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SUMMARY

This thesis discusses the new progress in (1) hot-spots detection in spatial-temporal
data, (2) partial-differential-equation-based (PDE-based) model identification, and (3) op-
timization in the Least Absolute Shrinkage and Selection Operator (Lasso) type problem.

In this thesis, we have four main works. Chapter 1 and Chapter 2 fall in the first area,
i.e., hot-spots detection in spatio-temporal data. Chapter 3 belongs to the second area,
i.e., PDE-based model identification. Chapter 4 is for the third area, i.e., optimization in
the Lasso-type problem. The detailed description of these four chapters is summarized as
follows.

In Chapter 1, we aim at detecting hot-spots in multivariate spatio-temporal dataset that
are non-stationary over time. To realize this objective, we propose a statistical method
to under the framework of tensor decomposition and our method has three steps. First,
we fit the observed data into a Smooth Sparse Decomposition Tensor (SSD-Tensor) model
that serves as a dimension reduction and de-noising technique: it is an additive model
that decomposes the original data into three components: smooth but non-stationary global
mean, sparse local anomalies, and random noises. Next, we estimate the model parameters
by the penalized framework that includes a combination of Lasso and fused Lasso penalty
to address the spatial sparsity and temporal consistency, respectively. Finally, we apply a
Cumulative Sum (CUSUM) Control Chart to monitor the model residuals, which allows
us to detect when and where the hot-spot event occurs. To demonstrate the usefulness of
our proposed SSD-Tensor method, we compare it with several other methods in extensive
numerical simulation studies and a real crime rate dataset. The material of this chapter is
published in Journal of Applied Statistics in January, 2021 under the title “Rapid Detection
of Hot-spots via Tensor Decomposition with Applications to Crime Rate Data” with co-
authors Hao Yan, Sarah E. Holte and Yajun Mei.

In Chapter 2, we improve the methodology in Chapter 1 both statistically and compu-
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tationally. The statistical improvement is the new methodologies to detect hot-spots with
temporal circularity, instead of temporal continuity as in Chapter 1. This helps us handle
many bio-surveillance and healthcare applications, where data sources are measured from
many spatial locations repeatedly over time, say, daily/weekly/monthly. The computational
improvement is the development of a more efficient algorithm. The main tool we use to ac-
celerate the calculation is the tensor decomposition, which is similar to the matrix context
where it might be difficult to compute the inverse of a large matrix in general, but it will be
straightforward to calculate the inverse of a large block diagonal matrix through the inverse
of sub-matrices in the diagonal. The usefulness of the improved methodology is validated
through numerical simulations and a real-world dataset in the weekly number of gonorrhea
cases from 2006 to 2018 for 50 states in U.S.. The material of this chapter is accepted as
a book chapter in Frontiers in Statistical Quality Control 13 in February 2021 under the
title “Rapid Detection of Hot-spot by Tensor Decomposition with Application to Weekly
Gonorrhea Data” with co-authors Hao Yan, Sarah E. Holte, Roxanne P. Kerani and Yajun
Mei.

In Chapter 3, we propose a two-stage method called Spline Assisted Partial Differen-
tial Equation involved Model Identification (SAPDEMI) method to efficiently identify the
underlying PDE models from the noisy data. In the first stage — functional estimation
stage — we employ the cubic spline to estimate the unobservable derivatives, which serve
as candidates of the underlying PDE models. The contribution of this stage is that, it is
computational efficient because it only requires the computational complexity of the linear
polynomial of the sample size, which achieves the lowest possible order of complexity. In
the second stage — model identification stage — we apply Lasso to identify the underlying
PDE model. The contribution of this stage is that, we focus on the model selections, while
the existing literature mostly focuses on parameter estimations. Moreover, we develop sta-
tistical properties of our method for correct identification, where the main tool we use is

the primal-dual witness (PDW) method. Finally, we validate our theory through various

X1X



numerical examples.

In Chapter 4, we focus on developing an algorithm to solve the optimization with a ¢;
regularization term, namely the Lasso-type problem. The algorithm developed in this chap-
ter can greatly reduce the computational complexity in Chapter 1, Chapter 2 and Chapter
3, where we try to realize sparse identification. The challenge to develop an efficient algo-
rithm for the Lasso-type problem is that the objective function of the Lasso-type problem
is not strictly convex when the number of samples is less than the number of features. This
special property of the Lasso-problem leads the existing Lasso-type estimator, in general,
cannot achieve the optimal rate due to the undesirable behavior of the absolute function
at the origin. To overcome the above challenge, we develop a homotopic method, where
we use a sequence of surrogate functions to approximate the ¢; penalty that is used in the
Lasso-type of estimators. The surrogate functions will converge to the ¢; penalty in the
Lasso estimator. At the same time, each surrogate function is strictly convex, which en-
ables a provable faster numerical rate of convergence. In this chapter, we demonstrate that
by meticulously defining the surrogate functions, one can prove a faster numerical con-
vergence rate than any existing methods in computing for the Lasso-type of estimators.
Namely, the state-of-the-art algorithms can only guarantee O(1/¢) or O(1/1/€) conver-
gence rates, while we can prove an O([log(1/¢)]?) for the newly proposed algorithm. Our
numerical simulations show that the new algorithm also performs better empirically.

