch Samples

Testing using a batch of samples is important in practice, as one test sample may not achieve
sufficient power. We can construct a test for a batch of samples by assembling the optimal
test for each individual sample. Assume m 1.i.d. test samples wy, wo, ..., wy,. Consider
a batch test based on the “majority rule” with the acceptance region for H, defined as

A= {(w,wa, o wn) s T (W, Wa, W) > 1/2}, where

1 m
T (W1, Wy -y Wiy) = — ZW*(wi),
i=1

can be viewed as the fraction of votes in favor of hypothesis H, (due to Lemma 5.1). We

can bound the risk of such a majority rule batch test as follows.

Proposition 5.1 (Risk for batch test). The risk of the test 7™ (w1, . . . ,wy,) is upper bounded
by
max{ sup Pp, [A], sup Pp, [AC]} < Z <m) (€) (1 — )™,
i

PiePy PyePo m/2§z§m
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where

* x,
€= sup O P, P),
P1eP1,PoeP2

is the worst-case risk of the optimal randomized test and A is the acceptance region for H,.
Thus, when ¢* < 1/2, the above probability tends to 0 exponentially fast as the batch size

m — OQ.

5.3 Optimal Radii

In this section, we discuss how to choose the radii 61, 65, which is critical to the performance
of the robust optimal test. There is clearly a tradeoff: when the radius is too small, the
optimal test is not robust and does not generalize to new test data; while the radius is
too large, the solution may be too conservative, causing performance degradation. We
expect sample sizes ny to play a major role in determining the optimal radii and thus in
the following we emphasize by denoting the radii as ¢;,, and the empirical distributions
as Qg.n,- It should also be remembered that the uncertainty sets Py (6;, ), k¥ = 1,2, also
depend on the sample sizes. We will show that the theoretically optimal radii 0 ,, <
O(n,""), k = 1,2 for all distributions on the sample space 2 C R?. The order O(n, /") is
the worst-case scenario that be achieved. In particular, we would like to point out that the
worst-case radii coincides with the common strategy for establishing theoretical guarantees
by requiring the uncertainty sets to contain true distributions with high probability. This is
because the empirical Wasserstein metric has poor concentration properties [31] and will
lead to radii choices O(n; /") as well.

To characterize the optimal radii, we adopt an alternative technique inspired by using
empirical likelihood to study distributionally robust optimization [114, 26]. The strategy is
as follows. We define the optimal test for true distributions as the oracle; however, since

the true distributions are unknown, such an oracle test is also unknown. Our goal is to

select the smallest radii that are sufficiently large such that the oracle test is achievable
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with high probability. To this end, we define a set S that contains all pairs of distributions
that lead to the oracle test. Then within the set S, we find the closest distribution to the
empirical distributions with respect to the Wasserstein metric; intuitively, this gives rise to
the tightest radii that meet our goal. Then we discuss the asymptotic performance of such
distance and thus the radii; we can show that such a choice will lead to the oracle test with
high probability.

To state the precise result, we start with two definitions. Let P, P; be the underlying
true distributions of the hypotheses H, and H; respectively. Define the oracle test 7°
corresponding to the true distributions as specified by Lemma 5.1. Also define the set of
optimal tests for resolving simple hypothesis for all pairs of distributions in our uncertainty

sets with radii 0, ,,, and 05 ,,, (using Lemma 5.1):

H(91,n1,92,n2) = {7’(‘ . Eipl € 731(917”1),]32 € 7)1(92,7”), s.t. ™ & argmin (I)(ﬂ'/; Pl, PQ)}

™

We are interested in finding the radii such that the set is likely to include the oracle test
7° € II(611,,02,,) following the similar idea of [114, 26]. To achieve this goal, we
introduce a set S that contains all possible pairs of distributions giving rise to the oracle
test 7°:

S :={(P, P) : 7° € argmin ®(m; P, P»)}.

m:Q—[0,1]
Note that S is guaranteed to be non-empty since it at least contains the true distribution
{Py, Ps}. Then consider within S, the distributions that are closest to the empirical dis-
tributions and define the so-called profile function to capture the notion of “distance to the

empirical distributions” within the set:
Fn1,n2 = inf maX{W(Pk’ Qk,nk)}; (512)

{P;,P>}€S k=1,2

here the subscript indicates its dependence on the sample sizes n; and ny. Clearly if the
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radii 01 ,,,,02,, > Fy, 0, then the intersection (P;(61,,,) X Pa(f2,0,)) NS is nonempty,

and thus 7° € I1(0, ,,,, 02, ), as illustrated in Figure 5.2.

|II

“empirical” distributions
{Ql,m ) QZ,nz}

’

! Fn] N2

®
S {P,, P>}
“oracle” test
“true” distributions

o V -

Figure 5.2: An illustration of the profile function. The set S contains all pairs of distribu-
tions { P, P, } such that the oracle test is optimal; F,,, ,,, denotes the minimal distance from
the empirical distribution to the set S.

We first derive an equivalent dual representation of the profile function F,,, ,,. We

partition the sample space € as
Q) ={weQ:dPf(w) > dPy(w)}, Qf :={weN:dP{(w)<dP;j(w)}.

Thereby the oracle test 7° accepts hypothesis Hj on set €25 and accept hypothesis /{; on set
25; and the boundary between €27 and 23 corresponds to the decision boundary of the oracle
test 7°. Denote by B, () (Lip(2)) the set of bounded and non-negative (respectively, 1-

Lipschitz continuous) functions on 2. Define the function class
A= {a = allg; — ol : oy € By (20) NLip(Q), a(wp) = 0, k = 1,2}, (5.13)

where 1 is the indicator function and wy, € €27, k = 1, 2. Thus for each function o € A,
the positive part is on 25 and the negative part is on €2{, and all functions in A coincide on

wy,w;. We have the following lemma, whose proof is given in Appendix.
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Lemma 5.3. The profile function F,,, ,,, defined in (5.12) equals

Fnlmz = sup EalNQl,nl |: inf {)\IC(W,&)\1> + a(w)}i|
)\17)\2207)\,14+)\2S1 wEeN
ac

+ By, [ inf {ac(w, 32) - a(w)}} }

We note that the objective function, denoted as Fy (A1, A2, &), of the above supreme

problem can be decoupled into two terms: Fiy (A1, Ay, @) = En(A, A2, ) + Gy (),

where
ni(N)
En(Ai, A2, @) > inf {he(w, @) + elw) — (@)}
TLl(N) weN
1 na(N) A
) > inf Doc(w, @) — (e(w) — (@)},
n1(N) n2(N)
Gr(@) = s 3 al@l) — s 3 al@)

It follows that Ex (A1, A2, @) < 0 since the inf value is non-positive by taking w = @} and

w = @), respectively, whence Fiy (A1, Ay, &) < Gy (cx) and

Fri(V)na(v) < sup G ().
acA

Based on the definition of the set A, we observe a close-form solution for sup, 4 Gn ()
as follows. By definition of A, a(&}) < 0 for @ € QF and a(@}) > 0 for &} € Q3.
Therefore, to maximize Gy (c), we should let o (&%) = 0 for & € Q and a(@)) = 0 for
@} € Q5. In addition, since a1, o, are 1-Lipschitz, we have a (@) < min;, 5o (@, &)

for 0} € QF and ev(@3) > — miny, ;i cqo ¢(@y, &) for &y € Qf. Hence we have

1 TS o
sup Gy(a) = — g min (W), %) + — g min ¢(@W3, ©7). (5.14)
acA ny = @iens Ng 0Ny
i W€y Ji WhEQS
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To ease the exposition, we consider a balanced sample size regime by assuming n; :=
n1(N) and ny := ny(N) such that limy_,o nq1(NV)/ne(N) = 1, although our results can
be generalized to the setting where the sample size ratio converges to a positive constant.
Under this regime, we denote the sample sizes using a single parameter N. Assume f; and
f2 are the density functions for the true distributions P and Py, respectively. The right-
hand side of (5.14) consists of minimum distances between samples in two sets, whose
limiting distribution can be computed theoretically in similar works [59, 150, 211, 151].
Here we restate the result in [59] to provide explicitly the constant factor within order
O(N~Y), Under mild conditions on the support and data-generating distributions, in
particular, if the sets 27, {25 are compact convex sets and the densities fj are continuous on
(2 and has bounded partial derivatives on €2, and f;(w) > 0, for all w € Q, k = 1,2, then

[59] has shown that as N — oo, the right-hand side of (5.14) converges to

I(1+1/d) fi(x) hl) i
Vil </ T, T ) 15

o o
2 1

where V; = 7%2/I'(1 + d/2) is the volume of the unit ball in RY, T'(z) = [° 2" 'e *dz is
the Gamma function. This shows that the order of the limiting upper bound for the profile
function is O(n~'/?). Compared with the same order obtained from the convergence of
empirical measures in Wasserstein distance [62], the constant term in (5.15) shows the ex-
plicit dependence on the underlying data-generating distributions and the relation between
two density functions.

We remark that although we adopt a similar principle as used in [26, 185] by consider-
ing the profile function F,,, ,,,, the proof in our case is technically much more challenging,
because: (1) the uncertainty set here involves the empirical samples from two classes, while
there is only one uncertainty set in [26, 185]; (2) the introduced variable o, oy are func-
tions in the continuous samples space, not the finite-dimensional vector as in [26], thus the

optimality condition is not a simple first-order condition but involves inequalities due to the
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Figure 5.3: Consider a simulated example with the null distribution N (0, 1) and the alter-
native distribution (4, 1). We illustrate the dual profile function F,,, ,, as a function of (a)
the mean shift ;2 and (b) the sample size n, which are consistent with our theory.

variational principle; (3) the inequality constraint here differs from the equality constraints
in [26, 185], resulting in an additional supreme involved in the constraint for solving F,,, ,,,.

Thus, we develop quite different analytical techniques here.

5.4 Numerical Experiments

In this section, we present several numerical experiments to demonstrate the good perfor-

mance of our method.

5.4.1 Synthetic Data: Testing Gaussian Mixtures

Assume data are 100-dimensional and the samples under two hypotheses are generated
from Gaussian mixture models (GMM) following the distributions 0.5\ (0.4e, [100) +
0.5N (—0.4e, I190) and 0.5N(0.4f, I190) +0.5N (—0.4f, I10), respectively. Here e € R
is a vector with all entries equal to 1, and f € R!% is a vector with the first 50 entries
equal to 1 and remaining 50 entries equal to —1. Consider a setting with a small number
of training samples n; = ny = 10, and then test on 1000 new samples from each mix-
ture model. The radius of the uncertainty set and the kernel bandwidth are determined by

cross-validation.
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Table 5.1: GMM data, 100-dimensional, comparisons averaged over 500 trials.

# observation (m) Ours GMM  Logistic Kernel SVM  3-layer NN

1 0.2145 0.2588  0.4925 0.3564 0.4164
2 0.2157 0.2597  0.4927 0.3581 0.4164
3 0.1331  0.1755  0.4905 0.3122 0.3796
4 0.1329 0.1762  0.4905 0.3129 0.3808
5 0.0937 0.1310  0.4888 0.2877 0.3575
6 0.0938 0.1315  0.4881 0.2893 0.3570
7 0.0715 0.1034  0.4880 0.2727 0.3399
8 0.0715 0.1038  0.4876 0.2745 0.3401
9 0.0579  0.0850  0.4873 0.2634 0.3264
10 0.0578  0.0851 0.4874 0.2641 0.3267

We compare the performance of the proposed approach with several commonly used
classifiers. They are comparable since binary classifiers can be used for deciding hypothe-
ses, although they are designed with different targets. The competitors include the Gaussian
Mixture Model (GMM), logistic regression, kernel support vector machine (SVM) with ra-
dial basis function (RBF) kernel, and a three-layer perceptron [66] to illustrate the perfor-
mance of neural networks. The results are summarized in Table 5.1, where the first column
corresponds to the single observation scheme, while other columns are results using mul-
tiple observations, with the number of observations m varying from 2 to 10. We use the
majority rule for GMM, logistic regression, kernel SVM, and three-layer neural networks
(NN) for testing batch samples. Note that there are over 2500 parameters in the neural net-
work model with two hidden layers (50 nodes in each layer), which is challenging to learn
when the training data size is small. Moreover, given only ten samples per class, estimating
the underlying Gaussian mixture model is unrealistic, so that any parametric methods will
suffer. The results demonstrate that when there is a small sample size, our minimax test

outperforms other methods.
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5.4.2 Real Data: MNIST Handwritten Digits Classification

We also compare the performance using MNIST handwritten digits dataset [117]. The full
dataset contains 70,000 images, from which we randomly select five training images from
each class. We solve the optimal randomized test from (5.8) with the radii parameters cho-
sen by cross-validation. For the batch test setting, we divide test images from the same
class into batches, each consisting of m images. The decision for each batch is made using
the majority rule for the optimal test in Section 5.2.5, as well as for logistic regression and
SVM. We repeat this process to 500 randomly selected batches, and the average misclas-
sification rates are reported in Table 5.2. The results show that our method significantly
outperforms logistic regression and SVM. Moreover, the performance gain is higher in the
batch test setting: the errors decay quickly as m increases. Note that the neural network-
based deep learning model is not appropriate for this setting since the data-size is too small
to train the model.

Table 5.2: MNIST data, comparisons averages over 500 trials.

# observation (m) Ours Logistic SVM
1 0.3572 0.3729 0.3674
2 0.3631 0.3797 0.3712
3 0.2772 0.2897 0.2840
4 0.2122 0.2239 0.2169
5 0.1786 0.1882 0.1827
6 0.1540 0.1643 0.1588
7 0.1347 0.1446 0.1391
8 0.1185 0.1276 0.1222
9 0.1063 0.1160 0.1119

—_
)

0.0960 0.1057 0.1010

5.4.3 Application: Human Activity Detection

In this subsection, we apply the optimal test for human activity detection from sequential
data, using a dataset released by the Wireless Sensor Data Mining Lab in 2013 [126, 213,

104]. In this dataset, 225 users were asked to perform specific activities, including walking,
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jogging, stairs, sitting, standing, and lying down; the data were recorded using accelerom-
eters. Our goal is to detect the change of activity in real-time from sequential observations.
Since it is difficult to build precise parametric models for distributions of various activities,
traditional parametric change-point detection methods do not work well. We compare the
proposed method with a standard nonparametric multivariate sequential change-point de-
tection procedure based on the Hotelling’s 7'-squared statistic [135]. The raw data consists
of sequences of observations for one person; each sequence may contain more than one
change-points, and the time duration for each activity is also different. For this experiment,
we only consider two types of transitions of activities: walking to jogging and jogging to
walking. We extract 360 sequences of length 100 such that each sequence only contains
one change-point.

We construct a change-point detection procedure using our optimal test as follows.
Denote the data sequence as {w;, ¢ = 1,2,...}. At any possible change-point time ¢, we
treat samples in time windows [t — w,¢ — 1] and [t 4+ 1,¢ + w] as two groups of training
data and find the LFDs { P}, Py} by solving the convex problem in Equation (5.8). Then
we calculate the detection statistic as Pj (w;) — P;(w;), inspired by the optimal detector in
Lemma 5.1. We couple this test statistic with the CUSUM-type recursion [146], which can
accumulate change and detects small deviations quickly. The recursive detection statistic
is defined as S; = max{0, S;—1 + P5(w) — P;f(wt)}, with Sp = 0. A change is detected
when S; exceeds a pre-specified threshold for the first time. Such scheme is similar to the
combination of convex optimization solution and change-point detection procedure [34]. In
the experiment, we set the window size w = 10 and choose the same radii for uncertainty
sets using cross-validation. The Hotelling’s T-squared procedure is constructed similarly.
Using historical samples, we estimate the nominal (pre-change) mean jz and covariance
5. The Hotelling’s T-squared statistics at time ¢ is defined as (w; — ) S (w; — [i)
and the Hotelling procedure uses a CUSUM-type recursion: H; = max{0, H;_; + (w; —

i) S w — A}
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We compare the expected detection delay (EDD) versus Type-I error. Here EDD is
defined as the average number of samples that a procedure needs before detects a change
after it has occurred, which is a commonly used metric for sequential change-point detec-
tion [223]. The Type-I error corresponds to the probability of detecting a change when
there is no change. We consider a range of thresholds such that the corresponding Type-I
error is from 0.05 to 0.35. The results in Figure 5.4 show that our test significantly out-
performs Hotelling’s T-squared procedure in detecting the change quicker under the same

Type-I error.
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Figure 5.4: Comparison of the Expected Detection Delay (EDD) of our test with the
Hotelling’s T-squared procedure for detecting two type of activity transitions: jogging to
walking (left) and walking to jogging (right).

5.5 Conclusion and Discussions

We present a new approach for robust hypothesis testing when there are limited “training
samples” for each hypothesis. We formulate the problem as a minimax hypothesis test-
ing problem to decide between two disjoint sets of distributions centered around empirical
distributions in Wasserstein metrics. This formulation, although statistically sound — can
be treated as a “data-driven” version of Huber’s robust hypothesis test, is computation-
ally challenging since it involves an infinite-dimensional optimization problem. Thus, we
present a computationally efficient framework for solving the minimax test, revealing the

optimal test’s statistical meaning. Moreover, we characterize the optimal radius’s asymp-
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totic distribution and shed light on the optimal test’s generalization property. Furthermore,
we discuss how to extend the minimax test from empirical support to the whole space and
use it for the “batch” test settings and demonstrate its good performance on simulated and
real data.

The method can be kernelized to handle more complex data structures (e.g., the ob-
servations are not real-valued). The kernelization can be conveniently done by replacing
the metric ¢(+,-) used in solving the optimal test (5.8) with other distances metrics be-
tween features after kernel transformation. Take the Euclidean norm as an example. Given
a kernel function /C(-,-) that measures similarity between any pair of data, the pairwise
norm c(w!, w™) = le - me in (5.8) can be replaced with the kernel version distance
K(w!,w™). Moreover, this means that the proposed framework can be combined with fea-

ture selection and neural networks.
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CHAPTER 6
CONVEX PARAMETER RECOVERY FOR INTERACTING MARKED
PROCESSES

This chapter studies the parameter recovery for spatio-temporal marked processes. This
work is mainly summarized in [100]. Section 6.1 discusses the parameter estimation of
the single-state network Bernoulli process. Section 6.2 presents the performance guar-
antee in terms of the recovery error and the entry-wise confidence intervals. Section 6.3
and Section 6.4 discuss extensions to the multi-state Bernoulli process and non-linear link
functions, respectively. Section 6.5 discusses the properties of the Maximum Likelihood
estimate of parameters of the general Bernoulli process. Section 6.6 illustrates the applica-
tion of the proposed approach using various simulation examples and a “real-world” data

analysis of crime events in Atlanta.

6.1 Spatio-Temporal Bernoulli Process and Parameter Estimation

We consider the spatio-temporal Bernoulli process with discrete-time over discrete loca-
tions. Specifically, we assume that the discrete-time and location grid we deal with is fine
enough so that we can neglect the possibility for more than one event to occur in a cell of

the grid. We will model the interactions of these events in the grid.

6.1.1 Single-State Model

Define a spatio-temporal Bernoulli process with memory depth d as follows. We observe
on discrete time horizon {t : —d + 1 <t < N} random process as follows. At time ¢ we
observe Boolean vector w; € R with entries wy, € {0,1},1 <k < K. Here wy, = 1 and

wy = 0 mean, respectively, that at time ¢ in location & an event took/did not take place. We
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set:

wt:{wska_d‘f‘l <s<t1 S,I{;S}(}EIK(IS—F&%)XK7

Wi ={ws, T<s<t,1<k< K} e RE-THDXE

In other words, w' denotes all observations (at all locations) until current time ¢, and w’

contains observations on time horizon from 7 to ¢.

t/ /

1 “ ok = K0

i

Figure 6.1: Illustration of the discretized process. Observation wy, k = k(i, ) is at the
location of a 3d spatio-temporal grid.

We assume that for ¢ > 1 the conditional probability of the event wy, = 1, given the

1

history w'™?, is specified as

d K
Bt Y > Brwu-se 1<k <K, 6.1)

s=1 (=1
where 8 = {fk, 85, : 1 <s<d,1 <k, ¢<K}isacollection of coefficients. Here

e [ corresponds to the baseline intensity at the k-th location (i.e., the intrinsic prob-
ability for an event to happen at a location without the exogenous influence, also

called the birthrate);

e [3;, captures the magnitude of the influence of an event that occurs at time ¢ — s at the
(-th location on chances for an event to happen at time ¢ in the k-th location; so the

sum in (6.1) represents the cumulative influence of past events at the k-th location.
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Throughout this chapter, d is considered as a pre-specified parameter of the procedure. In
reality, it can be tuned by verifying the “predictive abilities” of models with different d’s
for a given dataset. Since the probability of occurrence is between 0 and 1, we require the

coefficients to satisfy

0 <05+ Zgzl Zf:l min [53,,0], Vk <K,
1> B +Zg=1 Zf:lmax 1830, 0], VE<K.

(6.2)

Note that constraints in (6.2) allow some of the coefficients 3}, to be negative, permit-
ting the corresponding model to capture the inhibitive effect of past events. Our goal is to
recover the collection of parameters (3 using a set of observations w” . Instead of using the
classical loss function approach, we reduce the estimation problem to another problem with
a convex structure, a variational inequality (VI) with monotone operators, see Chapter 2.3

for preliminaries.

6.1.2  Variational Inequality for Least Squares (LS) Estimation

Let k = K + dK?; we arrange all reals from the collection 3 in (6.1) into a column vector

(still denoted as ():

ﬁ: [617'"7ﬁK751117-"7ﬂ{l17ﬂ11K7"'7ﬁfK7"'75}{K7"'76§{K]T ERK'

Note that constraints (6.2) above state that 8 must reside in the polyhedral set B given by
explicit polyhedral representation. Assume that we are given a convex compact set X C B
such that § € AX’; thus X means the domain of 5. Clearly, the inclusion X C B is a
must in our model, but one can cut X off B by additional constraints reflecting additional

a priori information on model’s parameters. Our model says that for ¢ > 1, the conditional
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expectation of w; given w'™!is n T (w!=1)5:

Pt {w =1} =0 (W 73)B,

for a known to us function 7(-) which is defined on the set of all zero-one arrays w! ) €

{0,1}%*X and takes values in the matrix space R"*¥:
n'(wimy) = | I, Ix @ vec(w!=H)T | € RF™, (6.3)

where [ is a K x K identity matrix, ® denotes the standard Kronecker product, and vec(-)
vectorizes a matrix by stacking all columns. Note that the matrix 7(w!"}) is Boolean and
has at most one nonzero entry in every row. Indeed, (6.1) says that a particular entry in
B, By or 3}, affects at most one entry in " (w!”}) 3, namely, the k-th entry, implying that

each column of " (-) has at most one nonzero entry.

Consider a vector field F' : X — R*, defined as
1 N
P(z) = B {Z[n(wi‘é)?f (@i = n<w:—;>wt]} X SR

t=1

where E_~ denotes expectation taken with respect to the distribution of w’¥ (notation E,: is
similarly defined). Below, all expectations and probabilities are conditional given a specific
realization of the initial fragment w? ;, ; of observations.

Observe that we have

(F ()~ ()7~ ) = 3 S B {2 — ) Tnl=hn T (=) — )} > 0¥,y € &

Thus, the vector field F' is monotone (see Chapter 2.3 for details). Moreover, we have
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F(B) =0, since

F(8) = HEun { 20y n(wi d>[nT<w§:;>ﬂ —w}
= L5 B (DT (D)8 — wi]}
= 5 Loy Burr {n(wiz é [ (wi~d)B — Eporr{wi}]}
= LS B {n(wl= )T (@8 — 0T (WEDBI} =0,

where |1 denotes the conditional expectation given w'~!. Therefore, 3 € X is a zero of
the monotone operator F' and therefore it is a solution to the variational inequality VI[F, X].

Now consider the empirical version

_ 1 -
wN {Nzt 1 t— wﬁ_i)} T — \Nzt:m(wz—fli)wt (6.4)

A[wN]

of vector field F'. Note that F,~ (z) is monotone and affine, and its expected value is F'(z)

at every point .
We propose to use, as an estimate of /3, a weak solution to the Sample Average Approx-

imation of VI[F, X'], i.e., the variational inequality:
findz € X : (F~v(w),w—2)>0, YwedlX. VI[F v, X]

The monotone vector field F,~(-) is continuous (even affine), so that weak solutions to
VI[F,~, X] are exactly the same as strong solutions (defined in Chapter 2.3). Moreover,

the empirical vector field F,~ () is just the gradient field of the convex quadratic function

N
Z In" (wiZh)x — will3, (6.5)

so that weak (same as strong) solutions to VI[F,,~, X] are just minimizers of this function

on X. In other words, our estimate based on solving variational inequality is an optimal
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solution to the Least Squares (LS) formulation: the constrained optimization problem

min ¥~ (z) (6.6)

reX

with a convex quadratic objective. Problem (6.6), the same as a general variational inequal-
ity with a monotone operator, can be routinely and efficiently solved by convex optimiza-

tion algorithms.

6.2 Toward Performance Guarantees

Our objective in this section is to construct non-asymptotic confidence sets for parameter
estimates built in the previous section. Utilizing concentration inequalities for martingales,
we can express these sets in terms of the process observations in the spirit of results of
[101, 125, 82].

Observe that the vector of true parameters (5 underlying our observations not only solves

variational inequality VI[F, X], but also solves the variational inequality VI[F,,~, X, where

with A[w”] defined in (6.4).

In fact, (3 is just a root of F~(z): F,~(3) = 0. Moreover, the monotone affine
operators F, v (z) and F,~ () differ only in the value of constant term: in F, v (z) this
term is a[w”], and in F,~ () this term is @w”]. Thus, equivalently, 3 is the minimizer on

X of the quadratic form

n(z) N Z In" ( Wi~ g)T — (Wt 28115,
and the functions ¥ in (6.5) and ¥ above differ only in the constant terms (which do not
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affect the results of minimization) and in the linear terms. Moreover, the difference of the

vectors of coefficients of linear terms is given by (due to F,~ () = 0):

Ar 1= Fus (9)~Fon(B) = Fun(8) = alw™]—afu] = %Z (DT (@) — wil.

(6.7)

Note that this is the same as the difference of constant terms in F,~(-) and F~(-). Since

the conditional expectation of w; given w'~ ! is n' (w/~})B, we have Ej,1[¢] = 0. Thus,
& 1s a martingale-difference.

Concentration bounds for F,,~ (/3) can be obtained by applying general Bernstein-type

inequalities for martingales.

Lemma 6.1. Forall e € (0,1) vector F_n(3) = Ap in (6.7) satisfies

N {||FWN(5)||OO > lnf;/ ) 4 m(;;/ 6)} <e. 6.8)

Proof. Both w; and " (w!~})3 are vectors with nonnegative entries not exceeding 1, we
have ||n"(w!"})B — will« < 1. Besides this, n(w!") is a Boolean matrix with at most
one nonzero in every row, whence |77 (w!"1)z|le0 < [|2]l for all 2, thus ||& ]l < 1.
Furthermore, the conditional variance of components of w; is bounded by 1/4, so, applying
the Azuma-Hoeffding inequality [12] to components (F, ~(5))x, k = 1,..., K, of F ~ ()

we conclude that

]P)WN{|(FwN(6))k| > “2N+3—N} 2€Xp{ l‘} V1 <k‘<l{ x> 0.

The latter bound results in (6.8) by application of the total probability formula. a
A somewhat finer analysis allows to establish more precise data-driven deviation bounds

for components of F, v (/).
Lemma 6.2. Forall y > 1, entries (F,n(03))g, k = 1, ..., K, of F,~ () satisfy, with proba-
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bility at least 1 — 2e(y[In((y — 1)N) + 2] +2)e7Y,

alw™y — ¥(alw™]k, N y)

IA

(Fun (B))i < alw™]e — Y(alw™]r, Niy),  (6.9)

where a|w™ ] is the k-th component of a[w™] as in (6.4) and lower and upper functions

U(+), ¥(-) are defined in relation (D.4) in the Appendix.

We are about to extract from this Lemma upper bounds on the accuracy of recovered co-
efficients. Recall that our estimate 3 := 3(w™) solves the variational inequality VI[F,~, X]
with F v (z) = AlwN]z — a[w™] in (6.4). Note that A[w”] is positive semidefinite (we
write A > 0, and we write A > 0 for positive definite A). Given A € R*** A > 0, and

p € [1, 00], define the “condition number”:
— T 2 K
0,[A] :=max {0 >0:¢9"Ag > 0||g|2, Vg eR"}. (6.10)
Observe that 6,[A] > 0 whenever A > 0, and that for p, p’ € [1, 00| one has

1
9" Ag > 5 {G:[Alllglly + 6 [Alllgll5 } > /0p[ A0y [ANllglll gl (6.11)

The following result is immediate:

Theorem 6.1 (Bounding /,, estimation error). For every p € [1, 00] and every w™ one has

1B@N) = Bllp < IIFwN(ﬁ)Iloo/\/Gp[A[wN]]é’l[A[wN]]- (6.12)

As a result, for every € € (0, 1), the probability of the event

1B = Blly < (BplAL" r[ALN]) ™ ( /o | e/ €>> Wpe Lo

(6.13)

is at least 1 — ¢
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Proof. Let us fix w™ and set 3 = Blw™], A = A[w"]. Since F_(-) is continuous and 3
is a weak solution to VI[F~, X], B is also a strong solution: <FWN<B), z— @ > ( for all
z € X; in particular, (F,, N(//@\) 6—3} > 0. On the other hand, FWN(B) = F(B)—A(ﬁ—g).
Asaresult, 0 < (F~(B), 8 — B) = (F.x(8) — A(8 — B), B — B), whence

(B—B)TAB —B) < (Fn(B), B8~ B) <||Fun(B)]loollB — Bl1- (6.14)

Setting p’ = 1in (6.11), we obtain

(B=B)TAB—B) = /6 AJll8 = BlIx1I8 = Bll,.

This combines with (6.14) to imply (6.12); then (6.12) together with (6.8) imply (6.13). O

Remark 6.1 (Evaluating the condition number). To assess the upper bound (6.13) one
needs to compute “condition numbers” 6,[A] of a positive definite matrix A. The compu-
tation is easy when p = 2, in which case 5[ A] is the minimal eigenvalue of A, and when
p = 00!

Ooo[A] = min {27 Az : ||z]|e < 1,2, = 1}

1<i<k

is the minimum of « efficiently computable quantities. In general, 6 [A] is difficult to com-
pute, but this quantity admits an efficiently computable tight within the factor 7/2 lower
bound. Specifically, for a symmetric positive definite A, min {27 Az : ||z||; = 1} is the
largest 7 > 0 such that the ellipsoid {z : z" Az < r} is contained in the unit || - |;-
ball, or, passing to polars, the largest  such that the ellipsoid y' A~'y < r~! contains
the unit || - ||«-ball. Because of this, the definition of 6;[A] in (6.10) is equivalent to
0:1[A] = [max)y <1 zT A7 z] !, It remains to note that when @ is a symmetric posi-

tive semidefinite x X s matrix, the efficiently computable by semidefinite relaxation upper
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bound on maxy,. <1 ' Qz, given by

min {Z At A >0, Vi; Diag{\, ..., A} = Q} ,

is tight within the factor 7/2 [140].

Under favorable circumstances, we can expect that for large N the minimal eigenvalue
of A[w™] will be of the order of one with overwhelming probability implying that the
lengths of the confidence intervals (6.16) go to 0 as N — oo at the rate O(1/+/N). Note,
however, that inter-dependence of the “regressors” 7(w!_}) across ¢ makes it difficult to
prove something along these lines.

We can use concentration bounds of Lemmas 6.1 and 6.2 to build confidence intervals
for linear functionals of (. For instance, inequality (6.9) of Lemma 6.2 leads to the follow-
ing estimation procedure of the linear form e(f5) = e' B, e € R*. Given y > 1, consider

the pair of optimization problems

elw?,y] = min {eTz: 2 e X, ¢(alw]i, N;y) < (AlwN]2)e < P(alwM]y, N;y),VE},

elw™,y] = m;xx{eTx S € X,y(a[wN]k, N;y) < (AlwN2) < Plafw], N;y),Vk} ,

where ¢ (-) and 1) (-) are defined as in (D.4) of the appendix. These problems clearly are
convex, so e[w”,y] and e[w’,y| are efficiently computable. Immediately, we have the

following:

Lemma 6.3. Given y > 1, the probability of the event
elw",y] <e'p <elw",y], Ve, (6.16)

is at least 1 — 2ke(y[In((y — 1)N) + 2] +2)ev.
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Indeed, when events

alw™]e = P(alw™]e, Niy) < Fov(B)r < alw™]e — Y(alw™]e, Niy), k=1,...,k,

take place, /3 is a feasible solution to optimization problems in (6.15). Due to Lemma 6.2,
this implies that (6.16) takes place with probability at least 1 — 2xe(y [ In((y — 1)N) +2] +

2)e_y.

6.3 Multi-State Spatio-Temporal Processes

In this section, we consider the multi-state spatio-temporal process in which an event out-
come contains additional information about its category [134]. So far, we considered the
case where at every time instant ¢ every location k£ maybe be either in the state wy, = 0
(“no event”), or wy, = 1 (“event”). We are now extending the model by allowing the state
of a location at a given time instant to take M > 2 “nontrivial” values on the top of the
zero value “no event.” In other words, observation of the multi-state Bernoulli process is
categorical — we can either observe no event or observe one of M possible event outcomes.

We define M-state spatio-temporal process with memory depth d as follows. We
observe a random process on time horizon {t : —d + 1 < t < N}, observation at
time ¢ being w; = {wy, € {0,1,...,M},1 < k < K}. For every t > 1, the condi-
tional, W' = (W_g41,w_g42,...,w;_1) given, distribution of wy is to be of category p,

1 <p < M, is given by

d K
Pt {wn = p} = Be(p) + > Y Bl wa—s)e), (6.17)

s=1 (=1

and the probability for wy to take value O (no event or “ground event”) is the complemen-
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tary probability

M d K
Pt {wtk = 0} =1- Z ﬁk(p) + Z Zﬁ p7w(t s)é
p=1 s=1 /=1

In other words, ;,(p, q) is the contribution of the location ¢ in state ¢ € {0,1,..., M}
at time ¢t — s to the probability for the location k to be in state p € {1,..., M} at time ¢,
and Bi(p), p € {1,..., M} is the “endogenous” component of the probability of the latter
event.

Of course, for this description to make sense, the [-parameters should guarantee that
for every w'™!, that is, for every collection {w,, € {0,1,..., M} : 7 <t,1 < (< K}, the
prescribed by (6.17) probabilities are nonnegative and their sumoverp =1,..., M is < 1.

Thus, the S-parameters should satisfy the system of constraints

0< Bi(p) + Xy Xy min B(p @), 1<p< M, 1<k <K,
(6.18)

122;\1151@( )+ZS 1Ze 1 nax Zp Biq), 1< k< K.

0<g<M

The solution set BB of this system is a polyhedral set given by explicit polyhedral representa-
tions. We are given convex compact set X in the space of parameters 5 = {3k, 53,(p, ¢), 1 <
s<d, 1<k (<K, 1<p<MO0<gqg< M} suchthat X contains the true parameter /3
of the process we are observing, and X is contained in the polytope B given by constraints
(6.18).

We arrange the collection of [-parameters associated with a M -state spatio-temporal
process with memory depth d into a column vector (still denoted /) and denote by « the
dimension of 3. In general, kK = KM + dK*M?. However, depending on application, it
could make sense to postulate that some of the components of /3 are zeros, thus reducing the
actual dimension of /3; for example, we could assume that Sy(+, -) = 0 for some “definitely
non-interacting” pairs k, ¢ of locations.

Note that (6.17) says that the M -dimensional vector of conditional probabilities for wy
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to take values p € {1,..., M} given w'tis [ (w!”}) 3], with known to us function 7,(-)

defined on the set of arrays Wf:é € {0,1,..., M}¥¥ and taking values in the space of
x x M matrices. Note that the value of wy is the index of the category, and does not mean
magnitude. Same as above, nk(wfljll) is a Boolean matrix.

To proceed, for 0 < ¢ < M, let x, € RM be defined as follows: xo = 0 € RM, and
Xq¢» 1 < g < M, is the g-th vector of the standard basis in RM. In particular, the state wyy
can be encoded by vector Wy, = X.,,, and the state of our process at time ¢ — by the block
vector W, € RMX with blocks Wy, € RM, k = 1, ..., K. In other words: the k-th block in

w; is an M-dimensional vector which is the p-th basic orth of R when w;, = p > 1, and

is the zero vector when wy, = 0. Arranging x x M matrices 7 () into a matrix

n(-) = (), s ()] € {0, 1} MK

we obtain

B {@e} = 0" (w298 € RMY,

where [E -1 is the conditional expectation given w1, Note that similarly to Section 6.1.1,
(6.17) says that every particular entry in /3, B(p) or 35,(p, q), affects at most one of the
entries in the block vector [ (w!~})B; ...; ng (wi~}) 3] specifically, the p-th entry of the k-th
block, so that the Boolean matrix 7(w!~}) has at most one nonzero entry in every row.