In Chapter 5, we summarize the contributions of the above four chapters. These four
chapter fall in the three areas: (1) hot-spots detection in spatial-temporal data, (2) PDE-
based model identification, and (3) optimization in the Lasso-type problem. In particular,
the above three areas shares the similar technique, i.e., they are all involved with the sparse
identification problem. The first area aims at sparse hot-spots detection. The second area
focuses on identifying a few underlying derivatives among lots of candidates of derivatives.
The third area targets on the computation with the ¢; regularization term. In addition to the

contributions, we also discuss the future research of these three areas.
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CHAPTER 1
RAPID DETECTION OF HOT-SPOTS VIA TENSOR DECOMPOSITION WITH
APPLICATIONS TO CRIME RATE DATA

1.1 Introduction

In many real-world applications such as biosurveillance, epidemiology, and sociology, mul-
tiple data sources are often measured from many spatial locations repeatedly over time, say,
daily, monthly, or annually. This is commonly referred as multivariate spatio-temporal
data. When such data are non-stationary over time, compared with detecting the global
or system-wise changes as in the traditional statistical process control (SPC) or sequential
change-point detection literature, we would be more interested in detecting hot-spots with
spatially-sparsity and temporally-consistency. Here, we define hot-spots as the anomalies
that can occur in the temporal and spatial domains among the multivariate spatio-temporal
data.

The primary objective of this paper is to develop an efficient method for hot-spots detec-
tion and localization for multivariate spatio-temporal data. From the viewpoint of monitor-
ing non-stationary multivariate spatial-temporal data, there are two kinds of changes: one
is the change on the global-level trend (e.g., the first-order changes), and the other is the
local-level hot-spot (e.g., second-order changes). Here we focus on detecting the latter one,
and assume that local-level hot-spots have the following two properties: (1) spatial sparsity,
i.e., the local changes are sparse in the spatial domain; and (2) temporal consistency, i.e.,
the local changes last for a reasonable period of time.

Little research has been done on the hot-spot detection for multivariate spatio-temporal,
although there are two major related existing research areas for detection in multivariate

spatio-temporal data: one is the spatio-temporal cluster detection, and the other is change-



point detection. In the first area, the famous representative is the scan statistics based
method, which was first developed in the 1960s in [1] and later extended by [2] to detect
anomalous clusters in spatio-temporal data. The main idea of scan statistics is to detect
the abnormal clusters by utilizing maximal log-likelihood ratio (more mathematical details
are provided in subsection 1.8.3). It is worth noting that the scan statistics-based method
is a parametric method, in which the parametric families of data distributions are made.
For instance, [3] assumes the negative binomial distribution, [2, 4, 5, 6] investigate the
Poisson distribution. A limitation of scan statistics is that it assumes that the background
is independent and identically distributed (i.i.d.) or follows a rather simple probability
distribution, which might not be suitable to handle non-stationary spatio-temporal data.

The second category of existing research is the change-point detection problem for
the spatio-temporal data. Below we will further review two approaches that are related
to our context: the Least Absolute Shrinkage and Selection (Lasso) based methods and
dimension-reduction-based methods. Note that Lasso has been demonstrated to be an ef-
fective method for variable selection to address sparsity issues for high-dimensional data
in the past decades since its developments in [7], and thus it is natural to apply it to detect
sparse changes in high-dimensional data, see [8, 9, 10, 11, 12, 13]. While the sparse change
of Lasso is similar to the hot-spots, unfortunately, as our extensive simulation studies will
demonstrate, the Lasso-based control chart is unable to separate the local hot-spots from
the non-stationary global trend mean in the spatio-temporal data.

For the dimension-reduction-based change-point detection method, Principal Compo-
nent Analysis (PCA) or other dimension reduction methods are often used to extract the
features from the high-dimensional data. More specifically, [14] reduces the dimensional-
ity in the spatio-temporal data by constructing 7 and Q charts separately. [15] combines
multivariate functional PCA with change-point models to detect the hot-spots. For other
dimension-reduction-methods, please see [16, 17, 18, 19, 20, 21] for more details. The

drawbacks of PCA or other dimension-reduction-based methods are the restriction of the



change-point detection problem and the failure to consider the spatial sparsity and temporal
consistency of hot-spots.

Our proposed method is essential to the application of the Lasso-based method and
dimension-reduction-based method for SPC or change-point detection over a model based
on fensor, which is a multi-dimensional array. It is worth noting that the multivariate
spatio-temporal data can often be represented in 3-dimensional tensor format as “Spatial
dimension x Temporal dimension x Attributes dimension”. Therefore, we propose to
use tensor to represent the original data, and consider the additive model that decomposes
this tensor into three components: (1) smooth but non-stationary global trend mean, (2)
sparse local hot-spots, and (3) residuals. We term our proposed decomposition model as
Smooth Sparse Decomposition-Tensor (SSD-Tensor). Besides, when fitting the raw data to
the SSD-Tensor model, we propose to add two penalty functions: the first one is the Lasso
type penalty to guarantee the spatial sparsity of hot-spots, and the second one is the fused-
Lasso penalty [see 22] to guarantee the temporal consistency of hot-spots. This allows
us to not only detect when the hot-spot happens over the temporal domain (i.e., hot-spot
detection problem) but also localize where and which types/attributes of the hot-spots occur
if the change happens (i.e., hot-spot localization problem).