Note that the spatio-temporal Bernoulli process with memory depth d, as defined in
Section 6.1.1, is a special case of M-state (M = 1) spatio-temporal process with memory
depth d, the case where state O at a location contributes nothing to probability of state 1 in
another location at a later time, that is, 5;,(1,0) = 0 for all s, k, (.

As an illustration, consider a spatio-temporal model of crime events of different types,
e.g., burglary and robbery, in a geographic area of interest. We split the area into & non-

overlapping cells, which will be our locations. Selecting the time step in such a way that we

can ignore the chances for two or more crime events to occur in the same spatio-temporal
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cell, we can model the history of crime events in the area as a M = 2-state spatio-temporal
process, with additional to (6.18) convex restrictions on the vector of parameters [ ex-
pressing our a priori information on the probability [ (p) of a “newborn” crime event of
category p to occur at time instant ¢ at location & and on the contribution 5;,(p, q) of a
crime event of category ¢ in spatio-temporal cell {t — s, ¢} to the probability of crime event

of category p, p > 1, to happen in the spatio-temporal cell {¢, k}.

The problem of estimating parameters 3 of the M -state spatio-temporal process from
observations of this process can be processed exactly as in the case of the single state spatio-
temporal Bernoulli process. Specifically, observations w’¥ give rise to two monotone and

affine vector fields on X, the first observable and the second unobservable:

~~ 4 ~ ~~ 4 (6.19)

The two fields differ only in constant term, [3 is a root of the second field, and the difference
of constant terms, same as the vector F,~ () due to F,~ () = 0, are zero-mean satisfying,
for exactly the same reasons as in Section 6.2, concentration bounds (6.8) and (6.9) of
Lemmas 6.1 and 6.2. To recover 3 from observations, we may use the Least Squares (LS)
estimate obtained by solving variational inequality VI[F,~, X] with the just defined F,~,

or, which is the same, by solving

reX

N
. 1 - _
min {‘%N(ﬂf) = oN > lIn" (Wi - Wt”g} : (6.20)
t=1

Note that (6.8) and (6.9), by the same argument as in Section 6.2, imply the validity in our

present situation of Theorem 6.1 and Lemma 6.3.
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6.4 Nonlinear Link Function

So far, our discussion focused on “linear” link functions, where past events contribute
additively to the probability of a specific event in a given spatio-temporal cell. We now
consider the case of non-linear link functions. This generalizes our model to allow more
complex spatio-temporal interactions.

We first consider the single-state process. Let ¢(-) : D — R be a continuous mono-

tone vector field defined on a closed convex domain D C R¥ such that
yeED=0<9¢(y) <[L...51].
For example, we may consider “sigmoid field” ¢(u) = [¢1(u); ...; i (u)] with

__exp{u) _ pkK
[p(u)]) = T oxplug] k<K, D=R~X

Given positive integer N, we define a spatio-temporal Bernoulli process with memory depth
d and link function ¢ as a random process with realizations {wy, € {0,1},k < K, —d+1 <
t < N} in the same way it was done in Section 6.1.1 with assumptions of Section 6.1.1
replaced as follows. We assume a given a convex compact set X C R" such that the vector

of parameters [ underlying the observed process belongs to X and every 5 € X satisfies
n'(w )8 €D, VI<t<N (6.21)

with given functions n(wfjcll) taking values in the space of x x K matrices; and the condi-

tional expectation of w; € {0, 1} given w!1is ¢(n" (w!=))A).
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Let us set

F(a) = 3B { S, [n@i=D)6 (07 (wizh)a) = n(wizpw] } 1 X = R,

1 N _ B 1 N _ .
Fov(z) = ﬁzt:1n<w;;>¢ (nT(wbe)J— ﬁzt:m(wlé)wi rA = R
45 (@) e (6:22)
— 1 N _ - K
Fon(x) = An(z) — Nztzln(wf_cll)gb (n"(Wi=hHB) : X — R~

J/

]

Q|

We are now essentially in the situation of Section 6.1.2 (where we considered the special
case ¢(z) = z of our present situation). Specifically, F'(-) is a monotone (albeit not affine)
vector field on X, F(3) = 0. The empirical version F,,~(z), for every x € X, is a mono-
tone on X vector field which is an unbiased estimate of F(z). Besides this, F,~(z) is a
monotone on X vector field, and the true vector of parameters S underlying our observa-
tions solves the variational inequality VI[FWN, X] (is a root of F_~). These observations
suggest estimating 3 by weak solution to the variational inequality VI[F,~, X].

Note that, same as above, vector fields F,~ and szv differ only in the constant terms,
and this difference is nothing but F,~ (3) due to F,~ () = 0; moreover & = n(w!~})(w; —
#(n' (w'=1)B)) is a martingale difference. Though deviation probabilities for F,~ (/) do
not obey the same bound as in the case of ¢(z) = z (since the matrices 7(w!”}) now not
necessarily are Boolean with at most one nonzero in a row), the reasoning which led us to

(6.8) demonstrates that the vector F,,~ () in our present situation does obey the bound

In(2x/€) = In(2k/e)
2N * 3N

P~ {“FwN(B)HOO >0

} <e Vee (0,1), (6.23)

where © is the maximum, over all possible w;"}, of the ||-||;-norm of rows of n(w!"}). Note

that in the situation of this section, our O(1/v/N) exponential bounds on large deviations
of F~(f) from zero, while being good news, do not result in easy-to-compute on-line
upper-risk bounds and confidence intervals for linear functions of 5. Indeed, in order to

adjust to our present situation Theorem 6.1, we need to replace the condition numbers 6,
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with constants of strong monotonicity of the vector field F,~(-) on X'. On the other hand,
to adopt the result of Lemma 6.3 in the present setting, we need to replace the quantities €
and e, see (6.15), with the maximum (resp., minimum) of the linear form ez over the set
{r € X : |F,~n(z)]|lsc < d}. Both these tasks for a nonlinear operator F,~(-) seem to be
problematic.

The construction in the previous paragraph can be extended to M -state processes. Be-
low, with a slight abuse of notation, we redefine notation for the multi-state processes.

Let us identify two-dimensional K x M array {ax : 1 < k < K,1 < { < M}
with K M-dimensional block vector with K blocks [agi; age;...;apm], 1 < k < K, of
dimension M each. With this convention, a parametric KX x M array ¢(z) = {¢y,(2) €
R:k < K,1<p< M} depending on K M-dimensional vector z of parameters becomes
a vector field on RXM. Assume that we are given an array ¢(-) = {¢gp,(-) € R : k <
K,1 < p < M} of the outlined structure such that vector field ¢(-) is continuous and

monotone on a closed convex domain D C RXM and forally € D

0<o(y) <L 1<p<M1<k<K & i%(y) <1, 1<k<K (624
p=1

We assume that the conditional probability for location & at time ¢ to be in state p €
{1,..., M} (i.e., to have wy, = p) given w' 1 is ¢y, (T (w!~})3) for some vector of param-
eters 5 € R" and known to us function 7(-) taking values in the space of x x K M matrices
and such that n"(w'"})8 € D whenever w,;, € {0,1,..., M} for all 7 and k. As a result,
the conditional probability to have w;, = 0is 1 — Eﬁi L Orp(n T (WmD)B).

In addition, we assume that we are given a convex compact set X' C R" such that
B € X and for all such 3 and for all {w,, € {0,1,..., M}, V7, k},n"(w/"})B € D. Same
as in Section 6.3, we encode the collection {wy, : 1 < k < K} of locations’ states at time

t by block vector w; with K blocks of dimension M each, with the k-th block equal to the

wy-th vector of the standard basis in RY when wy;, > 0 and equal to 0 when wy;, = 0. We
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clearly have

B {@1} = 6(n' (w,Z0)B)-

Setting

F(a) = B {0 [ni2)6 (0 (i =D)o) — i@ } - & - R,

1 N B B 1 N N .
Fov(z) = Nztzln(wffcll)gb (ﬁT(Wffclz)x)J—\Nztzlﬂ(wffé)wi X =R
An (@) af™] (6.23)
_ 1 N - - i
Fon (l’) - AwN (Z‘) - ﬁthln@J:—ull)qb (T]T(Wf—cll)ﬁ)/ ;X =R )

a[:;\’ ]

(cf. equation (6.22)), we can repeat word by word the previous comment for single-state

process with nonlinear links.

6.5 Maximum Likelihood (ML) Estimate

In the previous sections, we have discussed the Least Squares estimate of the parameter
vector . Now, we consider commonly used in statistics alternative approach based on the
Maximum Likelihood (ML) estimation. ML estimate is obtained by maximizing over 3 €
X the conditional likelihood of what we have observed, the condition being the actually
observed values of wy, for —d+1 <t < 0and 1 < k < K. In this section, we study the
properties of the ML estimate and show that its calculation reduces to a convex optimization

problem.

6.5.1 ML Estimation: Case of Linear Link Function

We start by considering the single-state model. Assume, in addition to what has been

already assumed, that for every ¢ random variables wy;, are conditionally independent across
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k given w'~!. Then the negative log-likelihood, conditioned by the value of w’, is given by

L(B) = % Zi\il ZkK:1 l — wy In (6/’6 + Elezﬁlﬁiew(t—sw) -
(1 — ww) In (1 — Bk — Zj:lZf:lﬁzew(t*S)a } :

Note that L(/3) is a convex function, so the ML estimate in our model reduces to the convex
program:

min L(x). (6.26)

reX

For the multi-state model, assume that states w,;, at locations k at time ¢ are condition-
ally independent across k < K given w’~!. Then the ML estimate is given by minimizing,
over 3 € X, the conditional negative log-likelihood of collection w’¥ of observations (the
condition being the initial segment w® of the observation). The objective in this minimiza-

tion problem is the convex function

where

T¢, t—1
@/th(B,OJN) _ In ([nk (wt—d)ﬁ]wtk) ) Wi € {17"'7M}7 (627)

M T/ t—1
In (1= Y3, 0] =Bl ) s wn = 0.
We are about to show that the ML estimate has a structure similar to the LS estimator
that we have dealt within Section 6.1, and obeys bounds similar to (6.23). Given a small
positive tolerance g, consider )M -state spatio-temporal process with K locations and vector

of parameters 3 € R", as defined in Section 6.3, restricted to reside in the polyhedral set B,
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cut off R" by “p-strengthened” version of constraints (6.18), specifically, the constraints

0 < Bi(p) + 20y Yy min By(p,g), 1<p< M, 1<k<K,
0<q<M (6.28)

1_Q222215k( )+Zs 12@ 1 max Zp 1 Bre(pyq), 1< k< K.

0<g<M

The purpose of strengthening the constraints on /3 is to make the maximum likelihood, to
be defined below, continuously differentiable on the given parameter domain.

REM a5 block vectors with K blocks of dimen-

In what follows, we treat vectors from
sion M each. For such a vector z, [z]x, stands for the p-th entry in the k-th block of z.

Let
M
Zo = {wGRMK:wZO,Z[w]kPS 1, VkSK}.
p=1

Similarly, for a small positive tolerance p, define

M

Zg = {Z € RMK : [Z]kp > o, Vk,p7 Z[z]kp <1- 0, Vk} C ZO‘

p=1

We associate with a vector w € Z the convex function £,, : Z, — R,

Lu(z) = = Sy [0l () + [1 = S0 o) (1 = S50 ()]
(6.29)

From now on, assume that we are given a convex compact set X C B, known to contain the
true vector [ of parameters. Then the problem of minimizing the negative log-likelihood

becomes
t— 1
gg{l{ =5 E Lo, (n wt 2) )}, (6.30)

where wW; = w;(w') encodes, as explained in Section 6.3, the observations at time ¢, and
n(w!~}) are as defined in Section 6.3.
Note that by construction, w; belongs to Z,. Moreover, by construction, we have

n"(wi”))x € Z, whenever v € B, and wy, € {0,1,..., M} for all t and k. Now, min-
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imizers of L~ (z) over x € X are exactly the solutions of the variational inequality stem-
ming from & and the monotone and smooth vector field (the smoothness property is due to

L~ (z) being convex and smooth on X):

N
1 _ _
Fn(z) =V, Lyn(z) = NZ n(wi=Hon " (W=, @, (wh))

with

O(z,w) = V.Ly,(2) = — Z Z [w]kpekp - iy Zek” RS

k=1 Lp=1 B 1— Zp— Jip =1

where 7 € RXM is the block-vector with the p-th vector of the standard basis in R as
the k-th block and all other blocks equal to O.

Note that we clearly have
w e Zy= 0w, w) =0. (6.31)

Let us show that F~(f3) is “typically small”: its magnitude obeys the large deviation
bounds similar to (6.8) and (6.23). Indeed, let us set Z;(w! ™) = 1T (w/"})B, sothat z, € Z,

due to 3 € B,. Invoking (6.31) with w = Z;(w'™!), we have

N

Fon(8) = v S n(wto)oufe']

t=1 M

&t
where
TR N R ) P 2 i ) P D 7| 2 el I P R
s ; p=1 e (@) ]k ! 1_Zp 1[Ze (=) iy p:z]_

Since the conditional expectation of [w;(w")]x, given w'™! equals [Z;(w'™")]s, the condi-

tional expectation of & given w'™! is zero. Besides this, random vectors &; take their values
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in a bounded set (of size depending on p). As a result, || F,,~ ()| admits bound on prob-
abilities of large deviations of the form (6.23), with properly selected (and depending on
o) factor ©. However, for the reasons presented in Section 6.4, extracting from this bound
meaningful conclusions on the accuracy of the ML estimate is a difficult task, and it remains

an open problem.

Remark 6.2 (Decomposition of LS and ML estimation). In the models we have considered,
the optimization problems (6.6), (6.20), (6.26), and (6.30), we aim to solve when building
the LS and the ML estimates under mild assumptions are decomposable (in spite of the fact

that the observations are dependent). Indeed, vector
B =A{Brp Brep, @), 1<k <K, 1<p<M,0<¢g< M 1<s<d}
of the model parameters can be split into K subvectors
B5 = {Brp, Bie(p,q), I <U <K, 1<p<M,0<qg<M 1<s<d}, k=1,..,K.

It is immediately seen that the objectives to be minimized in the problems in question are
sums of K terms, with the k-th term depending only on z*. As a result, if the domain X
summarizing our a priori information on 3 is decomposable: X = {x : 2% € X}, 1 <
k < K}, the optimization problems yielding the LS and the ML estimates are collections

k

of K uncoupled convex optimization problems in variables z”. Moreover, under favor-

able circumstances optimization problem (6.20) admits even finer decomposition. Namely,

splitting 3* into subvectors
B = {Brp, Bre(p,q), 1 <U< K, 1<5<d, 0<g< M},

it is easily seen that the objective in (6.20) is the sum, over £ < K and p < M, of functions

U (2*?). As aresult, when X = {z : 2" € X, 1 < k < K,1 < p < M}, (6.20)
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is a collection of K'M uncoupled convex problems min ey, , \Ilfffv(xkp). The outlined

decompositions may be used to accelerate the solution process.

6.5.2 ML Estimate: General Link Functions

Let us now derive ML estimate for the case of nonlinear link function considered in Sec-

tion 6.4. In this situation, we strengthen constraints (6.24) on D to

M
yED = 0< dip(y), Y dipy) <1—p, 1<k<K 1<p<M,
p=1

with some ¢ > 0. Assuming that wy;’s are conditionally independent across k given w'~!,

computing ML estimate for the general link-function reduces to solving problem (6.30)

with £,,(2) : D — R, w € Zy, given by

Lo(z) ==Y | D [wlpln($p(2)) + 11 =D [wlip] In(1 =Y d1p(2))

Assuming ¢ continuously differentiable on D and £,,(-) convex on D, we can repeat, with
straightforward modifications, everything that was said above (that is, in the special case
of ¢(z) = z2), including exponential bounds on probabilities of large deviations of F v (/).
However, in general, beyond the case of affine ¢y, (-), function £,,(-) becomes nonconvex.

This is due to the fact that convexity on D of functions

~I(6y(), —In (1= 6u())

is a rare commodity. As a special case, convexity of these functions does take place in the

case logistic link function

L owlag()
Pol2) = S b lan()}
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with functions ay,(2), 0 < ¢ < M that are affine in 2.

6.6 Numerical Experiments

6.6.1 Experiments with Simulated Data

This section presents the results of several simulation experiments illustrating applications
of the proposed Bernoulli process models. We compare performances of Least Squares
(LS) and Maximum Likelihood (ML) estimates in terms of ¢y, {5, and ¢, norms of the
error of parameter vector recovery. We assume that d (or a reasonable upper bound of it)
is known in our simulation examples. The bracket percentage inside the table below shows

the norm of the error relative to the norm of the corresponding true parameter vector.

Single state spatio-temporal processes

First, consider a single state setting with memory depth d = 8 and the number of locations

K = 8. The true parameter values are selected randomly from the set &} as follows:
o B 20,8y = 0sand B + Y0, YL, B < Lk
e 37, = 0 when |k — £| > 1 (interactions are local);

e Forevery 1 < k,/ < K, 3}, is a non-increasing convex function of s.

Above, the convexity of a function f(s)ins € G = {1,...,d} means that the function is
the restriction of a convex function on the segment [1, d] onto the grid G or, which is the
same, that f(s — 1) — 2f(s) + f(s+1) > 0,s = 2,3,...,d — 1. This translates into the
constraint 6,‘;;1 =285, + B,‘z}?l >0,s=2,3,...,d—1,Vk, (. Note that we have imposed
additional constraints than (6.2). More specifically, we assume interacting pairs should be
adjacent in the sense that [k — ¢| < 1, and that 3} , is monotone and a convex-function in s.

We report the performance of the LS estimate (obtained by solving VI[F ~, X]) and
the ML estimate (obtained by solving (6.26)). To have a fair comparison, we do not intro-

duce any additional constraints on the interaction coefficients in our estimation procedure
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(meaning that the LS and ML estimates do not have any prior knowledge about &} and their
assumed admissible set X is much larger than &}). Utilizing the Matlab implementation
[224] of the EM algorithm, we also compute estimations of parameters of the commonly
used model of Hawkes process with exponential temporal kernel (see, e.g., [232]). The
latter is equivalent to assuming that 3}, = ap7e™ ", s = 1,2,.. ., where 7 > 0 is the decay
rate parameter and ag, > O represents the interactions between two locations.

Figure 6.2 shows the recovered interaction coefficients using various methods with
N = 10,000 observations, for a single (randomly generated) instance. The associated
error metrics are presented in Table 6.1. The confidence intervals in Figure 6.3 are com-
puted according to (6.15) by letting e be standard basis vectors in R” and restricting the
parameter space to X'. We also repeat the experiment 100 times (each time generate a new
random true parameters), and the average errors are reported in Table 6.2. The experiments
show that ML and LS estimates exhibit similar performance (ML outperforming slightly
the LS estimates), and both of them outperform the recovery by EM algorithm based on the

exponential kernel, which may be due to a more flexible parameterization of our model.

Birthrate gy Interaction G; Interaction 35 ,
0.1 0.2 | 0.2y f
o.osl l % 0.1 \S s 0.1 Ri\k\\f\w
0% ; '} 2 4 ') 0 PN Iy 0 o o .
2 4 6 8 2 4 6 8 2 4 6 8
Location k Memory (time) Memory (time)
Interaction S35, Interaction [3 , Interaction G5 4
0.2 0.1 T\\\\\ 0.1 T\ —
0.1 X .| \‘A;
Og\k' —t— :oog‘ I v/ﬁoog \\ ———
2 4 6 8 2 4 6 8 2 4 6 8
Memory (time) Memory (time) Memory (time)

—e—true ——LS estimate ML estimate —— EM estimate

Figure 6.2: Single-state process: estimates for baseline intensity (5 and interactions pa-
rameters [3;, for one random instance.

Multi-state spatio-temporal processes

Now consider a multi-state spatio-temporal Bernoulli process with the number of states
M = 2. Here the possible states p = 0 represents no event, p = 1, 2 represent the event

of category 1 and 2, respectively. We assume memory depth d = 8 and the number of
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Table 6.1: Single-state process: error of ML, LS and EM estimation for the one instance

shown in Figure 6.2.

Estimate ¢, error {5 error { error
ML 1.7150 (22.57%) 0.1534 (17.67%) 0.0342 (13.64%)
LS 1.8849 (24.80%) 0.1714 (19.73%) 0.0372 (14.84%)

EM (exponential kernel) 6.3127 (83.06%) 0.6413 (73.83%) 0.2105 (83.97%)

Birthrate Interaction 3 Interaction (7,
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Figure 6.3: Computed 90% confidence intervals corresponding to Figure 6.2.

Table 6.2: Single-state process: error of ML, LS and EM estimation averaged over 100

trials.

Estimate ¢, error {5 error { error
ML 1.1482 (15.11%) 0.1112 (12.60%) 0.0336 (11.87%)
LS 1.9776 (26.02%) 0.1831 (20.72%) 0.0472 (16.62%)

EM (exponential kernel) 6.4725 (85.16%) 0.6695 (75.72%) 0.2209 (75.17%)

locations K = 10. The true parameters are randomly generated from the set X, specified

by (again we impose additional constraints as in Section 6.6.1):

o Bi(p) >0, Bi(pq) > 05 300 Bilp) + 2oy Sois, maxocgen D opey Bie(pr @) <

1LVE < K;
e 35,(p,q) = 0when |k — ¢| > 1, Vp, ¢ (interactions are local);

e Forevery ]l <k /(< Kand1l <p<M,0<q<M,PpS;,(p,q)is anon-increasing

convex function of s.

Furthermore, we consider two scenarios, with additional constraints on the parameters

e Scenario 1: events can only trigger future events of the same category, i.e., 3;,(p, q¢) =

138



0,9 # p;

e Scenario 2: events of category ¢ = 0,..., M, only trigger events with category p <
q. This can happen, for example, when modeling earthquakes aftershocks: events
are marked using M categories according to their magnitudes: u; < ... < wuys. Set
up = 0 and treat the event “no earthquake” as “earthquake of magnitude 0.” Then

each earthquake can trigger “aftershocks” with the same or smaller magnitudes.

We generate a synthetic data sequence of length N = 20, 000. For a single (randomly
generated) instance, recovery of baseline and interaction parameters are presented in Fig-
ure 6.4. The associated recovery errors of the LS estimate (solution to (6.20)) and the
ML estimate (solution to (6.30)) are reported in Table 6.3. In addition, we also report the
recovery errors separately for (i) the baseline intensity vector (referred to as “birthrates”)
Boitn = {Be(p),k < K,1 < p < M} € REMxL and (ii) the vector of interactions be-
tween different locations Sier = {65,(p,q)} € RIMAMADXL - Ag shown in Table 6.3,
the ¢; recovery error for estimating birthrate is smaller than that for the interaction param-
eters. Thus, the recovery error for § is dominated by the error for interaction parameters.
This could be explained because the magnitude of the baseline intensity is higher than the

influence parameters (which is usually needed to have stationary processes).

0.03 Birthrate (1) 0.03 Birthrate 3;(2) Interaction 55, (1,1)
0_02$ e o & 0 o 9 ¢ 8 £0.02L e o9 $ o & 005?\\A J
0.01 0.01 Pt
2 4 6 8 10 2 4 6 8 10 4 6 8
Location k Location k Memory (time)
Interaction 3 ,(1,1) Interaction 3} ,(2,2) oA Interaction (55 ,(2,2)
0. 05\‘\¥ l 0 057\\ 0.05M }
’\A——_; 0 == |
8 2 4 6 8
Memory (tlme) Memory (tlme) Memory (time)
—e—true —6—LS estimate ML estimate

Figure 6.4: Multi-state process: examples of LS and ML estimates for baseline intensity
Br(p) and interactions parameters 53,(p, q).

Finally, to assess the predictive capability of our model, we did the following experi-

ment. Generate one sequence of discrete events, with length N = 20, 000, using randomly
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Table 6.3: Multi-state process recovery: norms of recovery error for LS estimate B s and

ML estimate [y,.

Estimate Scenario 1 Scenario 2
{; error {5 error {; error {4y error
BmL 0.3524 (4.7%) 0.0532 (2.5%) 1.0179 (13.6%) 0.1146 (5.9%)
BLS 0.4947 (6.6%) 0.0744 (3.4%) 1.0854 (14.5%) 0.1230 (6.3%)
BAML, pirn 0.0106 (2.7%) 0.0028 (3.1%) 0.0226 (5.7%) 0.0060 (6.7%)
,@Ls, pith  0.0160 (4.0%) 0.0044 (5.0%) 0.0237 (5.9%) 0.0066 (7.4%)
BML, imer 0.3419 (4.8%) 0.0531 (2.5%) 0.9952 (14.0%) 0.1144 (5.9%)
BLS, iter 0.4786 (6.7%) 0.0743 (3.4%) 1.0617 (15.0%) 0.1228 (6.3%)

selected parameters. We divide the sequence in half: use half for “training” and the other
half for “testing”. In particular, we (1) use the first half of the sequence for estimating the
Bernoulli process model parameter, (2) use the “trained” model to generate a new “syn-
thetic” sequence of length /V/2, and (3) compare the “synthetic” sequence with the “test”
sequence, in terms of the frequency of events, for each category, at each location. The
results in Figure 6.5 show that the synthetic sequence has a reasonably good match with

the testing sequence, based on the LS and the ML estimates.

State p=1 State p=2 State p=1 State p=2

0.05 00 0.04
0.05 0.035
0.04
0.04 0.04 0.03
0.03 0.03 0.025
0.03 0.02
0.02 0.02 002 0.015
0.01
0.01 0.01 0.01
0.005
0 0 0 0
12 3 45 6 7 8 910 12 3 45 6 7 8 9 10 12 3 45 6 7 8 910 12 3 45 6 7 8 9 10
Location k Location k Location k Location k

Figure 6.5: Multi-state process: experiment to compare the frequency of events from a
synthetic sequence (generated using models estimated from training sequence using LS
and ML estimates) with that from the testing sequence.

Sparse network recovery with negative and non-monotone interactions

In the last synthetic example, we consider an example to recover a network with “non-

conventional” interactions: non-monotonic temporal interactions and negative interactions.
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Consider a sparse, directed, and non-planar graph (meaning that this cannot be embedded
on a two-dimensional Euclidean space and, thus, this does not correspond to discretized

space) with K = 8 nodes. The interaction functions are illustrated in Figure 6.6.

1

C‘/BMSO g

332\// \ ﬁ78

Figure 6.6: Sparse non-planar graph with non-monotonic and negative interaction. Note
that the interaction 1 — 8 is negative.

The baseline intensities are all positive at all 8 nodes. The directed edge (arrows) means
there is a one-directional “influence” from one node to its neighbor, e.g., 1 — 5. The self-
edges, e.g., 2 — 2 and 5 — 5, denote that these nodes have a self-exciting effect: events
happen at the node will trigger future events at itself. The true parameters of the model are

generated as follows.

e Baseline parameters values at all locations are drawn independently from a uniform

distribution on [0, 0.2];

e For each directed edge { — k, the interaction j3; , is given by 55, = 0.05e~025(=70)”,
s > 0, and the peak 74, is randomly chosen from {1,...,d}, except for one edge

1 — 8, whose interaction function is set to be negative: 35; = —0.05¢~%-29(~7.1)%,

In our implementation, we consider two scenarios: (1) the graph structure is unknown: we
do not impose sparsity constraints while obtaining the LS and ML estimates; (2) the graph
structure is known, and then we impose the sparsity constraints by setting the interactions to

be 0 when there is no edge; this illustrate the scenario when we have some prior information
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about the network structure. We report recovery errors for the two scenarios in Table 6.4
and compare the recovery of interaction parameters under scenario (1) with the true values
in Figure 6.7.

Table 6.4: Sparse network recovery with non-conventional interactions: errors of LS and
ML estimates Sis, BwuL-

Estimate

/; error

Unknown Graph

{5 error

{+, error

/; error

Known Graph
{5 error

o, error

ﬁAML
. Bus
BAML, birth
L?LS, birth
»‘EEML, inter
ﬁLS, inter

1.7694 (58.71%)
1.8757 (62.23%)
0.0367 (3.84%)
0.0378 (3.95%)
1.7327 (84.20%)
1.8379 (89.31%)

0.1128 (24.65%)
0.1166 (25.48%)
0.0162 (4.42%)
0.0172 (4.69%)
0.1117 (40.69%)
0.1153 (42.02%)

0.0224 (13.79%)
0.0211 (13.01%)
0.0111 (6.84%)
0.0129 (7.94%)
0.0224 (44.73%)
0.0211 (42.19%)

0.4715 (15.64%)
0.4773 (15.84%)
0.0126 (1.32%)
0.0126 (1.32%)
0.4589 (22.30%)
0.4648 (22.58%)

0.0593 (12.95%)
0.0606 (13.23%)
0.0068 (1.85%)
0.0069 (1.89%)
0.0589 (21.46%)
0.0602 (21.92%)

0.0173 (10.68%)
0.0204 (12.58%)
0.0061 (3.75%)
0.0061 (3.75%)
0.0173 (34.65%)
0.0204 (40.81%)
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Figure 6.7: Sparse network identification when graph is unknown: examples of LS and MLL
estimates of baseline intensity and vectors of interaction parameters; interactions s ; and
Bs,2 correspond to edges 1 — 6 and 2 — 8 which do not exist in the graph in Figure 6.6.

From the experiment results, we observe that both the LS and ML estimates match
closely with the true parameters, even when the underlying graph structure is unknown.
The comparison in Table 6.4 shows a significant improvement in the estimation error when
the graph structure is known a priori. This is consistent with our previous remark that
knowing the network structure allows for a better choice of the feasible region resulting in
reduced estimation error. Moreover, by examining the histogram of the maximum inter-
action between each pair, i.e., {max?_, |3} ,[,1 < k,¢ < K} as shown in Figure 6.8, we
observe that we can indeed accurately recover the support of the graph: the estimates of the

edges with non-zero interactions, are completely separable from the estimates of the edges

with zero interactions. This indicates that we can apply an appropriate threshold (in this
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case, e.g., 0.03) to recover precisely the unknown graph structure completely. This exam-
ple also shows that even when prior information about the spare structure of the underlying
network is not available, LS and ML estimates can recover the underlying network reason-
ably well, which opens possibilities of applying the proposed approach to perform casual

inference [202] using discrete-event data.

0.4

0.35

Frequenc
R
& b O

o
-

- r—l—ﬂ
0
0.04 0.05

0 0.01 0.02 0.03
Interaction

Figure 6.8: Sparse network support recovery: histogram of the recovered interaction pa-
rameters {max?_, |3} ,,1 < k,¢ < K}. Edges with non-zero interactions can be perfectly
separated from those with zero interactions.

6.6.2 Real Data Studies: Crime in Atlanta

Finally, we study a real crime dataset in Atlanta to demonstrate the promise of our meth-
ods to recover interesting structures from real-data. We consider two categories of crime
incidents, “burglary” and “robbery”. These incidents were reported to the Atlanta Police
Department from January 1, 2015, to September 19, 2017. The dataset contains 47,245
“burglary” and 3,739 “robbery” incidents. As mentioned in the introduction, it is believed
that crime incidents are related and have “self-exciting” patterns: once crime incidence
happens, it triggers similar crimes more likely to happen in the neighborhood in the near
future [184]. Here, we model the data using a multi-state Bernoulli process with two states:
no event (p = 0), burglary (p = 1), and robbery (p = 2).

We extract crime events around the Atlanta downtown area, as shown in Figure 6.9,
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Figure 6.9: Raw data map: burglary and robbery incidents in Atlanta. Left: the full map;
Right: zoom-in around downtown Atlanta.

which contains 6031 “burglary” events and 454 “robbery” events. The whole time horizon
(788 days) is split into discrete time intervals with a duration of four hours. The memory
depth d is set to 6 in this example (each sample is 1 hour). This is a “reasonable” value
retrieved from observations by verifying the predictions of frequencies of the burglary and
robbery incidents in various spatial cells. The downtown region is divided uniformly into
16 sub-regions.

We compute the LS estimates of the parameters {3, (p), 8,(p,q)}, in two different
ways to set up the constraints: in the first setup, we do not impose additional constraints
on the parameters apart from “basic” constraints (6.18); in the second setup, we impose
constraints to only consider temporal interaction function, 3;,, with monotonic and convex
“shapes”. Such constraints are routinely imposed when estimating parameters of Hawkes
model, see, e.g., [168]. The estimated parameters are shown in Figure 6.10. In the figure,
the size of the red dot in each region is proportional to the magnitude of the estimated
birthrate S (p), k = 1, ..., K, for Burglary/Robbery, respectively; the width of the arrow is
proportional to the magnitude of the interaction 3}, (p, q) between locations. It is interesting
to notice that our model recovers the dynamic of the interactions and how they change over
time. There also seem to be strong interactions between burglary and robbery at different
locations.

To validate the model, we take the two-year duration of data, divide the sequence in

144



half, use the first half of the sequence to estimate a multi-state Bernoulli process model,
generate a synthetic sequence, and compare with the second half of the sequence reserved
for testing. We compare the frequency of Burglary and Robbery events across all locations,
for the synthetic and testing sequence. The results are shown in Table 6.5. The results look
to be a reasonably good match, considering that the crime events are relatively rare and
with highly complex (and unknown) dynamics: predicting their frequency in the first place
is a highly challenging task and an essential research task of criminology.

We also note that the prediction for burglary seems to be better since the frequencies
from the synthetic sequence are very close, and the relative error is smaller. This is expected
since the number of burglary cases is much larger than the number of robbery cases in our
dataset, and the frequency of robbery cases is very small (typically below 0.01, as shown
in Table 6.5). The experiment serves as a sanity check and shows that for challenging and

noisy real-world datasets, there could be a certain truth to the proposed methods.

Table 6.5: Crime event model recovery: frequency of Burglary and Robbery events at each
location.

. Burglary Robbery
Locations ) . . .
True With constr Without constr True With constr Without constr
1 0.1499  0.1707 0.1766 0.0102  0.0195 0.0186
2 0.0284  0.0373 0.0445 0.0017  0.0203 0.0212
3 0.0483  0.0580 0.0606 0.0021  0.0254 0.0195
4 0.0407  0.0364 0.0356 0.0017  0.0178 0.0224
5 0.0508  0.0529 0.0648 0.0042  0.0220 0.0165
6 0.1957  0.2088 0.1834 0.0131  0.0208 0.0144
7 0.0970  0.1368 0.1224 0.0068  0.0229 0.0191
8 0.0419  0.0580 0.0563 0.0021  0.0127 0.0182
9 0.0148  0.0161 0.0220 0.0013  0.0165 0.0212
10 0.0584  0.0729 0.0805 0.0055  0.0258 0.0178
11 0.1266  0.1525 0.1529 0.0106  0.0195 0.0169
12 0.1364  0.1266 0.1186 0.0102  0.0191 0.0169
13 0.0322  0.0521 0.0445 0.0021  0.0229 0.0224
14 0.0627  0.0868 0.0834 0.0055 0.0212 0.0195
15 0.0208  0.0224 0.0280 0.0008  0.0241 0.0216
16 0.0144  0.0203 0.0178 0.0013  0.0203 0.0212
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Figure 6.10: Robbery and burglary in downtown Atlanta: recovered spatio-temporal inter-
actions, using LS estimates without additional constraint on the shapes of the interaction
functions.
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Appendices



APPENDIX A
PROOFS FOR CHAPTER 3

Proof of Theorem 3.2. In order to prove Theorem 3.2, we need the following lemma to

characterize the local correlation between largest eigenvalue statistics.

Lemma A.l1 (Approximation of local correlation). Let ¢; = E[W;] = —1.21, ¢o =

Var(W;) = 1.27, and

(1 + clkfé/\/a) (2 + clk*%/\/w)

k™3 Jw

/Bk,w =1+

Then we have,

COI'I'(Zt, Zt+§) S 1—- Bk,wﬁ + 0(19)7

where ¥ = § /w and corr(X,Y') stands for the Pearson’s correlation

_ EXY] - EX]E[Y]
Corr(X, ) = \/Var(X)\/Var(Y)'

Proof to Lemma A.1. Under the pre-change measure, z; ~> N (0,0%I};). For 6 € Z™*, let

t—w+o0 t t+6

T T T

P = E vx,, Q= E rx;,, R= E T, .
i=t—w+1 i=t—wt5+1 i=t+1

Then P, () and R are independent random matrices. Now we also want to give a general
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upper bound for the covariance between Z; and Z;, 5. Then we have

A

E[ZtZt-i-é] = E[)‘max(ztw)>‘max<it+6,w)] = ]E[)‘max(P + Q))\max(Q + R)]
< E{Amax(P) 4+ Amax(Q)] [Amax(Q) + Amax(R)]}
= EP‘iax(Q)] + E[)‘maX<Q)]E[)‘maX<R)]

where the inequality is due to the fact that the largest eigenvalue of the sum of two nonnega-
tive definite matrices is upper bounded by the sum of the corresponding largest eigenvalues
of the two matrices. The mean and second-order moments can be computed using the
Tracy-Widom law depicted in (3.13).