It is useful to highlight the novelty of our proposed method as compared to the existing
research on spatio-temporal data. First, our proposed SSD-Tensor method can detect hot-
spots when the global trend of the spatio-temporal data is dynamic (i.e., non-stationary
or non-i.i.d). That is, our method is robust to the global trend, in the sense that it can
detect hot-spots with positive or negative mean shifts on top of the global trend of raw
data, no matter whether it is decreasing or increasing. In comparison, the existing SPC or
change-point detection methods often assume that the background is i.i.d. and focus on
detecting the anomalies under the static and 1.i.d. background. Second, we should clarify
that the primary goal of our proposed method is not the prediction or model fitting. Instead,

we focus on hot-spots detection and localization among the dynamic spatio-temporal data.



Of course, good fitting or estimation of the global trend will be useful to detect hot-spots
accurately. Finally, while our paper focuses only on a 3-dimensional tensor arising from our
motivating application in crime rates, our proposed hot-spot method can easily be extended
to any d-dimensional tensor (d > 3), as we can simply add corresponding dimensions and
bases in the tensor analysis. The capability of extending to high-dimensional tensor data is
one of the main advantages of our proposed SSD-Tensor method.

The remainder of this paper is described as follows. In section 1.2, we introduce and
visualize the crime rate dataset, which will be used as our motivating example. In sec-
tion 1.3, we present our proposed SSD-Tensor model and discuss how to estimate model
parameters from data. In section 1.4, we describe how to use our proposed SSD-Tensor
model to detect and localize hot-spots. In section 1.5, we compare our proposed method
with several benchmark methods and demonstrate its usefulness through extensive simula-
tions. In section 1.6, we represent the application of our proposed method in a real crime

rate dataset.

1.2 Motivating Example & Background

This section gives a detailed description of the crime rate dataset that is available from the
U.S. Department of Justice Federal Bureau of Investigation (see https://www.ucrdatatool.
gov/Search/Crime/State/StateCrime.cfm). The crime rates are recorded from 1965 to 2014
for 51 states in the United States annually. In each year and for each state, three types of
crime crates are reported: (1) murder and non-negligent manslaughter; (2) legacy rape;
and (3) revised rape. Table 1.1 shows the head of the dataset, and the value in the table is
the crime rate per 100,000 population in each state.

It is worth noting that the crime rate dataset has three dimensions: (1) the temporal
dimension (i.e., years), (2) the spatial dimension (i.e., states), and (3) the attribute/category
dimension (i.e., three different types of crime rates). For a visual representation, we plot

several figures that show the characteristics of each dimension.
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Table 1.1: Head of the crime rate dataset from 1965 to 2014 for 51 states in the U.S. an-
nually. The dataset is publicly available from https://www.ucrdatatool.gov/Search/Crime/
State/StateCrime.cfm. The recorded three types of crime rates are murder and non-
negligent manslaughter, legacy rape, and revised rape. The value in the table is the crime
rate per 100,000 population of each state, and the states are ordered in alphabetical order.

Year State Murder and non-negligent manslaughter Legacy rape Revised rape
1965 Alabama 11.4 10.6 28.7
1965  Alaska 6.3 17.8 39.9
1965 Arkansas 5.9 10.4 23.7
1965 Wyoming 2.9 11.5 17.9
1966  Alabama 10.9 9.7 32

1966  Alaska 12.9 19.5 36

To begin with, we first illustrate the temporal dimension (i.e., years), where we plot the
time series of the sum of all states’ crime rates in the logarithm scale in Figure 1.1(a). The
x-axis is the year ranging from 1965 to 2014, and the y-axis is the sum of all states’ crime
rates in the logarithm scale. We acknowledge that this summation is different from the
actual annual crime rate in the United States, which needs to take into account the different
population sizes of each state at different years. Here, we use this notation to refer it as
the annual crime rate of the United States for simplicity, since our purpose here is only for
demonstration of the overall temporal trends. Figure 1.1(a) suggests that the crime rates are
increasing in the first 10 years (1965-1975), then become stationary during 1975-1995, and
finally have a decreasing trend during 1995-2014. Furthermore, it is interesting to point out
the two peaks around 1980 and 1992, since we are interested in finding out whether they
are caused by global trends or local hot-spots.

Next, we show the characteristics of the crime rate dataset on the attribute/category
dimension (i.e., three types of the crime rates) in Figure 1.1(b), where different bars rep-
resents the different types of the crime rates, and the height of the bar represents the cu-
mulative crime rate from 1965 to 2014 in the United States. It can be seen that these three

crime rates overall happen with similar frequencies. This can possibly make it challenging


https://www.ucrdatatool.gov/Search/Crime/State/StateCrime.cfm
https://www.ucrdatatool.gov/Search/Crime/State/StateCrime.cfm

to detect the hot-spots if we analyze the three-dimension data as a whole.
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Figure 1.1: (a) Time series of annual crime rates in the United States from1965 to 2014
& (b) Bar plot of three cumulative rates from 1965 to 2014. For (a), the x-axis plot is
the year ranging from 1965 to 2014, and the y-axis is the annual crime rate of the U.S. in
the logarithm scale. Because the value of the crime rate is the number of crime cases per
100,000 population, it is reasonable for the annual crime rate to be larger than 100 during
some years. For plot (b), different bars represent different types of crime rates, and the
height of the bar represents the cumulative crime rate from 1965 to 2014 in the U.S. in the
logarithm scale.