Since £ is a fixed constant, we just write y,, and o, instead of j,, ;, and o, ;, to simplify
our notation. We first consider the covariance term E[Z, 7, ;] and decompose it into four

parts as following:
1

w?2

E[ZZ;5) < A+ B+C+ D,

where

2
A (Mw(lﬁ) + C10w(119)> |

w

2

B_ <020w<1_19)> |
w

O =9 {Mw(l—ﬁ) + Clo'w(l—ﬂ):| (Nwﬁ + Clawﬁ) |

w w
D— <:U’w19 + 010w19)2

w

First, the common terms fi,,(1—g)/w and o,,1_g)/w can be written as

b _ LT =iy -1+ v = W20 [1+ #]
iw(l—ﬁ) — 1i1_19'
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where the second term in the bracket was ignored because k/w = o(1). Moreover, we have

1 1 1 v
Ow(1-9) ( \/1— \/—>
— = - 1+ +—= ;
w w Vwl—=9)—-1 Vk
after extracting the term /w(1 — ©) — 1 from the first bracket and 1/+/k from the second
bracket, we obtain

Wl

k L=
w w (1_19)_1<1+ w(1—19)—1> -

where the second term in the bracket was ignored because k/w = o(1). Plug these two
terms into the first part we have

2
w w 1_ —_=
A_(M(1ﬂ+010 119) (1—19+cl ﬁk é)
w
:(1—0)(1—0+2c1 _

\/E\/TJF 1kwé> .

Since ¥ is relatively small, /1 — J = 1 — 24 4 o(¢J) by Taylor expansion. Then the term
is approximately

where the higher order terms of ¥ are included in o(¥}). Parts C' and D can be considered
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negligible, since C' is order O(¥) and D is order o(¢J). In summary, we have

Corr(Zy, Zyys)
:E[ZtZt+5] — E[Z]E[Z¢4]
\/Var(Zt) \/Var(Zt+5)

1 2 1 1
1 k™% 1—9. 1 ks k™%
<~ A l+ea—= | 43—k 55— |1+c— | [24a—= |V
<czk%)2{ < 1\/w) 2w ( 1\/w> ( 1\/w>

Vo

— (1 + ClkT;)> + 0(19)}

=1- Bk,wﬁ + 0(19)

This completes the proof of Lemma A.1. O

The key of proving Theorem 3.2 is to quantify the tail probability of the detection
statistic. However, this probability is very small when the threshold is large [122]. There-
fore we use the change-of-measure technique in [186] to recenter the process mean to the
threshold, so that the tail probability becomes much higher. First, the detection statistic is

standardized by:
Zl _ Zt B EOO [Zt]
t — N7 7\
Var..(Z;)

here E,[Z;] and Var,,(Z;) depends only on %k and w, but does not depend on ¢. Then Z;
has zero mean and unit variance under the P, measure. We are interested in finding the
probability P (Tg < M) = P (maxj<i<pr Z; > b). We now prove Theorem 3.2 in four
steps.

Step 1. Exponential tilting. Denote the cumulant generating function of Z] by

Y(a) = log Eo "],
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Define a family of new measures

dPy
dP

= exp{aZ; — ¢(a)},

where P, denotes the new measure after the transformation. The new measure takes the
form of the exponential family, and a can be viewed as the natural parameter. It can be

verified that IP; is indeed a probability measure since

/d]P’t = /exp{azg — p(a)}dP = 1.

It can also be shown that z/}(a) is the expected value of Z; under P;, since

E [Zz{eazé]

_ aZi—y(a)] _
Eo[e?] — EoclZe @] =E(Z]),

P(a) =
and similarly ¢)(a) is the variance under the tilted measure. We use the Gaussian ap-
proximation for Z], then its log moment generating function is 1(a) = a?/2. We set
a = b such that ¢)(a) = E,[Z!] = b, therefore the tail probability after measure transfor-
mation will become much larger. Given this choice, the transformed measure is given
by dP; = exp(bZ; — b*/2)dP.,. We also define, for each ¢, the log-likelihood ratio
log(dP;/dP,) of the form

1
gt — bZé - Ebz

Step 2. Change-of-measure by the likelihood ratio identity. Now we convert the original
problem of finding the small probability that the maximum of a random field exceeds a

large threshold, to another problem: finding an alternative measure under which the event
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happens with a much higher probability. By likelihood ratio identity, we have:

M
max_ Z!, >b}

Zf;/[:l eln ' {1<m<J\/I ]
_ZE {Z eln ]1{1<Hrlnaxz\ Zm b}}

M
Z |:Z 6€ 1{1<r£1nax1\ Z >b}:|

POO< max Z > b) ]E []1{ max Z! >b}] ]Eoo

1<m<M 1<m<M

(A.1)

M
—b2/2 t —(fy+log M,
/ Z E |: ( t+log t) :H_{gt+10g Mt>0}:| ;

where M, and S; in the last step is defined as the maximum and sum of likelihood ratio

differences as:

M,= max ™% 5 = E efm=4

me{l,...,.M} el )

And /, is defined as the re-centered likelihood ratio, or the so-called global term:
l; = b(Z —b).

The last equation in (A.1) converts the tail probability to a product of two terms: a de-
terministic term e~"/2 associated with the large deviation rate, and a sum of expectations
under the transformed measures. The expectation involves a product of the ratio M;/S;
and an exponential function that depends on {,, which plays the role of a weight. Under the
new measure P, Zt has zero mean and variance equal to b? and it dominates the other term
log M;, hence, the probability of exceeding zero is much higher. Next, we characterize the
limiting ratio and the other factors precisely, by the localization theorem.

Step 3. Establish properties of local and global terms. In (A.1), our target probability has
been decomposed into terms that only depend on (i) the local field {/,, — ¢;},1 < m < M,

which are the differences between the log-likelihood ratios with parameter ¢ and m, and

(i1) the global term ¢,, which is the centered and scaled likelihood ratio with parameter ¢.
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We need to first establish some useful properties of the local field and global term before
applying the localization theorem. We will eventually show that the local field and the
global term are asymptotically independent.

For the local field {¢,, — ¢;}, let r,,,; denote the correlation between Z/, and Z], then

we have
Et(fm — gt) = —b2<1 — Tm7t),

Var, (€, — £;) = 2b*(1 — Timit)s
Covy(bmy — Loy by — ) = U (14 Ty sy — Tyt — Trmgit)-
We have Lemma A.1 to characterize the local correlation, which offers reasonably good
approximation for E[Z;Z,, 5] and leads to rp,; = 1 — |m — t| By /w.
Since we assume Z is approximately Gaussian, the local field ¢,,, — ¢; and the global
term /, are also approximately Gaussian. Therefore, when |J| is small (i.e., in the neigh-

borhood of zero), we can approximate the local field using a two-sided Gaussian random

walk with drift b*3; ,, /w and variance of the increment equal to 26?5y, ., /w:

]
2 w w

s — U 2 by/ Or. E:&-bQﬁLd,é:il,iz...,
w i1 w

where ; are i.i.d. standard normal random variables.

Step 4. Approximation using localization theorem. From the argument in [190], let M,
and S, denote the maximization and summation restricted to the small neighborhood of ¢.
Then they are asymptotically independent of the global term ¢,. Moreover, under the tilted
measure,

Et [gt] = 0, Vart [gt] = b2.

Therefore the density Pt(gt) can be approximated by 1/+/27b? in a neighborhood of radius

0(1/b) of zeros. The inner expectation in (A.1) can be approximated as

Et %6*(2t+loth) 1. :w
Sy {f4+1og M;>0} WoreE
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By [190], the expectation Et(Mt/gt) equals to b2y, v (b\/2B . /w)/w in the asymptotic
regime, not depending on ¢. Substitute into (A.1), we have

Po(T < M) =Py, (max Z£>b)

1<t<M

M
-y Mt —[ly+log M. B
=/ ;Et {Ee [6,+log My] | ]l{zt+loth>0}

- Mb¢(b)6k7wv(b\/m)/wv

where v(-) is the function defined in (3.15). From the above cumulative distribution func-

tion, we can approximate 7' as exponential distribution, yielding the mean value

1/[b¢(b) Br.wv (b7/ 2Bk /W) Jw].

Since 7] is standardized, here the threshold b need to be converted to the original threshold

using a simple formula

B = [b— (tus + c10u)] /(€200):

This completes the proof. O

Proof of Theorem 3.3. We first relate the largest eigenvalue procedure to a CUSUM proce-
dure, note that

Amax(Stw) = max ' 3p.,q. (A.2)

llall=1

For each ¢, we have
t

¢ Swg= Y (¢ )%
i=t—w+1
According to the Grothendieck’s Inequality [76], the ¢ that attains the maximum in equation

(A.2) is very close to u under the alternative. Therefore, assuming the optimal ¢ always

equals to u will only cause a small error but will bring great convenience to our analysis.
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Now we have under P, ¢ z; ~ N'(0,0?) and under Py, ¢ " x; ~ N(0,02 +0). Let fo
denote the pdf of N'(0, 0?) and f, the pdf of A"(0, c% + 6). For each observation y, we can

derive the one-sample log-likelihood ratio:

foly) 1 1 1
log O —§log(1 +p) + 552 (1 - Fp) Y2

Define the CUSUM procedure

¢
-~ 1 1 T o log(1+p) ,
Z e : R - - . [ S >

inf {t orgl?ft' [202 (1 1—|—p> ) }_b ’

i=k+1

a2 log(1
where b/ = 555(1 — 1) (b — %)w, we then have

Eo[Tx] > Eo[T).

Since T' is a CUSUM procedure with

foly )} p
lo fi = ——log I1+p)+ 3
/ [foo< )] Folo)t oty
by [188], we have:
~ eV b —1
Eo|T] = .
M= Dostv 2+ o2
This completes the proof. O

Proof of Lemma 3.1. Under the pre-change distribution we can write

Eool(@, 21)"] = Eoolt Eoolzs, Ji) = 0*Eoo[tt) @] = 0?,

where the first equation is due to the independence of z; and 1u;, the next one due to x;
having covariance o]}, and the last equality due to 4, being of unit-norm.

Under the alternative regime we are going to use Central Limit Theorem (CLT) argu-
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ments [7, 147] that describe the statistical behavior of the estimator u;. We will assume
that the window size w is sufficiently large so that CLT approximations are possible for .

The required result appears in the next lemma.

Lemma A.2. Suppose vectors x1,...,x, are of dimension k and follow the distribution
N(0, 0%, + Quul). Let ,, be the eigenvector corresponding to the largest eigenvalue of
the sample covariance matrix (1/w)(z1x{ + -+ + z,x ), then, as w — oo, we have the

following CLT version for (.,

I+p

V(@ —u) = N (0, 7 (I — uuT)> :

Proof of Lemma A.2. We have the following asymptotic distribution [7]:

L(@ _u)i”\/'@ : &Wﬁ)
Vw' " = (M=)

J

where \; are the jth largest eigenvalue of the true covariance matrix and v; are the cor-
responding eigenvector. In our case the true covariance matrix is 02, + Quu', therefore
A\ = 0%+ 0 and Aj = o? for j > 2, and {v;,7 > 2} is a basis of the orthogonal space of

u. Thus we have

k
AL T 0’0’ +0) r_ (1+p) T
Z (/\1_/]\j)2yjyj = 7 Zujuj = 5 (I, —uu ).

Jj=2

Lemma A.2 provides an asymptotic statistical description of the un-normalized estimate
of u. More precisely it characterizes the estimation error v,, = ¢,, — u. In our case we
estimate the eigenvector from the matrix f]tﬂ,,w but, as mentioned before, we adopt a
normalized (unit norm) version u;. Therefore if we fix w at a sufficiently large value and v,

denotes the estimation error of the un-normalized estimate at time ¢ then, from Lemma A.2,
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we can deduce

% 1
ﬁ/t — gft = u + Ut 5 Ut ~Y N (O, Lf(]k; - UUT)) .
el lu =+ vl wp

Consequently

o [(4] 2,)?] = 0B [ (I + puu” )i
= o1+ pal(a] ) = (14 o8 | ] )

k—1
~ o (Ut a1 ulP]) =214 ) (1= 20,

with the o(-) term being negligible compared to the other two when k/w < 1, where
a = o(b) denotes that a/b — 0. For the approximate equality we used the fact that to a first
order approximation we can write 1/(1 + [|v]|?) &~ 1 — ||v||* because ||v;||? is of the order

of 1/w while the approximation error is of higher order. This completes the proof. a

Proof of Proposition 3.1. We first evaluate the expectation in (3.23) to demonstrate the re-
lationship between d., and d depicted in (3.25). Using standard computations involving

Gaussian random vectors we can write

ool =04 ] = ¢ [l it

—x ] x¢ /(202
/650""”:(117:”3:)%.—6 o )dxt
(271-)k0-2k
e

V1=202"

— 67500 dEoo

—dood

which is equivalent to (3.25). To compute the integral we used the standard technique
of “completing the square” in the exponent and with proper normalization generate an
alternative Gaussian pdf which integrates to 1. The interesting observation is that the result
of the integration does not actually depend on ;.

If we use the value for d in terms of J., then as we argued in the text we obtain for
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EDD the expression appearing in (3.26). We can now fix w and optimize EDD with respect
to 0. This is a straightforward process since it amounts in maximizing the denominator.
Taking the derivative and equating to 0 yields the optimum 0:

1 1
5= —|1-

> 207 _ k=1
(14 p) (1 wp)

Substituting this value in (3.26) produces (3.27).
The next step consists in minimizing (3.27) with respect to w. Again taking the deriva-
tive and equating to 0 we can show that the optimum window size is the w* depicted in

Proposition 3.1. O
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APPENDIX B
PROOFS FOR CHAPTER 4

Proof of Proposition 4.1. Observe that the expectation of the empirical distribution of V-
element sample drawn from a distribution » € A, on €2 is r, and the covariance matrix
is

1 1
Crn = N[Diag{r} — rrT] < NDiag{r}.

Representingw = p+ a,w’ =p+a’,( =q+ B, = q+ f’, we have

X=0p-0) -9 +(@=8)"Sp-q) + -5)'Sp-q+ (-5 -5).

B B’ C

Since o and f are zero-mean and independent, the covariance matrix of o — 3 (and o/ — ')

is:

Cpr + Cyr = M [2y[Diag{p} — pp'] + 29[Diag{q} — qq"]] < 2M ~'Diag{~p + 74},

whence
E{BQ} = (p - Q)TE[CP,L + Cq,R}E(p - Q)
< (p—q)"S[2M'Diag{yp + 7¢}|X(p — q)

=2M~" 3", 07 (pi — @:)*(vpi + T41),
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and similarly E{[B']*} < 2M 3", 02(p; — ¢:)*(vpi + 7¢:). Moreover,

E{C?} = E{[>, 0i(i — B;) (o} — B’}
=21, 010B{(0 = B;)(e; = Bj)YE{ (o = Bi) () — B))}
= Z” 0:05[Cp1 + Cq,R]?j
=207Cp + Corli + 32,5 0i05(Cpr + Cy R
—4M? Z o? [ylpi — P2 + Al — AN + o, 0ioslvpins + ”tiqj]z]
<4M? Z orlypi +A@l? + 324, 0i0j[vpip; + ?qiqﬂ
<4M~? :’Y DO YD ORGE Y D GiODiD; TV D aiojqfqﬂ

o _ 2 _
<AM2 [y 02 + 75,0762 + 7 [ 0wl + 7[5 0T

Note that
> Uipiz]Q = [Zi(aipi)Pi]Q <D ‘712])12][21 p?] <> Uz'zp?a

which combines with the previous computation to imply that

E{C?} <8M [y, 007 +7>_,074¢]] -

Consequently, by applying Chebyshev’s inequality to B, B’, and C, respectively, for every
0 > 1, the probability 7 () of the event

X = i 0i(pi — ¢0)?| <2v20[\/M-1Y, 02(p; — 4:)*(vpi + V4)+
M=y o+ 7Y, 02¢7]

is at least 1 — 3/0>. By inspecting the derivation, it is immediately seen that when p = g,

the lower bound 1 — 3/6? on 7(6) can be improved to 1 — 1/62, so that

1-3/0%p+#q,

1_1/927]9:(]

m(0) >
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Taking into account what 7 is, the conclusion of Proposition 4.1 follows. ]

Remark B.1. Note we do not use the standard “Poissonization” approach which assumes
that, rather than drawing N independent samples from a distribution, first select N’ from
Poisson distribution with mean value N, and then draw N’ samples. Such Poissonization
makes the number of times different elements occur in the sample independent, simplify-
ing the analysis. Instead, we model the empirical distribution directly by considering the

dependence in the covariance matrix C, y.

Proof of Proposition 4.2. We prove the Proposition in two steps.
Step 1. Let &, £ be empirical distributions of observations in two consecutive ()-element

segments of sample X! that are generated from distribution p. Settingn = £—p, ' = &' —p,

we have
T T T T 7 T 7
= + + + )
§&=pp an p; nCn

Since 1) and 7/’ are zero-mean vectors and independent of each other, with covariance matrix

Cpo = Q 'Diag{p} — pp'] < Q'Diag{p}, we have

E{B*} = E{[B']’} = p" Cpop =< Q" 'p'Diag{p}p < Q7' >_, p},
and

E{C?} =32, B{niminm;}
=Y, [E{nmn;}]* = Q? [Zi[pz- — P+ ip | <2077

Consequently, by applying Chebyshev’s inequality to B, B’, and C, respectively, the prob-

ability of the event

€7€ = pTpl > 3 2073/ 0T + V2Q ol (B.1)

is < 1/3. Taking into account that Y . p? < |[p|3llpllc < |lp||3, we have proved the
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following Lemma.