Finally, we illustrate the crime rate data in the spatial dimension (i.e., states) in Fig-
ure 1.2. In Figure 1.2, each map shows the spatial information of the crime rates in six
different years. The selected six years are starting from 1965 with a ten-year interval, and
the only exception is the sixth map, which uses the year 2014 data, as the data in the year
2015 is not available yet as of August 2020. If a state has a very dark color in Figure 1.2,
it has very high crime rates. We can see from the spatial plot in Figure 1.2 that the spatial
patterns of crime rates are generally very smooth.

From Figure 1.1 and Figure 1.2, there seems to be a brief increasing trend during 1984-
1995, but it is difficult to conclude whether this is due to the global trend or local hot-spots
without refined analysis. Note that the global trend might be caused by the U.S. federal
governments’ policies or the world-wise economic or political situations that are out of
control of any local state or certain government branches. However, it is possible that the

issues from local hot-spots can be addressed by borrowing other states’ successful strategies
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Figure 1.2: Each map shows the spatial information of the crime rates in six different years.
Darker color represents a higher crime rate. We can see that the spatial patterns of crime
rate are generally very smooth.

or policies.

Below we provide the technical background on tensor through the crime rate dataset.
Note that we can store our data set as a tensor of order three, denoted by ) = (), ), where
an element ), ;; represents the j-th crime rate of state ¢ in year ¢ with¢ = 1,...,51 for 51
states, 7 = 1, 2, 3 for three different type of crime rate and ¢ = 1, ..., 50 for 50 years from
1965 to 2014.

We are now ready to introduce some basic tensor notation and algebra that are useful in
this paper. For the notations throughout the paper, scalars are denoted by lowercase letters
(e.g., 0), vectors are denoted by lowercase boldface letters (6), matrices are denoted by
uppercase boldface letter (®), and tensors by curlicue letter (/). For example, a tensor of
order N is represented by ¢ € RI1**In where I,, represent the mode-n dimension of 1)
forn=1,..., N.

Next, we introduce the notation of slice, which is a two-dimensional section of a

tensor by fixing all but two indices. Let us take tensor ) € R™*"2*"3 as an exam-



ple. Figure 1.3 visualizes its horizontal, lateral, and frontal slides, which are denoted by

Vi.(Vi=1,...,m),Y,;:(Vj=1,...,n9),and V.,(Vt = 1,...,ng), respectively.

/4

a) the original tensor: orizontal slices: C) lateral slices: rontal slices:
(a) the original (b) hori 1 sli (c) lateral sli (d) frontal sli
ynlxngxn3 yi:: Vizl,...,nl y:j: \V/j:].,-..,TlQ y;;tvt:]_,...,ng

Figure 1.3: Slices of 3-dimension tenor

Moreover, we introduce the mode-n product between a tensor and a matrix. For a given
tensor of order N, i.e., ¥ € RI*+*IN and a given matrix B € R’»*!» the mode-n product
between v and B, denoted by 1 x,, B, is a new tensor of dimension R1* - fn-1XJnxInt1x..In
where its (41, ... ,%n—1,Jn; int1, - - -, in)-th entry can be computed as > . 0, ixBj, i

Here we use the notation B;, ; to refer the (j,,%,)-th entry in matrix B, and 9;, _;, to

N
refer the (iy, ..., iy)-th entry tensor 9.
Finally, we discuss the Tucker decomposition, which is a useful technique in tensor

algebra. Its main idea is to decompose a tensor ) € R1**I¥ into a core tensor multiplied

by matrices along each dimension:

Y =19x; BY x, B® .. xyBWY),

where B(™ e R»*In is an orthogonal matrix for n = 1,..., N. The above equation can

be equivalently represented by a Kronecker product, i.e.,

vec(Y) = (B @ BV D @ BW)vec(0),

where vec(-) is the vectorized operator. Here the Kronecker product ® is defined as follow:

suppose B; € R™*™ and B, € RP*? are matrices, the Kronecker product of these matrices



is an mp X nq block matrix defined by

bllBQ e blnt
B, ®B,; =

bpiBse ... bynBo

The Kronecker product has been shown to have excellent computational efficiency for ten-

sor data [see 23].

1.3 Our Proposed SSD-Tensor Model

This section presents our proposed SSD-Tensor model and its parameter estimation, whereas
the discussion of hot-spot detection and localization will be postponed to the next section.

The main advantage of using tensor is not only to characterize the complicated “within-

dimension” or “between-dimension” correlations but also to simplify the computations.

The latter is similar to the matrix context where it might be difficult to compute the inverse

of a large matrix in general, but it will be straightforward to calculate the inverse of a large

block diagonal matrix through the inverse of sub-matrices in the diagonal.

To better present our main ideas, we split this section into three subsections. In subsec-
tion 1.3.1, we present the mathematical formulation of our proposed SSD-Tensor model,
and subsection 1.3.2 develops the optimization algorithm for the parameter estimation
problem of the model when fitting the observed data. Since the choice of basis in the
tensor decomposition plays an important role in representing spatial or temporal patterns,

we devote subsection 1.3.3 to discuss the choice of basis in our context.

1.3.1 Our Proposed Model

In this section, we present the mathematical formulation of our proposed SSD-Tensor
model. Here let us focus on our motivating data with three-dimension tensor )) € R™ *"2*"3_

where the (7, j,t)-th entry indicate the j-th crime rate in i-th state in year ¢, with i =



1,...,m=51,7=1,...,np=3,andt =1,...,n3 = 50.
At the high level, our proposed SSD-Tensor model is to decompose a raw data ), ;; into
three components: the smooth global trend mean U{; ; ;, local hot-spots H, ; +, and residuals

& j+- Mathematically, it is an additive model with the form

Vijir =Uiji+Hije+ Eijus

where the residuals &; ;; are i.i.d. with N(0,0?). Under the tensor notation, we denote
U, H,E as the corresponding tensors of dimension R™ *"2*"3_Then our proposed model
can be rewrittenas Y = U +H + €.

It remains to discuss two main components of our model in more detail. For the global
trend mean U/, our main idea is to adopt the basis decomposition framework that allows us to
address the complicated within-dimension correlation and between-dimension correlations.

To be more specific, we propose to decompose the global trend mean tensor U/ as

U=17,x1 Bm,l X9 Bm,2 X3 Bm,37

where 9, € R™"*"*" ig an unknown tensor parameter to be estimated, and matrices
B, € R"*™ B,,, € R™* B,, 3 € R"*" are pre-specified bases to describe the
within-state correlation, within-rate correlation, and within-year correlation in U/, respec-
tively. The choices of the base matrices, i.e., By, 1,B,,2 and B,, 3, are very important
in practice, and we will discuss them in more details in subsection 1.3.3. In our tensor
decomposition, the operator Xxi, X5, X3 is the mode-n product reviewed in the previous
section, where n = 1,2, 3. This mode-n product is used to model the between-dimension
correlations in .

Since some readers might not be familiar with the basis decomposition in tensor, let us
provide a little more background. Loosely speaking, the basis decomposition for tensor is

an extension of the matrix decomposition and is similar to the singular value decomposition
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(SVD) in the sense of representing a matrix or tensor as the product of several specialized
matrices or tensors. The main difference is that the bases B,,,,, B, 2, B,,, 3 are known in

the basis decomposition. Figure 1.4 illustrates the relationship between SVD and basis

decomposition.
Bm,3
(a) SVD (b) basis decomposition

Figure 1.4: The relationship between SVD and the basis decomposition. The plot (a)
is the SVD of matrix U € R™*"2_ The plot (b) is the basis decomposition of tensor
Z/{ e Rn1><n2><n3.

Next, for the local hot-spot tensor 4, we follow the similar basis decomposition way as
U:
H =, X1 By X2 Bpa X3 By s,

where ¥, € R™*"2*" js the unknown tensor to be estimated. And matrices B, ; €
R™>m By, 5 € R By, 3 € R™*™ are pre-specified bases to describe the within-state
correlation, within-rate correlation, and within-year correlation in H, respectively. For
the selection of these bases, i,e., By 1, B2, B, 3, a detailed discussion can be found in
subsection 1.3.3. The operator Xi, X2, X3 is the mode-n (n = 1,2,3) product (see the
definition of mode-n product in the end of section 1.2) to model the between-dimension
correlations in .

In summary, our proposed SSD-Tensor model can be written in the following tensor

format:

YV =1, x1 By X2 B2 X3By, 3+ 0, X1 Bpi xaBpa x3 Bz +E&. (L.1)

This tensor representation above allows us to develop computationally efficient methods for

11



estimation and prediction. The detailed reason why tensor is more computational efficient
can be found in subsection 1.3.2 and subsection 1.8.2. By introducing tensor algebra, the

above format of our model can be written equivalently:

N J . J

y=Bn1®B,20B,3)0,+ (B ®Br2®B3) 0, +e, (L.2)

-

B, By

where vector y = vec()), vector 8,, = vec(V,,), vector 8, = vec(?},), and vector e =
vec(&). The residual vector e is assumed to be the Gaussian white noise, i.e., e~N (0, o2I).

In our proposed SSD-Tensor model in Equation 1.2, it is crucial to estimate the global
mean parameter 8,, and the local hot-spots parameter 8;, when fitting to the observed data.
Here we propose to estimate them by the penalized likelihood-function framework. To be
more concrete, we propose to add two penalties in our parameter estimation. The first one
is the Lasso penalty term on 8}, to ensure the sparsity property of hot-spots: R;(0,) =
A1 (|01]|; - The second penalty is the fused Lasso penalty [see 22] on 6, to encourage the
temporal consistency of the hot-spots: R(65,) = A2 > %, [|0ht — Ons—1||, , where 6, =
vec(Vp,..t)-

Thus, by combining these two penalties, we propose to estimate the parameters (0,,, 85, e)
via the following optimization problem:

arg ming,, g, [[€ll + M [|Onll, + A2 D12 0n — Onll, 13)

st. y=(B,1®B,,2®B,,3)0,, + (Bp1 ®Bj2®B3)0, +e.

We will discuss how to efficiently solve this optimization problem in the next section.

1.3.2  Optimization Algorithm for Estimation

In this section, we develop an efficient computational algorithm to solve the optimization
problem in Equation 1.3. To emphasize the tuning parameters A\; and A in the penalty

terms in Equation 1.3, we rewrite 8,, and 6}, as 6,,, », x, and 0}, », »,, respectively.
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Our proposed optimization algorithm to solve Equation 1.3 contains two main steps.
The first one is to estimate 8,, 5, », and e for a given 6}, ), »,. The second step is to esti-
mate 0}, ), », by using the fast iterative shrinkage thresholding algorithm (FISTA) in [24]
that iteratively updates the estimators. When implementing the FISTA algorithm to our
context, at each iteration, we face an optimization problem that involves both Lasso and
fused Lasso penalty parameters A; and \,. To make the computation feasible, we apply an
useful proposition that establishes the relationship of the optimal solutions between A\; = 0
and general \; # 0.