Lemma B.1 (Concentration Inequality for ¢ '¢'). Assume that there exists p € R, such
that the distribution p satisfies the relation ||p|ls < V/2p, and a positive integer Q) be such
that

. 1
3 [27/4@—1/2p5/2 =+ 2Q—1p] S §p2 (B2)

When &, £ are empirical distributions of two consecutive segments, of cardinality () each,

generated from distribution p, we have

(B.3)

1 1
P{IETe ~ Inlg1 > 307 b <

Step 2. The parameters () = @); and p = p; of i-th stage of the training-step in Algorithm 1
satisfy (B.2). Recalling that by the definition of i(p) we have ||p|ls < v/2p;, 1 < i < i(p).
Invoking Lemma B.1 and the definition of S in (4.6), we conclude that the probability of

the event

1 .
£:10; — Ipll3] < gp?, V1 <i <i(p),

is at least 1 — 6. Assume that this event takes place. By the definition of i(p), we have

2

Pl < lIpll3, and since we are in the case of £, we have also [9,4,) — [Ipll3l < 307,

whence

2 2
Qi > pl3 > 3 i)

We see that under our assumption the trial run ends up with a success at some stage k <

i(p), so that

1
pi and [©), — [Ip[l3] < Zpi

O > 3

Wl N

(the second relation holds true since we are in the case of event £). As a result,

1
0=06,+ gpi > |Ipll3,
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and |0y, — ||pll3] < pi/3 < ©/2, implying that ©, < 2|p||?, whence

1 1 3
0=0,+ gpi < O+ §®k = §@k < 3||p||g

We see that, with probability at least 1 — 9, the number of stages in the training-step is
at most i(p), and the output o of the test satisfies (4.5). Besides this, from (B.2) it is
immediately seen that Q; < O(1)/p;, so that Q;y < O(1)/||pll2 due to pig) > |Iplla/V/2-
Thus, when the training-step stops before or at stage i(p), the total number of observations
used in training-step indeed does not exceed 45Q);,) <

O(1)S/||p||2- Note that by the

definition of S in (4.6), we have
S < O(1)In(In(n)/6), (B.4)

which implies (4.7). O

Proof of Theorem 4.1. By Proposition 4.2, with properly selected O(1) in (4.9), the proba-
bility for the training-step to be successful is at least 1 — 9, and there is enough observations
to perform the K individual tests of the testing stage. From now on we assume that O(1)
in (4.9) meets this requirement.

For k < i(p), let & be the condition stating that the training-step is successful and
terminates at stage k. Note that this is a condition on the first N, = 45@); observations of
the sample set X'. Let us fix a realization of these IV}, observations satisfying condition
&r; from now on, speaking about probabilities of various events, we mean probabilities
taken with respect to conditional, the above realization given, probability distribution of
the remaining N — N, observations in sample X' and the entire N observations in X?2.

We first prove the type-I risk is at most «v. Note that we are in the situation when the
training-step was successful, hence o > ||p||3. Consequently, the threshold (4.8) satisfies
relation (4.3) with § = 3 and ¢; = 1, implying by the first claim in Proposition 4.1 (where

we set L = R = M) that when p = ¢, the probability to claim /; by a particular one of
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the K individual tests is at most 1/9. By the definition of K («, ), we conclude that the
type-I risk is indeed at most a.

We then prove the type-II risk is at most 8 whenever the condition (4.10) holds. Assume
that ||p — ¢l|2 > €]|p||2 with some € > 0, and set L = R = M, 0 = 3 and o; = 1. With ¢

given by (4.8), the inequality (4.4) reads

lp —qll3 > 6vV2[ M~ \/o+ M~2\/3 (i — ¢:)*(pi + 4:)/2+
M=/(Ipll3 + 11al13) /2]

(B.5)

Note that the condition (B.5) ensures that the power of every individual test is at least 2/3;
thus, due to the choice of K («, [3), the type-Il risk is at most 3. It only remains to verify that
condition (4.10) implies the validity of (B.5). Since we are in the situation that the training-

plle < o < V3|p

step is successful, the condition (4.5) holds and in particular,

25

implying that the right hand side in (B.5) is at most

R =0(1) [M~'[\/o+ llalla) + M~2lp — all2n/ Ve +lall2] ,

and therefore in order to ensure the validity of (B.5), it suffices to ensure that

Ip—all3 > O(1)M ' [\/o+ llqll2)- (B.6)

First consider the case when ||¢||2 < 2||p|2, which combines with (4.5) to imply that the
right hand side in (B.6) is < O(1)M~',/o. By (4.5) and |[p — ¢||2 > €|p||2, the left
hand side in (B.6) is at least O(1)e?p, so that (B.6) indeed is implied by (4.10), provided
that the absolute constant factor in the latter relation is selected properly. Then consider
the case when ||¢q||2 > 2||p||2. In this case, by (4.5), the right hand side in (B.6) is at
most O(1)M~||q

2, and the left hand side in (B.6) is at least O(1)]|q

2, implying that
(B.6) holds true when M > O(1)/||¢||o- The validity of the latter condition, in view of

lalla > 2[[p

9, clearly is guaranteed by the validity of (4.10), provided O(1) in the latter
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relation is selected properly. O

Proof of Proposition 4.3. Assuming n is even, consider the following two scenarios on dis-

tributions p, ¢ from which the two sets of sample X' and X? are independently generated:
1. Both samples are i.i.d. drawn from the uniform distribution on (2.

2. The nature draws, independently of each other, two n/2-element subsets, 21 and (2o,
of (2, from the uniform distribution on the family of all subsets of {2 of cardinality
n/2; the N-observation samples X Iare i.i.d. drawn from the uniform distribution on
1, and the N-observation samples X? are i.i.d. drawn from the uniform distribution

on 2.

In the first scenario, the hypothesis H is true; in the second, there is a significant difference
between p and g — with probability close to 1 when n is large enough, we have the ||p —
qll2 > €||pll2 = €y/2/n for any e small enough, e.g., for 0 < ¢ < 1/2. Denote the union of
two sets of samples as 22V := (xy, ..., 2o ). It follows that if there exists a test 7 obeying
the premise of Proposition 4.1, then there exists a low risk test deciding on whether the
entire 2N -element sample 22" shown to us is generated according to the first or the second
scenario.

Specifically, given 2V, let us split it into two halves and apply to the two resulting
N-observation samples the test 7; if the test claim H;, we conclude that 22V s generated
according to the second scenario, otherwise we claim that 2 is generated according to
the first scenario. When 22V is generated by the first scenario, the probability for 7 to
claim H; is at most a, that is, the probability to reject the first scenario when it is true is
at most . On the other hand, when z2" is generated according to the second scenario, the
conditional, p and ¢ given, probability for T to accept H, should be at most 3, provided
that |[p — q|l2 > €||p||2 for a given € € (0,1/2); when n is large, the probability for the
condition ||p — ¢||2 > €|p||2 to hold true approaches 1, so that for large enough values of

n, the probability for the condition to hold is at least 1 — 3 and therefore the probability of
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claiming a sample generated according to the second scenario as one generated according
to the first one, is at most 23. Thus, for properly selected nq and all n > ny, given 2%V, we
can decide with risk < 2/3 on the scenario resulted in 2.

On the other hand, consider the distribution of z?V. The corresponding observation
space is the space 2>V of 2/N-element sequences with entries from . Let Q) be the part
of Q2N comprised of sequences with all entries different from each other, and Q) be the
complement of Q in Q2V. Let also P, and P, be the distributions of our observations
under the first and the second scenarios, and P be the distribution on Q2" which assigns

equal masses to all points from Q) and zero masses to the points outside of Q. By evident

symmetry reasons, we have
Pi = (1 - Ez)P + EiQia 1= 1727

where ()1 and (), are probability distributions supported on Q, and ¢; is the probability,
under scenario ¢, to observe 2/N-element sample in Q. We clearly have
N(2N —-1) < 4N(2N —1)

Elg , €2 > .
n n

Indeed, for a fixed pair of indexes ¢, 72, 1 < t; <ty < 2N, the probability to get x;, = x4,
in 2%V is 1/n under the first scenario and is at most 4/n under the second scenario, while

the number of pairs 1, ¢5 in question is N (2N — 1). We see that

Z<2N€Q2N min{P1 (C2N), PQ(C2N)} = min{l —€,1 — 52} ZCQNGQ P(C2N)
+ Z@NGQ min{el@l (CQN)a 62Q2<§2N)} > mln{]- —€,1 — 62},

implying that our scenarios cannot be decided upon with risk < min{l — €;,1 — e3}/2.
When N < /n, both ¢; and €, are small, so that it is impossible to decide on our scenarios
with risks « (and 2/3). The bottom line is that under the premise of Proposition 4.1, we

either have n < ng, or N > O(1)/n with properly selected constant O(1) that depends on
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a, 3, €, and the conclusion follows. Note that here the dependence on reliability parameters
is logarithmic and is not our focus here since here we aim to study the sample optimality

with respect to the cardinality n of the set (2. |

Proof of Proposition 4.5. In order to approximate the correlation between statistics x; 5, and
Xr,s» Wwe consider a simple case when the sample size t —k = 7—s = 2m. Denote the cardi-
nality of the non-overlapping part in two time windows as § = |[t—7| = |k—s|. Without loss
of generality, we consider two sequences, {1, s, ..., T4y} and {145, o, ..., Tamis}s
with 4m — 0 overlapping elements, as illustrated and grouped in Figure B.1.

Ly ‘ ‘ L, ‘ ' Ly I ‘ Ly

: T Length of S;: &
Lengthof L;: m — &
...... ...... ...... ...... remetem
...... ...... ....-. ....-.

4—»4—» <—>

Figure B.1: Sliding window illustration.

Recall that Var(x, ) = 4 [Zl Lo (L=pi)* + 37, Uiajpfpjg] from the previous
computations. Therefore, it remains to compute E[x; X s|. For simplicity, we compute

m2E[x:X¢+s] by writing it as a summation of several indicator functions as follows:

m*E[X¢ 1 Xrs)

B | 00 (181} T} — 1i{8) — 1{ L)) (1482 + 1i{La) — L{Si} — 1{L1})

i=1

: [Zn: 0 (Li{La} + Li{S2} — Li{La} — Li{Sa}) (L{ L2} + Li{Ss} — Li{La} — ﬂi{Ss})] 7

i=1
where 1,{S} = > ,.s1{zx = i} for a given index set S. Since x; are i.i.d. random
variables, we have E(1,{S}) = |S|p;, Var(1;,{S}) = |S|pi(1 —p;), and E(1,{S}1,{S}) =
|S|(|S| — 1)pip;, with |S| denotes the cardinality. More specifically, for the decomposition
shown in Figure B.1, we have |S;| = d and |L;| = m — J. Substitute these into the above

formulation, we have

2B pxrs] = [4(m = 6)* = 26%) 1370, o7pi (1 — pi)* + 3,5 0i017p5
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Therefore, the correlation of the statistic x; , and X s 1S

4(m — §)* — 262 5§ 62
C T,s) = =1-2— —.
Ort(Xe: Xr,s) 4m? m * 2m?
Substitute § = |t — 7| = |k — s| into the above equation then we complete the proof. O

Proof of Theorem 4.2. The proof is based on a general method for computing first passage
probabilities first introduced in [227] and further developed in [191] and [186], and com-
monly used in similar problems [223, 122, 35]. First of all, it is worth mentioning that the
probability measure in the following proof always stands for the nominal case where all

samples are from the same distribution p. We define the variable

Z. =7(& — ) 'S — L),

where &, n;, &L, n. are empirical distributions of four independent (non-overlapping) se-
quences with equal length 7. Recall that E[Z;] = 0 and Var(Z.) = o.. We denote the

moment generating function as

7 (0) = log E [exp{0Z;}],

and select # = 6. by solving the equation 1/}7(6) = b. Since Z; is defined by a function
of 47 independent random samples, ¢, converges to a limit as 7 — oo and 6, converges
to a limiting value, denoted by 6. The transformed distribution for all sequences at a fixed

center position k£ and the window size 7 is denoted by [P} and is defined by

dIPﬂI; = eXp{QZ]: - wT(eT)}d]Pa

where Z] = 7(&kr — Mkr) " 2(E), . — M) is the statistic for location & and window size T,

as indicated in Figure 4.2.
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Let

Denote D = {(k,7) : 0 < k < m,[mo/2] < 7 < [m1/2]} be the set of all possible
windows in the scan. Let A = {max, - cp Z] > b} be the event of interests (the event
{T" < m}), i.e., the procedures stop before time m.

By measure transformation, we have

-1

> E|expltk (D exple(, 7)) A

(k,7)eD (k' 7)eD
-1

Z E] ( Z exp[ﬂ(k:’,T')]) A
(k,7)eD (k',m")eD

Z 6 I(kr)— E-r maxg r/ jf]ifcl7j-)/)€:}:k:) efg(k 7)—[maxys . LK, 7")—L(k,T)]. A
(k,7)ED Zk’ e 7

_ —07 97 (0,)+- (61) % Z ET |: ) K(k,T)—logM(k;r);A:| 7
(k,m)eD

(B.7)

where
Uk, 7) = 0-[2] - ML)},
M (k,7) = maxy . exp{0,(Z], — Z])},
S(k,7) =y expl0-(Zi — Zp)}.
Since k, 7 are fixed in much of the following analysis, we suppress the dependence of the
notation on &, 7 and simply writet (,S, M. Under certain verifiable assumptions [186], a

localization lemma allows us to simplify the expectation
M -
E; {ge-f—bgM; {+log M > o}

into a simpler form

vods
2102 [ S ]’
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where o2 stands for the variance of ( under measure [P7.. The reduction relies on the fact
that for large m, the local processes M and S are approximately independent of the global
process (. Such independence allows the above decomposition into the expectation of M /S
times the expectation involving (+ log M, treating log M essentially as a constant.

We first consider the process M and S and derive the expectation E[)//S] following

[191]. The difference between Z}, and Z}, can be writted in the form

ZI:’/ - ZI: = T/(ék'ﬂ" - nk',T')TE(glg’,T’ - ThIC/,T/) - T(gkﬂ' - nk,T>TE(£;€,T - 77;@,7)
=7 [(ék’,T' - nk',T')TE(gllc’,T’ - 7]12’,7") - (ék,‘r - nkﬂ')—rz(&/ﬁﬂ' - 771/@7)]

+ (7—/ - T) (ékﬂ' - nk,T)TE(él/c,‘r - 77;“)-

Observe that one may let 7/ = 7 and substitute § = lim,_,, @, for 6. in the definition of
the increments and still maintain the required level of accuracy. When 7/ = 7, the second
term in the above expression vanish and the first term consists of two terms that are highly
correlated. As characterized in Proposition 4.5, when 7/ = 7, the covariance between the

two terms is given by

/ / k,/ _ k’ k/ o k} 2
Cov(0-Z];,0:2]) = O7ELZ];, 7] = 6o, (1 . L > .

p T 272

When 7 is large, we have that the correlation depends on the difference |k’ — k| in a linear
form, which shows that we have the random walk in the change time k, and the variance of

the increment equals to 20207 /7. Following [191], we have
E[M/S] = [¢20, /Tv([20,0, /7)),

Moreover, the process / is zero-mean and has variance 02 = Varf({) = 62¢)(6,) under

171



the measure [P.. Substituting the result for the expectations in (B.7) yields

[m1/2]
BT <2 S (ot v T AR
- r=[mo/2] 27024 (6-)]/2

In the limiting case, Z; can be well approximated using Gaussian distribution (0, 07).
The moment generating function then becomes ¢ (#) = 6%¢7 /2, and the limiting § = b/0?,
as the solution to w(ﬁ) = b. Furthermore, the summation term can be approximated by an

integral, to obtain

[m1/2]
P(T' <m)=2 Y (m—2r)e /@D 2xb? /2] 21 /(1o (26 (r07)] /)
T=[mg/2]
, ) mi/m
~ 4e? /(2%)[27rb2/a§]_1/2[b2/0§]2/ / Vz([lle/(mtaf,)}lﬂ)(l —t)dt/t?.
mo/m

(B.8)
Here it is assumed that m is large, but small enough that the right-hand side of (B.8) con-
verges to 0 when b — oo. Changing variables in the integrand, we can rewrite this approx-

imation as

o o 462/ (moop)]'/2
P{7T' <m}~mx 2" /(2”1’)[27rb2/a;]_1/2 [bQ/UIQ)]/ y’(y)dy.  (B.9)
(42 /(m1o3)]1/2

From the arguments in [189, 193], we know that 7" is asymptotically exponentially dis-
tributed and is uniformly integrable. Hence if A denotes the factor multiplying m on the
right-hand side of (B.9), then for large m, in the range where m A\ is bounded away from
0 and +oo, P{7" < m} — [1 — exp(—Am)] — 0. Consequently, E[T’] ~ 1/), thereby
we complete the proof. Here we omit some technical details needed to make the derivation

rigorous. Those details have been described and proved in [186]. d

Proof of Theorem 4.3. Recall that x,  is defined in (4.13). For any time ¢, we have

Eolx10] = %(p —q) S(p—q),
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which grows linearly with respect to time. At the stopping time 7 = T, the expectation of
the window-limited statistic in (4.15) can be computed if m; is sufficiently large (at least
larger than the expected detection delay):

T T
]E[OrgnkanT Xtk = E[xto] = E(p —q) X(p—q).

On the other hand, we have that

E[OrénkanT Xtk) =0+ E[orgnkagXT Xtk — bJ.

If we ignore the overshoot of the threshold over b since it is a of order o(b) when b — oo
(detailed analysis for overshoot has been developed in [187]), then we obtain a first-order

approximation as b — oo, by solving

Eo[T]
2

(p—q) " S(p—q) =b(1+o0(1)).

Therefore, a first-order approximation for the expected detection delay is given by

b(1+o(1))

EolT] = r—q)"2p—q)/2

|

Proof of Proposition 4.6. For the minimization problem that defines f (o) := minges Tr(3.S),
we introduce matrix variable 7' € R"*" such that T;; > |Sj;| and 37, 3°7 | Tiy < 4. We

will jointly minimize over S and T in f (o). The Lagrangian function of the problem f(o)
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writes

L(0,S, P, T\ W,U, & {z,}5 )
= Tr(2S) — Tr(PS) — rTe(SJ) + Mp? — Tr(S))

+ 30 e (Te(SQu) — 4) + E(TE(TT) — 4) = Te(U(T — S)) = Te(W/(T + 5))
:Tr<<2—P—rJ—AInJerK:lkukJrU—W) S)

A2 — A a4+ Tr (6] — U — W)T),

where J € R™ " is a matrix with all elements equal to 1, and we have

: K
f(0> = %171%1 P>;O,Il}12a(i(W20 L"(O-? S? P7 T? >‘7 W> U7 57 {xk}kzl)'
A>0,6>0,x,>0,rER

Then we have the dual problem of f(o) can be represented as

max \p? — 43, x), — 4
SLAS0P»=0,E>0,2,>0U>0W>0rcR,
Y tkQr+U —W — P —rJ— A, = =3,

Uj+Wy <&1<i<n1<j<n.

Next we derive the dual form for g(o), similarly, we write the Lagrangian function as

L(X, PN Vv, {u}ie,)
= Tr((Z2 4+ A+ V)P) + u(Te(PJ) = 1) + 32, (1 — Tr(PQy)),

and we have

g(0) = max min L(X,P,A,V, v, {pk}szl).