Let us first discuss the estimation of 6,, x, », and e for a given 0}, ), »,. It turns out that

we have a closed-form solution, as shown in the following proposition.

Proposition 1.3.1. In the optimization problem in Equation 1.3, for a given 5h7 A1 \gs the

optimal solution of 5m A1\, 1S glven by:
O, = (B),B)™ (B;y - B;Bhah,/\l)\2> ' (1.4)

The proof of Proposition 1.3.1 follows the standard argument in the method of least
squares in linear regression and thus omitted. Moreover, since B,, € R"1"2m3Xmn2"3 can
have huge dimension when ni, ns, ng is large, it might be computationally expensive to
solve the inverse of matrix B B,,. By using the tensor algebra, we can greatly simplify
the computations, see subsection 1.8.2 for the details.

Next, we discuss the estimation of 8}, ), »,, which is highly non-trivial. By Proposition

1.3.1, the original optimization problem in Equation 1.3 becomes

arg min [y — X050 15+ A 1002001l + A2 DO, ] (1.5)

[PS TRV

where y* = [ - H,,]y,X = [I - H,,] B, with H,, = B,,(B, B,,,) !B, . Here the ma-
trix D is defined to make Ay || D0, 5, », ||, equivalent to Ao Y 12, [[@4 3, a0t — Onrirei—1]l;

(see subsection 1.8.1 for the explicit definition of D).
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It suffices to solve the new optimization problem in Equation 1.5. Note that Equa-
tion 1.5 is a generalized Lasso problem, and there are many optimization methods available
in the literature. For instance, [25] solves a generalized Lasso problem through transforma-
tion to a common Lasso problem, but unfortunately, it is computationally heavy. [26] uses
the alternating direction methods of multipliers (ADMM) algorithm to solve a generalized
Lasso problem, but its convergence rate is of O(1/k) as shown in [27], where k indicat-
ing the iterations. Another popular method is iterative shrinkage thresholding algorithms
(ISTA) proposed by [28], which also has a convergence rate of O(1/k). Later, researchers
in [24] proposed a faster version of the ISTA, called FISTA, and shown that it has a conver-
gence rate O(1/k?). Thus in our paper, we decide to choose the FISTA algorithm in [24]
as the primary tool to solve Equation 1.5 due to its fast convergence rate.

There is a technical challenge to apply the FISTA algorithm to Equation 1.5. In the
FISTA algorithm, each iteration is based on the proximal mapping of the loss function
F(0n70) = |ly* — X615, 23 - To be more concrete, the updating rule from i-th FISTA
iteration to (7 + 1)-th FISTA iteration is given by

i+1 . i OF (n® i i
0,1, = argming F(n®) + 2L (6 — ) + L2|6 — n®|3 + \,[|0]|; + Ao DO,

JAL,A2

lI>

(V)

where n(® is the auxiliary variable, ie, n@ = @\ | + =10 | — 0\ ) ) with

tit1
144/ 1+4t12 0 i _ 0

to =1ty = —5—, v = 7' LeagF(n(i)) and Ly is the stepsize which is fixed as

the maximal eigenvalue of matrix X "X (see subsection 1.8.4 for more details).

The challenge of applying the FISTA algorithm is because it is difficult to solve wig (v@)
directly, as it involves two penalties with parameters A\; and \,. To overcome this challenge,
we propose to combine a nice theoretical result in [29] with an augmented ADMM algo-
rithm in [30]. Specifically, [29] shows that there is a closed-form relationship between

A1

1 (vD) and 7% (v?). Thus we can easily compute 73" (v(?) if we know how to solve

79, (v¥). The latter can be solved by the augmented ADMM algorithm in [30], which is
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an extension of the regular ADMM method.
Proposition 1.3.2 summarizes that, in the i-th FISTA iteration, how to derive Wi; (v@))
from 7T9\2 (v(?), whose iterative applications lead to the estimation of @y, ,, », in Equa-

tion 1.5:
Proposition 1.3.2. Assume that

1. there is a diagonal matrix Q € R™m2msxnin2ns gatisfying Q = D'D,ie., Q —D'D

is a positive semidefinite matrix;

2. there is a scaler p > 0, which is a positive penalty parameter;

The updating procedure of augmented ADMM algorithm from k-th augmented ADMM
iteration to the (k + 1)-th augmented ADMM iteration is

0 (v@)(k+1) — i (k) _ (k=1)T
Ty, (V1Y) argeen@}%ns[F(a) + 2« o ) DO+

50 — n, (v ED)TQ(O — a3, (v D)); 16

2
~®k+) = arg min [D’y + £ HDO(k“) —v+ loz(k)H ] ;
OcR"3—1 p 2

alktl) — 4k _l_p(De(k—H) —’Y(IH—I)).

Suppose the above updating procedure lasts for M, iterations with M5 as the number of
augmented ADMM iterations, then we have can well approximate 7;3\2 (vD)as 79 (v)(),
Then 3! (v() can be solved as

(V) = sign(r, (v??)) © max { 72, (v(?)] = A1, 0} (1.7)
where © is an operator, which multiply two vectors in an element-wise fashion. For exam-

ple, for two vectors a, b, the ¢-th operator of a ® b is a;b;.

The proof of Proposition 1.3.2 is omitted, as the update rule in Equation 1.6 is an
application of the augmented ADMM algorithm of [30], and Equation 1.7 follows directly
from Theorem 1 of [29].
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Combining the above two propositions, our optimization algorithm to solve the opti-

mization problem in Equation 1.3 can be summarized as the pseudocode in algorithm 1.

Algorithm 1: Algorithm summary for estimation
Input: yaABma Bh;\)\la )\Za Mla MZa L97 Py Q
Output: 9h7)\17)\2’ 9m7)\17,\2

1 initialization: 0202\1 ao o =1
2 fori:=0,...,M; do

; (i) Y0 (1)
3 n = 050 T iHl (@33 00 — Ohrin)
s | VO =) = 2 ppo)

(4

s | 7, (v?) = argADMM(v(?)

6 | mu(v) =sign(@, (v)) © max{[@, (v?))| = A1, 0}
(i+1) ~A i
7 01 aine = Ty (v)
14+4/144¢2
8 tiy1 = T E—

) _ ph)
9 Opy 0, = eh,,\l,AQ

10 am)\l,)@ = (B;Bm)_l (B;y — B;Bham,\l,)@)

Function argADMM(() refers to the augmented ADMM algorithm with the updating rule in Equation 1.6. M
is the number of the FISTA iterations, and My is the number of augmented ADMM iterations. The choice of
Ly, p, Q can be found in subsection 1.8.4.

1.3.3 Selection of Bases in Our Context

This section discusses how to choose the bases B,,, 1, By, 2, By,.3, Bi1, Bp2, By, 3 in our
contexts. In general, these bases can be Gaussian kernels, Cosine kernels, etc., depending
on the nature or characteristics of the data. When one has little to no prior knowledge of
the data structure, a simple choice of basis can be an identity matrix.

Let us now discuss our choices of these bases in our simulation studies and case study
of the crime rate dataset. For the bases of the global trend mean, it involves the selection of
B,. 1, By, 2, By, 3, where B,, ; is the basis in the state dimension of the global trend, B,,»
is the basis in the crime rate dimension of the global trend, B,,,3 is the basis in the temporal
dimension of the global trend. By Figure 1.2, the data are spatially smooth in the state
dimension, and thus we propose to choose B,,, ; as the Gaussian kernel matrix whose (i, j)-

th element is defined by exp{—d?/(2c?)}, where d is the distance between the center of i-th
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state and j-th state. Here the bandwidth constant c is chosen by Silverman’s Rule of thumb
of [31]: ¢ = (46°/(3n3))"/®, where G is the estimated variance of y1, .. ., y,,. Meanwhile,
we set B, » and B,, 5 as the identity matrix, since we have little prior knowledge in the
crime rate dimension and the temporal dimension.

For the selection of the hot-spots basis, i.e., By 1, By 2, Bp 3, we propose to set all
of them as the identity matrix, since there is no prior knowledge of the hot-spots. It is
informative to mention that while the identify matrix seems to lack the temporal consistency
of the hot-spots, our optimization problem adds the fused Lasso penalty that might have

already addressed the temporal consistency of the hot-spots.

1.4 Detection and Localization of Hot-spots

In this section, we discuss the detection and localization of the hot-spots. For the ease of
presentation, we first discuss the detection of the hot-spots, i.e., detect when a hot-spot
occurs in subsection 1.4.1. Then, in subsection 1.4.2, we consider the localization of the
hot-spot, i.e., determine which states and which crime types are involved in the detected

hot-spots.

1.4.1 Detect When Hot Spots Occur?

To detect when hot-spots occur, we develop a control chart based on the following hypoth-

esis test problem:
Hy: I't()\l,)\g) =0 vs. H;: I't()\l,)\g) = (51\115(/\1,/\2) ((5 > O), (1.8)

where

rt<)\17 )\2) = Yt()\la )\2) - ﬁt(Al, >\2)

is the residual after removing the global trend mean under the penalty parameters \q, Ao,

and the vector pi,(Ag, A\y) = vec (LA{::t()\l, )\2)) ,Ht()\l, Ay) = vec (ﬁ::t(kl, )\2)> are the
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estimated global trend mean and local hot-spots in ¢-th year. Here, we add (A1, A2) to em-
phasize that, 1, (A1, \2), ﬁt()\l, Ao) are the global trend mean and local hot-spots estimation
under penalty parameter i, Ao, respectively.

The motivation of the above hypothesis test is described as follows. When there are
no hot-spots, the residual r; (A1, A2) is exactly the model noises. However, when hot-spots
exist, the residual r; includes both hot-spots and noises. By including the hot-spot infor-
mation of ﬁt(AI, Ao) in the alternative hypothesis, we hope to provide a direction in the
alternative hypothesis space, which allows one to construct a test with more power [see 8].

Next, we construct the likelihood ratio test in the above-mentioned hypotheses testing

problem. By [32], the test statistics monitoring upward shift is

~

PO ) = B (s do) T 1A ) / VB0 AT B (A )

where flj (A1, Ag) only takes the positive part of ﬁt(AI, Ao) with other entries as zero, be-
cause our objective is to detect positive hot-spots. The superscript “+” emphasizes that we
aim at detecting upward shifts. In other words, we focus on the hot-spots that have increas-
ing means, partly because increasing crime rates are generally more harmful to societies
and communities. If one is also interested in detecting decreasing mean shifts, one could
modify it by using a two-sided test.