P A»0,V>0,0€R 11, >0
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Then we have the dual form of g(o) is

min ), fix — v
st As0,V>0,>01<k<K,
—A =V + 30, 1 Qr —vJ = B2

Then the constraint g(o) < 1 can be simplified to: IA = 0,V > 0, > 0,v € R, such

that

St —v <1, =A==V +> uQr—vJ = X%

Combine with the dual form of f (o), we have the problem (4.21) is equivalent to

max \p? — 4%, @y — 4

St A\>0,P=0,£>0,2,>0,U>0,W >0,r € R,
YoukQr +U —-W =P —rJ— X, ==X,
Uj+W;; <E1<i<n,1<j<n,
Dotk —v <1,
A0,V >0, >20,1<k <K,
A=V +3, uQr — v = X2
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APPENDIX C
PROOFS FOR CHAPTER 5

Proof of Lemma 5.1. Note that the probability measures P;, P, are absolutely continuous

with respect to P; + P», hence we have

inf ®(7; P, P,)

s

— inf / (1= 7(w)) gty (W) + 7(w) g (w) ] d(Pr + Py)(w)
& (C.1)

™

:inf/Q [(1 - W(W))d(zgil&) (W) + m(w) d(}ilijg) (Wﬂd(Pl + P2)(w)

:/Q inf [(1 — x)d(]:(’illj—ng) (w) + xﬁ(w)} d(Pl + P2)(W)7

o 0<z<£1

where the second equality holds because the integral depends only on the subset €y :=
{w eN:0< d(]fl%&)(w) <1, k=1, 2}, on which Py, P, are absolutely continuous with
respect to each other; the third equality is due to the Interchangeability Principle (Theorem
7.80, [179]).

For any w, the infimum 7*(w) of the inner minimization in (C.1) is attained at O or 1.

Therefore, for any w € (2,

* dP; * dP. : dp dP.
(1= 7" (@) 7y () + 7 (@) g5 (w) = min { 7o (), 702 (@) }

This completes the proof. O

Proof of Lemma 5.2. Denote by L'(u) the space of all integrable functions with respect to

the measure p. Using Lagrangian and Kantorovich’s duality (Theorem 5.10, [210]), we
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rewrite the LFD problem as:

sup (P, Py)

P1eP1,PoEP>

1 o

= sup inf <U(P, P) M — Y A\ sup {— u;
Pez(Q) A1,A2>0 { 52 Z Z up €R™ Nk ; k
Pe2(Q) v €LY (Py) -

+/ Vpd Py : ul + vp(w) < e(w, @), V1 <i < ny,Vw € Q}}
Q

2 2 ng
1 .
= su inf P, P +E>\9—E>\ —Eul—l—/vdP):
Pler(Q) NS0 {?/1( 15 Ps) £ kUK o k<nk - k o KO

P up ER"k
262, EL Py

up + vp(w) < c(w, @), V1 <i < ny, Vw € Q}

2 2 ng

1 ,

= su inf P, P +E>\€—§<—Eu’+/vdP):
Pler(Q) A1,A2>0 {d}( ! 2) 1 KUk 1 ng i—1 k Q g F

P u ER"k
2P (Q )UkGLl(Pk)

up + vp(w) < Apelw, @), V1 < i < ny,Vw € Q},

where the second equality holds by combining the innermost supreme problem with the
infimum problem; and the third equality holds by replacing Ayui with ui and \zv; with
vk (note that such change of variable is valid even when A\, = 0). Furthermore, since the
objective function is non-increasing in vy, we can replace vy, with min;<;<,, {\rc(w, @,@) —

ut } without changing the optimal value. Interchanging sup and inf yields

sup w(P17P2 inf { MOk — u; sup {w(PhPﬁ
ok, Z Z Z - AL 2)

/Zlgli%k{)\kc w, L) — uz}de}}

Now let us study the inner supremum in (C.2). For a given distribution (P}, P,) and

any w € supp P; Usupp P, where supp P denotes the support of the distribution P, let
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ix(w) = arg min, { \pc(w,0f) —ul}, k= 1,2, set

~i1(w)
i 1f>‘1dP+P)() >‘2dP1+P2)(w)

T(w) :=
~iz(w) dP
w22 , 1f>\1d(P1+1P)( ) <)\2dP1+P2)(w)

whence

2
T'(w) € argmin { Z [Arc(w’ w]:k(w)) - uzk(w)]%(w)}.

w'eN 1

By definition we have T(w) € €. Define another solution (P, P}) such that P/(B) =
P{w € Q: T(w) € B} for any Borel set B C €. It follows that

/ min {\e(w, @) — u }d P (w)
9

1<i<ng

_Z/Q min {\e(T(w), @) — ul }d P (w)

1<z<nk

gz / (Ake(T(w), Gy — uik ) d Py (w)
k=179
2 . .

<> / (Ake(w, T — ul ) dPy(w).
k=179

In addition, by a simple fact that >, min{z;,y;} < min{> ,z;,> .v;} for any series

{z;,y;}, we have

V(P Py) = /Qmin{d(PililP2)(w), d(Pj”fPQ)(w)} d(P, + Py)()

< Zmin{Pl{w €N:T(w) =0}, P{weQ:T(w) =0}}

oed)

=Y " min{P{(®@), (@)}

oel

Hence (P}, Pj) yields an objective value no worse than (P, P,) for the inner supremum in
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(C.2). This suggests that in order to solve the inner supremum of (C.2), it suffices to only
consider (P, P») with supp P; C Q and supp P, C Q.

Forl = 1,...,n, set pi, = P.(&'), and note that v, € ['(Ps, Q) can be identified
with a non-negative matrix 7, € R} with each column and row summing up to 1. Thus,
the inner supremum in (C.2) can now be equivalently written as

n 2 n
s { D ) = 0ok i (@30 ) |

n
p1,p2€ERY P

> ph=1,3 ph=1

It follows that

sup 7/1(P1,P2)

P1eP1,P2eP2

2 2 N n
_ 1 4 .
SRR OIS DD D EET NS PRI CHy

k=1 k=1 i=1 pl,pzeRi —
S phi=1,3, ph=1
2 n
=32 > pk min {ue@,8)) — ) -
1<i<ng

Applying the Lagrangian duality for finite-dimensional convex programming on the right-
hand side yields

sup  Y(P,P) < sup (P, P),
P eP1,PeP2 PPy, PePs

Observe that both sides have the same objective function, but the feasible region of the
right-hand side is a subset of that of the left-hand side, and thus the right-hand side should
be no greater than the left-hand side, i.e., the above inequality should hold as equality.

Thereby we complete the proof. O

Proof of Theorem 5.1. Note that from Lemma 5.2, we have

sup inf &(m; P, P) = sup inf  ®(m; P, P)

P eP1,PePy m0=[0,1] P ePy, PPy mQ2—(0,1]

< inf sup  DO(m; P, Py).
m:Q—[0,1] P ePy,PreP,
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Let us prove the other direction.
To begin with, we identify 7 € [0,1]" with a function on . Using Theorem 2.3, we
have:

sup Ep[1 — ]—mm{)\ 01+—Z max 1—7Tm—)\10(w o™yt e,

1<m<
P1€'P1 m<n

(C.3)
sup Ep,[7] = min {)\292 + " IZ max {7, — Aac(Q, @ )}}

~ <m<
PePo lsmsn

Let A7 and )\ be respectively the minimizers of the two problems in (C.3). Observe that
the right-hand sides of (C.3) and (5.9) are identical. Hence (5.9) implies that 7* defined in

the statement of Theorem 5.1 satisfies

Epl* [1 — %*] = Ssup Epl[l — %*], EPQ* [%*] = sup ]Ep2 [/71\'*],
P1€7/51 PQE'ﬁQ
and thus
sup @7 P, P) = sup _inf O(7; P, B). (C4)
PLePy,PocPy PLePy PyePy 0"

Hence (7%; P}, Py) solves the above finite-dimensional convex-concave saddle point prob-
lem that always has an optimal solution, which verifies the well-definedness of 7*.

On the other hand, for the 7* defined in the statement of Theorem 5.1, the optimization
problem for finding worst-case risk are decoupled and admits the following equivalent

reformulations (Theorem 2.3)

we

Sup Ep[1 - 7"(w)] = min {A191 + — Zsup {1-7"(w) - )\16(%@3)}} :
(C.5)

1 & :
E * = min < \of + — * - A s .
S Er, [ (w)] ?2“2%{ b2+ Zsup {7 (w) QC(Wawz)}}

1 weN
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Comparing (C.3) and (C.5), if we can prove 7* satisfies

sup {1 — 7*(w) — Afe(w, D)) } < max {1 — T (w) — Ajc(w,@})}, V1 <i<ny,

weN weN (CL6)
sup {7 (w) — Aje(w, 05) } < max {7*(w) — Nye(w, @)}, V1 < i < ny,
wen we

then 7m* would be an optimal solution to (5.2) since

inf sup  ®(m P, ) < sup (7" Pr, P2)
m:Q—[0,1] P ePy,PaePy PPy, Pa€Po

< sup O(7*; Py, Ps)

fﬁeﬁhfbefé
= sup inf &(m; P, Py).

PPy, PrePy m2—[0,1]

To show (C.6), for 7* restricted on the empirical support Q, we have

sup {1 — 7" (w) — Afe(w, @}) } = max {1 — 7*(w) — Ajc(w, @)}, V1 < i < ny,
we weh

sup {7 (w) — Aje(w, @h) } = max {7*(w) — Nye(w, &)}, V1 < i < no.
weld weQ

Indeed, this holds by construction 7*(w) = 7*(w) for w € Q). It remains to show (C.6) also

holds outside of :

sup {1 — 7" (w) — Afe(w,@}) } < max {1 — 7" (w) — Nje(w,@})}, V1 <i < ny,

wg we
sup {7*(w) — Ajc(w, @)} < max {7T*(w) — A\jc(w, @)}, V1 <i < no.
w¢§ we

To prove this, note that it is equivalent to that Vw ¢ Q:

7 (w) > min {7*(@) + A\je(@,&}) } — Aje(w,@}), Vi=1,...,n,
we
(C.7)
™ (w) < Ase(w, @) — min {\je(@,05) —7°(@)}, Vi=1,...,n.
oe
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Observe thatVw € 2, Vi =1,...,nyandVj = 1,...,ny, we have:

min {7*(@) 4+ A\jc(@,}) } + min {/\zc(&?,&?g) — (@)}
wen weN

@) + M@, &) — (@), AF <A,
<

(@) 4+ Nye(@, @3) — T (@), At > AS,
= min{\j, \s}e(@, &)

< Aje(w, @) + Ae(w, @),

where we have used the triangle inequality of the metric ¢(+,-). And we note that

min {7°(@) + Xe(@,3}) } — Ne(w,8}) < 7(@) < 1.
%eQ
and

Nse(w, D)) — rpiél {)\’2‘0(@,@%) — (@)} > (&) >0,
we

since 7 (w) = 7*(w) € [0, 1] for w € Q. Therefore we always have /(w) < u(w) and (C.7)

always admits a feasible solution, as defined in the Theorem statement. O

Proof of Proposition 5.1. Given batch samples wy, . . ., w,,, sampled i.i.d. from the true dis-

tribution P;, define Boolean random variables &;,1 <7 < m as:

1 7'('1(0.)1') = O,
&=
O Wl(wi) = 1,

more specifically, the random variable &; = 1 if and only if the test, as applied to observa-
tion w;, rejects hypothesis H,.

Further, by construction of the Majority test, if the hypothesis H is rejected, then
the number of i’s with & = 1 is at least m /2. Thus, the probability to reject Hy is not

greater than the probability of the event: in m random Bernoulli trials with probability €*
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of success, the total number of successes is > m/2. The probability of this event clearly

does not exceed:

m *\ 17 *\Mm—1
> (Mera-er.
m/2<i<m

When ¢* < 1/2, by the Chernoff bound, we have

S (T)era-ers oo -oapem.

m/2<i<m

where D(1/2||¢*) = 3 log >

2e*

+ % log 2(1—2) is the relative entropy between two Bernoulli
distributions with “success” probabilities being 1/2 and €* respectively. It is easy to see
that D(1/2||e*) > 0. Therefore, the risk goes to 0 exponentially fast, in the order of
exp{—D(1/2||e*)m} as m — oc.

|

Proof of Lemma 5.3. We first establish an optimality condition (Lemma C.1) for the con-
straint

7° € argmin ®(m; Py, Py).
m:21—[0,1]

Without causing confusion, we simply write 7° € argmin_®(7; P;, P») in subsequent

proofs.

Lemma C.1. Letr ©° be the oracle test. For any Py, P, € (X)), the constraint 7° €

argmin, g, 1 ®(7; P1, P2) holds if and only if

sup /Q[ag(w)]lgg (W) — a1 (w)lgs (w)|(dPL — dP;)(w) = 0. (C.8)

a,a26B4(0)

Proof. We first prove the necessity. Suppose 7° € arg min, ®(m; P, P,). Then by defini-

tion for all randomized test 7, we have
O(m; P, Py) > O(7°; Py, Py).
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For any oy, € B, (1), there exists a small enough ¢ > 0 such that the following

perturbed 7° is still a randomized test:

1 —eay(w), wey,
7°(w) + e[an(w)lag(w) — ai(w)log (w)] =

caz(w), w € 3,

which means that the probability of accepting hypothesis Hj is reduced on €23, and prob-
ability of accepting hypothesis H is increased on 25. Recall @ = a1y — aylg;. The

optimality of 7° implies that

Ep [l —m(w) — ea(w)] + Ep, [m°(w) + €a(w)] =2 Ep, [I = 7°(w)] + Ep, [7°(w)].

Dividing e on both sides gives Ep, [a(w)] —Ep,[a(w)] < 0. Moreover, the equality in (C.8)
holds by taking a; = ay = 0, which proves (C.8).
Next, we prove the sufficiency. Suppose (C.8) holds. For any randomized test 7, set

o =71 —7°. Pick &y, s € B4(€2) such that

1 —7(w) ifwe 0y, m(w) ifw e Q3,
al(w) = dg(&)) =

0 otherwise; 0 otherwise.

Then by the definition of 7°, we have &(w) = @ (w)log(w) — @ (w)lgs (w) forallw € Q.

It follows that Ep, [&(w)] — Ep,[@&(w)] < 0, and consequently,

Ep[1 = 7(w)] + Ep[m(w)]
=Ep[1 - 71°(w) — &(w)] + Ep, [1°(w) + &(w)]
=Ep[1 = 7°(W)] + Ep, [1°(w)] = (Ep, [@(w)] — Ep,[a(w)])

ZEp (L = 7°(w)] + Ep,[7°(w)].
This indicates that the risk of any test 7 is greater than or equal to the risk of 7°, implying
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7° € argmin_ ®(m; Py, P,). Therefore we have completed the proof. |

Let us proceed by defining the Lagrangian function

L(Pla P27 )\1; )\2; a17a2)

, ) (C.9)
= AW(P Qi) + D0 D {En o (@) s () — (@) o ()] }

k=1 k=1 j#k

where the second term is equivalent to [, [ (w)Lag(w) — ay(w)Los (w)](dPy — dPs)(w).
Using Lemma C.1, if 7° ¢ argmin_ ®(m; Py, P,), then there exists functions o}, al, €

B () such that 3°2_, >k Ep o (w)lae (w) — o (w) e (w)] > 0, whence

sup L(Pl, Pz, )\1,)\2701,(12) Z lim L(P17P2; >\17 )\27ta/17ta/2) = +00.
aq,026B4(Q) t—00

Therefore, we arrive at an equivalent formulation for the profile function F,,, ,,, defined in

(5.12):
an pr— f LP,P7)\,)\7 5 . Clo
1,n2 Pl,PlIel,@(Q) )\187}\121)20 (Pr, Po; A1y A, o, ) ( )
A1+A2<1

a1,00€B4 (1)

In what follows, we prove the strong duality (i.e. exchanging of sup and inf) in five
steps. We start by showing the weak duality and simplify the dual formulation of F,,, ,,,.
Next, we show that it suffices to restrict the feasible region of o, ay from B, (Q2) to
B.(2) N Lip(©2), which eventually leads to the set .A defined in (5.13), and prove the
strong duality by assuming the support {2 is compact. Finally, we relax the compactness
assumption.

Step 1. (Weak duality.) Exchanging inf and sup in Equation (C.10) yields

Frin, > su inf  L(P, Po; A1, Ao, q, Qo).
e = S 0 PLRE @) (1, Poida, Do, 0, 000) (C.11)
A1+A2<1

a1,0268B4 ()

Let us simplify the right-hand side by deriving a closed-form solution to the inner inf
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problem. Recall that I'( P, ()) denotes the collection of all Borel probability measures on
Q0 x Q) with marginal distributions P and (). By the definition of Wasserstein metric,
since the empirical distribution Qy,, is supported on a finite set Q) = {®}, ..., o} for

k =1, 2, we have

Nk
MW (Pe, Qi) = inf {Z / Akcw,azm(w,a@}.
Q

'YkEF(PkHQk,TLk.) i=1

Moreover, for any distribution v, € I'( Py, Qk.n, ), k = 1,2, we have

Z {Epk oj(w ]190( ) — ak(w)]lQ;(W)]}

JFk

_Z/Za] )las (W) — a(w) Tag (w)]dyy(w, &)

Substituting the above equations to (C.9), it follows that:

L(P1,P2;)\1,)\2,0£17012)

2

_Z%er(g}f@cn {;/Q [Akc(w,@,i)
Dy () g () — enele) Ly () (. B) |

Thereby for fixed A1, A2, a1, o, infp, p, L( Py, Pa; A1, Aa, a1, o2 can be expressed equiv-

alently as a minimization problem over 7, whose first marginal distribution can be arbitrary
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and second marginal is the empirical distribution Q) ,,,, k = 1, 2:

Plfllgz L(Py, Po; My, Ao, 01, o)

_Z'ykeflnék ) Z/ )\kc w Wk
+ Z (0 (W) Tge (w) — (W) Lo (W))]d%(wawzi)}

=3 inf {Aelw, D) + Y (o) Tas () — () g ()},

where I'(-, Q. ) denotes the collection of all Borel probability measures on §2 x €2 with

second marginal being () ,,, , and the last equality is attained by picking
(Wi, O = —, i=1,....m, k=12,
n

where

w, € arg mm {/\kc(w QL) + Z (aj(w)Las(w) — ak(w)]lgz(w))}.
J#k

If the minimizer does not exist, we can argue similarly using a sequence of approximate
minimizers. If there are multiple minimizers, we can simply choose one of them or dis-
tribute the probability mass 1/n; uniformly on the optimal solution set. Therefore, we have

the right-hand side of (C.11) equals to

sup ZEMNQM [mf {/\kc(w o)+ 3 ley (@) Los (w )—ak(w)ﬂgz(w)]}].

A1,A2>0
Ada<1 k=1 J#k

0,028, (Q)

(C.12)
In the sequel, we will refer to the right-hand side of (C.12) as the dual problem.
Step 2. (Restricting on the subset A as defined in (5.13).) We first prove that we can restrict
o, and o, on the space of Lipschitz continuous functions without affecting the optimal

value.
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For any feasible solution (A1, A2, a1, ap) of the dual problem in (C.12) such that the
dual objective is finite, let us construct a modification (A, Ao, &1, &2) which yields an
objective value no worse than (A1, A2, a1, o), but enjoys a nicer continuity property. For

1=1,2,...,n, set

o1(@) : = Inf fAre(w, @) + (W)l (W) = on(w) oz (W)}

— min { nf (e(w,0]) — (@)}, inf e, 01) + ag(w)}}.
It follows that
o1 (w) < Ae(w, @) — ¢ (@), YweQ], Vi=1,...,n,. (C.13)
Define another function &y as
a(w) = ;rlnin {hic(w, @) — ¢ (@)}, Vw € Q. (C.14)

This yields a(w) < a;(w) for all w € QF, due to (C.13). Moreover, the objective
value in (C.12) associated with (A1, Ao, &1, o) is no less than the value associated with

()\1, )\2, g, ag) since

¢1(@i) < Alc(wvz‘;i) - dl(w)7 Vw € cha Vi = 17 - N,

Aac(w, @) + ay(w) < hoc(w, D) + an(w), Yw e QS, Vji=i,...,no.

Furthermore, the function &¢; defined in this way is Lipschitz with constant \;. Indeed, for

any two points £, n € (27, let 7; and 75 be the indices at which the minimum are attained in
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the definition (C.14) for £ and 7, respectively. We have

ay(§) = au(n) = Me(& Q) — 1 (@7)] — [Mic(n, B) — ¢1(@52)]
< [Aie(€, @) — ¢ (@7)] — [Mic(n, BF) — ¢ (@)
= Mi[c(&,08) — c(n, &12)]

S )\10(5, n)a

where the last inequality is due to the triangle inequality of the metric ¢(+, -); and the same

inequality holds for & (n) — & (€). In a similar fashion, for j = 1,2, ... ny, define

¢2(@§) D= igf{)\gc(w,@%) + a1 (w) oo (w) — ao(w)log(w)}

= min{ inf {)\gc(w,@é) + dl(w)},wiélég{/\zc(%@%) — ag(w)}},

weN

and set

as(w) = _min {/\gc(w,ﬁg) - ¢2(@%)} . Yw e 5. (C.15)

Then az(w) < @ (w) forallw € Q25 and the objective value associated with (A1, \a, &1, &o)
is no less than the objective value associated with (A1, Ay, &1, ae); and & is Lipschitz with
constant \,. Since we are in the region {\, Ao > 0, A\; + A2 < 1}, the argument above
proves that without loss of generality we can restrict aq, a; on the set of 1-Lipschitz con-
tinuous functions.

Observe that the objective value does not change if we shift o, by any constant C, k =
1,2. Hence, without loss of generality, we can only consider those satisfying o (wy) = 0
without affecting the optimal value, where w; € €1}, k = 1, 2. By the above argument, we
have shown that it suffices to restrict the feasible region on .A.

Step 3. (Strong duality for compact space.) Now assume (2 is compact. We aim to prove the
strong duality by applying Sion’s minimax theorem. Observe that L( Py, Pa; A1, A2, a1, &)

defined in (C.9) is convex in P, linear in \; and ay; by Prokhorov’s theorem [158], the
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convex space P(£2) x P(2) is compact since (2 is relatively compact with respect to the
weak topology; the space {A;, Ao > 0, \; + Ay < 1} is also a convex compact space. The
feasible region of a;, k = 1,2 belongs to a linear topological space under the sup-norm.
This justifies the conditions for Sion’s minimax theorem, thereby we can exchange sup and
inf in (C.9) when € is compact.

Step 4. (Relaxing the compactness assumption when the cost is bounded.) We now relax the
compactness assumption made in the previous step, using a technique similar to the proof
of Theorem 1.3 in [209]. We temporarily assume the cost function ¢(-, -) is bounded by a
positive constant C' and is uniformly continuous. We will relax the bounded assumption

later. We already have the weak duality:

Uy = inf sSup L(P1, Po; A\, Az, o)

P1,P,eZ(Q) A1,A2>0

A1+A2<1
a1,a2€B4 ()
2

> sup ZE@kNQk,nk [ inf {)\kc(w, Wr) + Z[aj (w)1ge (w) — au(w) g (w)}}]

At Ae>0 1 we i

VRS J

a1,a26B4(Q)

= Uap.

In the following we show that v; < v,.
For any € > 0, let Q¢ C 2 be a compact subset sufficiently large, such that P_(Q2\ Q) <
e and Qi (2°) = 1, k = 1,2. This is always possible since )y, is the empirical

distribution and with finite support. Then the previous steps imply that the strong duality
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holds on ¢:

€ .__ 3 .
vy = inf sup L(P1, Py; A1, A2, 1, @)
P1,P2e2(Q°)  A,00>0
A1+A2<1

1,02 €B+ (QE)
2

= s Y Eoequ, |l {Ake(w,B) + D lay(@)la: (@) - aw(w)lo (@) }]

A1, >0 T -
MAro<t Rt 7k
o,a2€84(02°)

. €
—. U2.

Consider the inf sup problem defining v;. For the optimal solution (P, Ps) to the

inf sup problem that induces v{, we define distributions ]51, ]52 via
Pu(A) = P(Q) - PS(ANQS) + PA(AN(Q\ QF)), VBorelset A C Q.

Recall @ = aslgg — alge. We compare the Lagrangian function L defined in (C.9)

associated with (Py, P,) and (Pf, P5). For the first term in (C.9), we have that
W(]Bkv Qk,nk) < PIS(QE)W(PI; Qk,nk) + CPIS(Q \ Qe) < W(PI:> Qk,nk) + Ce.

For the second term in (C.9), we have

/Q a(w) (B — By)(dw)

= [ etor (Preo = @B + [ ) (F — P)(a)
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By definition of 27, 25, we have fQ\QE a(w)(PY — Py)(dw) < 0. Moreover,

| atw) (r)pr - (@) a)
PP (Q) [o a(w)(Pf — P5)(dw) — (P5(Q°) — PP(Q)) o ax(w) Ps(dw),
if PP(Q2°) < Ps(QF);

P () [, a(w)(PE — PS)(dw) + (P(Q) — PS(29)) [i,. ax(w) Pe(dw),

if P2(Q°) > Pg().

\

By definition |, a(w)(Pf — Ps)(dw) < 0 and Pg(2°) > 1 — e, thereby

oY) / (W)~ Py)(d) < (1 - ) / a(w)(dP; — dP5)(w) <0

Moreover, since P¢(€2€) > 1 — ¢, we have | PP (§2°) — Ps ()| < ¢, consequently we have

PO = )] | al@dPiw) < ¢ [ cowddpie) < Ce

where the last inequality is due to the 1-Lipschitz property of a;, and C' may be a different
constant. Combining with previous inequality that W(ﬁk, Qimy,) < WP, Qi) + Ce,
k =1, 2, we have

V1 < Ui + 2CkE.

Now consider the dual problem defining vy. Let (af, @) be the optimal solution to
the dual problem supported on the subset 2. We will construct an approximate maximizer
(avy, @p) of the original dual problem from (af, a5). To this end, let us define

Gi(B]) : =min{_inf | {hiew,0]) — (@)}, inf (e, 51) + () |

¢§(@%) D= min{ inf  {Aac(w, w2) +aj(w)}, inf {Aec(w, w2) oz;(w)}}

weNgNe weNgNe
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From the above equations we have that af, o satisfy:

aj(w) < Alc(w,@i) — ¢§(@§)a Ywe QY i=1,...,n,
| | (C.16)
a5(w) < Xac(w, @) — ¢5(@3), Yw e QS j=1,...,ns.
Define &y, as as
G1(t) = min {huclee, ) — 5@},
== | | (C.17)
Go(w) = min {Agc(w,@y) — dy(y) }-
1<j<n2

This implies that ¢f,(&;) < infueao {Arvc(w, @) — ar(w)}, k=1,2,i=1,...,n;. Com-

paring (C.17) and (C.16), we have that & (w) > af(w), k = 1,2, for w € Q°. Conse-

quently, we have

¢S5 (@) < min{ inf {A\c(w, @) —ay(w)}, inf {Ae(w,@) + &g(w)}},

weNNNE weNGNNE
€ /~j < . ~j ~ . ~j\ _ ~
65(03) <inf {_min {oclw. ) +6a(@)},inf | Docl,3) — dolw)} |

Moreover, we can choose €2 sufficiently large so that for every w € Q5 N (Q\ Q°),

Are(w, @) + ao(w) = Ac(w, @) + )\Qc(w,@g) — ¢5(W3)

> inf Qe @) + g} 2 1@,

where j is the minimizer in the definition (C.17). Combining these together, we have

¢1(@}) < min { inf e, B]) — (@)}, inf (e, B)) + Ga(w)} |,
¢5(@}) < min inf {ac(w, D)) + an (W)}, inf {ac(w, @) — an(w)} ¢
weNy weNg

Therefore, from o, o defined in (C.17), we see vy > v5. Combine with previous argu-

ment, we have
vy < vy < vy <vf + 2CE.
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By letting ¢ — 0, we have shown the strong duality, provided that the cost function is
bounded.

Step 5. (Relaxing the bounded cost assumption.) Next, we turn to the general case with
cost function by writing ¢ := sup,, ¢, where ¢,,(z,y) = min{c(z, y), m} is the truncated
cost function that are bounded for each m € N. Let v]" be the optimal value of the primal
problem under cost ¢,,,, and v5* denote the optimal value of the dual problem under cost ¢,,.

More specifically, let

Lm(Ph PQ; >\17 >\27a17 a2)

2 2
= Z MW (P, Qimy,) + Z Z {Epk [aj(w)]lg;q (W) — ag(w)lgg (w)]} :
k=1 k=1 j#k
where W™ (P, Q.n, ) is the Wasserstein distance associated with cost function ¢, (-, -).
Define
Uin = inf sup Lm(Pl,PQ;Al,AQ,al,OQ)
Pi,Poe () A1,22>0

A1+A2<1
o1,02€84(Q)

2

= sup Y Eaequ, | if { Mo (@, B0) + Dl () Lag (w) — an(w)Lag (@)} ]

A1,A2>0 T :
MHra<n P Ik
1,268 (Q)

—. gym
. /l]2 .

We have proved v{* = v3" in previous steps. And clearly we have v5* < v, since ¢, < ¢,
leading to v* = v5* < vy < vy, so we only need to show v; = sup,, v7".

Observe that W™ ( Py, Qy.n,, ) is a non-decreasing sequence bounded above by W( Py, Q. », )-
If { (P}, P3}) }ien is a minimizing sequence for the problem v7", then we can extract a sub-
sequence that converges weakly to some probability measure P/", Pj" [209].

We claim that the sequence {P]"},,en is relatively compact with respect to the weak
topology, & = 1,2. To show this, suppose {P{"}.en is not relatively compact, then

there exists ¢ > 0 such that for any compact set A and any my € N, there exists m >

194



myg such that P"(A) > e. We choose my = [W(Qgn,, P7)/€] and a set A such that

1nfw€A@€52 ¢(w,w) > mg. Then for any m > mg, we have

W™( Qi P = min E (oo [Cm(w, o’
(Qums P = i (B ()]}

> mo Py (A) > moe > W(Qrn,» Py),

while at the same time we have

Wm(Qk,nka le) S Wm(ka,nka Plo) S W(Qk,nka Plo)a

which is a contradiction. Therefore { P]"},,cy is relatively compact and we can extract a
subsequence that converges to some probability measure F;.

For any m; > ms, we have W™ (P, Qg , ) > W™2(P™, Qk », ), and

lim sup W™ (P™, Q. p,.) > imsup W2 (P, Qp.ny) = W2(P, Qo )-

mi—r0Q mi—r0Q

Moreover, W™? (P}, Qr.», ) is a non-decreasing sequence and converges to W (P}, Qx.», )

as mo — 00, hence:
lim sup vf"* = limsup W™ (P, Qk.n,.) > W(FP;, Qrn,) = V1.

m—0o0 m—0o0

Thereby we complete the proof. ]
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APPENDIX D
PROOFS FOR CHAPTER 6

Proof of Lemma 6.2. We start with describing an application of the Bernstein inequality
for martingales (cf., e.g., [12, 64, 60, 21]) in our situation. Let w; 7 = ...;0,1,2, ... be
a sequence of random binary vectors in R™ such that the conditional distribution of the
j-th component w;;, j = 1, ..., m, of w; given w*~! is Bernoulli distribution with parameter
Mij = ]E|wi71{w7;j}. Now, consider the sequence of Boolean vectors v;, 1 = 1,2, ..., y; €
R™, such that ~; is [w'~'-measurable with 3 v/ < 1as.. Finally, let §; = v, w; — v, s

note that, in this case,
Eli-{G} =0, 07 =B, {} =7 (1 — 7 ) < %, and ;] < 1 as..

— 1 N T — 1 N T = 1 N > 1 N
Denote jiy = ~ Zi:1 Y Mi» UN = Zizl Vi Wis SN = ¥ Zi:l Uga and (n = N Zizl Gi-

Lemma D.1. Let 0 < s <5 < 00, and let y > 1. One has

= 2ysn Yy _ _ _ _
P{KN!Z N TN §§SN§S} < 2e(yln(s/s) +1)e7?, (D.1)
and, as a consequence,
_ 2US
IP’{KNI 2 %\S}N +3iN} < 2e(y[In((y — 1)N) +2] +2)e?. (D.2)

Moreover, we have

P{¢(on, N3y) < fiv < 9(on. Niy)} 2> 1= 2e(y[In((y — 1)N) +2] +2)e, (D.3)
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where

(v, N;y) = W)™ NVJF%_\/QNVij%_zNy(%_VN)Q] , v >
- |0, otherwise;
r B - : :
D, Niy) = 4 (N +2y)~* Nu+%y+\/2Nuy+%—§v—y(g+uN) } v <1— gL
v, ,y = i
L 1, otherwise,
(D.4)
so that
]P{DN —_(I/N,N y) S N < Uy _£<’7N,N;y)}
(D.5)

>1—2e(y[In((y — 1)N) +2] +2)e¥
Proof of Lemma D.1. Utilizing Bernstein’s inequality for martingales (cf., e.g., [21, Theo-

rem 3.14]) we obtain for all z > O and s > 0,

N
]:P {
=1

N
| > V2zs + f’ Zaf < s} < 2e7%. (D.6)
3 i=1

We conclude that

{CN|>\/—21+Z‘1 +3—N Sn € [s, <1+z‘1>s]}s2e‘i

implying that fory =z +1 > 1

s 2y'§N () _ -1 —y+1
IP’{ICNI >\ =y T3y SN € [5,(y — 1) tys] 3 < 2e7¥F. (D.7)

Let now s/ = min {E, (y—31>330},j =0,...J, with s = 5, s/ =3, and J =
|In (s/s) n™" ((y — 1)~'y) |. Note thatIn (1 4+ 1/(y — 1)) > 1/y for y > 1, so that

J<In(s/s)In"" ((y—1)"'y) +1 <yln(5/s) +1
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On the other hand, due to (D.7),

J —
_ 2 .
< E P{KN\ > %N + BiN’ 5y € [37,37“}} < 2Je vt

whatis (D.1). Let us put s = (182)~! in (D.6); together with y = z + 1 > 1, we get
Py > L sy < — b cgeun (D.5)
— 3N’ ~ 18N(y—1)) — ‘ '

Furthermore, we have sy < 1/4 a.s.. When substituting s = (18(y — 1)) ' and s = N/4

into (D.1) we obtain

5 2ysn .y
P > -~ > -
{‘m “VTN 3N YT NG D)

} < 2e(yln (3(y — 1)N) + 1)ev.

Finally, when taking into account (D.8) we conclude with

— 2y§N y
P > 7
{'m =V N +31\[}

<2e(yln ($(y — 1)N) +2)e ¥ < 2e(y[In((y — 1)N) + 2] +2)e V.

Next, we observe that s < jiy(1 — fiy), and replacing sy in (D.2) with this upper bound

come to the inequality:

P {\CN\ > \/QyﬁN<]1\]_ i) 3%} < 2e(y[In((y — 1)N) +2] +2)e v

. =N o -
In other words, there exist a subset ) of the space QO of realizations w” of probability at
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least 1 — 2e (y In ((y = 1)n) + 4) e~¥ and such for all w¥ € Q" one has

i 2yiin (1 — i
[&= \/ ‘WN(N fv) 3%\/ (D.9)

Observe that ji,, can be eliminated from the above inequalities: when denoting v; = 7, w;

with Iy = % Zfil v; = (n + [in, by simple algebra we deduce from (D.9) that

¢(VNa[y)§ ¢(VN7[7Q)

where ¢(-) and ¢(-) are as in (D.4). We conclude that for w" € "

5N—¢(VNJ?J)§§ w(l/Nalay)

what implies (D.5). O

Now, in the premise of Lemma 6.2, let us fix & € {1,...,x}, and let us denote ’yiT =
[(w!=)]r = Rowg[n(w!~1)], the k-th row of n(w!~)). We set v; = v, w; = [n(w!~})]rw;.

1 is Bernoulli distribution with

Note that conditional distribution of the r.v. v; given w'~
parameter y; = Ei-1{v;} = [p(w;-})]wn" (wi"})3. Defining, as above, {; = v; — p;,

(N=17 LS & = (Fn(B)), the k-th component of the field Fi,~ (3), 7y = ¥ LSy N vi=
aloM and iy = 2 = L3N @)l (@B = (AlwV]B). the k-th
component of A[w¥]3, and utilizing bound (D.5) of Lemma D.1 we conclude that for any

y > 1, (Fn(8))k k =1, ..., k, satisfy, with probability at least 1 — 2e(y[In((y — 1)N) +

2] +2)e™, the bound

VN _w(leaN§y) < (FwN(ﬁ))k S UN — %(VNJV y)

where ¢(-) and ¥(-) are as in (D.4). O
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