It remains to discuss how to choose (A1, A2) suitably in our test. We propose to follow
[8] to calculate a series of P,"(\;, \2) under different combination of (A;,\y) € ' =
{OW A ™) AU and then select the combination of (A1, A2) with the largest

power. The final chosen test statistics, denoted as ﬁt+()\’{7t, A34), can be computed by

~ P\, M) — E(PF (A, A
]Dt+()\>{7t, )\;J) — max t ( 1, 2) — ( t ( 1, 2))
(A1,A2)€T \/VﬂI'(Pt ()\1, )\2))

: (1.9)

where E(P (A1, \2)), Var(P;" (A1, X)) respectively are the mean and variance of P, (A, \2)

under Hy (e.g., for phase-I in-control samples). Here (A} ;, A5 ;) € I is the penalty param-
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eter maximizing the above equation.
With the test statistic available, we detect when hot-spots occur based on the widely
used cumulative sum (CUSUM) control chart [see 33, 34]. At each time ¢, we recursively

compute the CUSUM statistics as
Wit = max{0,W;", + B (A}, A5,) — d°}, (1.10)

with the initial value W;O = 0, where d* is a constant and can be chosen according to the
degree of the shift that we want to detect. Then we declare that a hot-spot might occurs
whenever W, > L for some pre-specified control limit L.

Note that the CUSUM statistics W," leads to the optimal control chart to detecting a
mean shift from p to p; = 2d* — o for normally distributed data [see 34]. When the data
are not normally distributed, the optimality properties might not hold, but it can still be a
reasonable control chart. Also, it is important to choose the control limit L in the CUSUM
control chart suitably, and the detailed discussion will be presented in section 1.5 for our

simulation studies and in section 1.6 for our case study.

1.4.2  Localize Where and Which the Hot Spots Occur?

In this section, we discuss how to localize the hot-spots if the CUSUM control chart in
Equation 1.10 raises an alarm at year ¢*. In other words, we want to determine where and
which crime rates may account for the hot-spots. To do so, we propose to utilize the matrix
ﬁ:;t*()\u*, A2+ ), which is the hot-spot estimation in ¢*-th year. If the (7, 7)-th entry in
ﬁ::t* (A1, Aa g+ ) is non-zero, then we declare that there is a hot-spot for the j-th crime rate
type in the i-th state at the ¢*-th year.

The mathematical procedure to derive ﬁ;;t* (A1t+, Aog+) is described as follows. First,

’}Q()\l,t* , Ag ¢+ ) is the tensor format of H(/\Lt* JAgpr) = Bhgh(/\u* . Aa.¢+ ), where 5h (A1e%, Ao ge)

is the minimizer in Equation 1.2 under the penalty parameter \; 4, Ao 4«. Second, ”;q::t* (A1ee, Ao )
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is the t* slices along the temporal dimension of ”7‘2()\1775*7 Ao p+).

As one reviewer points out, this approach might lead to a relatively high false positive
rate (FPR), since some non-zero entries might not be statistically significant. Two possible
ways to improve our approach are (1) to conduct the significant test, or (2) to set up a pre-
specified threshold and only keep the positive entries that are larger than the threshold. It is
useful to investigate how to improve our approach, which is an interesting topic for future
research. Here we focus on our main ideas of using tensor decomposition for hot-spots and

adopt the simple approach for hot-spots localization.

1.5 Simulation Study

In this section, we report the numerical simulation results of our proposed method as well
as its comparison with several benchmark methods in the literature. To better present our
results, we divide this section into several subsections. In subsection 1.5.1, we introduce
the data generation mechanism for our simulation studies, and subsection 1.5.2 presents the
benchmark methods for the comparison purpose. The performance of hot-spot detection
and localization are reported in subsection 1.5.3, and the fitness of the global trend mean is

evaluated in subsection 1.5.4.

1.5.1 Data Generation

In our simulation, we detect the hot-spots on the complete data, i.e., ) € R™*"2*"3_ In
order to shed light on the case study, we match the tensor dimension of the crime rate
dataset and choose n; = 51,19 = 3,n3 = 250 in our simulation. To generate the data
Y, we generate it by generating its front slices )., for ¢ = 1...n3. Mathematically, we

generate y; = vec()..;) by
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where y; ; denotes the i-th entry in the vector y, € R"'"2. The last term on the right hand
side of the above equation, i.e., w; 4, is the i-th entry in the white noise vector w, € R™"2,
And w; is a vector whose entries are independent and follow N (0, 0.1%) distribution. Note
that while we generate the data sequentially over time ¢, our proposed SSD-Tensor method
is actually an off-line method that analyzes the complete tensor.

The first term on the right-hand side of the above equation, i.e., (B8,);, is the global
mean, where the subscript (-); denotes the i-th entry. The matrix B is a fixed B-spline basis
with the degree of three and fifty knots evenly spacing on the interval [1, 50]. Note that the
B-spline basis is only used in the generative model in simulation to generate data, but is
not used in our proposed methodologies. Vector 6, is a constant parameter controlling the

trend of the global mean. We set 6, in two different ways, so we discuss 2 scenarios:

e Scenario 1: The global trend mean is stationary, in which 8, ; = 1+sin (25 (106.75 + 7))

fort =1,...nngandt =1,...,n3. Here 8, is the i-th entry in 6,.

e Scenario 2: The global trend mean is decreasing over time, in which 8; = 0.9950,_,

fort =1,2,...,n3. And 6p; = 1+ sin (2(106.75 +4)) fori = 1,...niny.

The second term on the right side hand of Equation 1.11, i.e., 01{¢t > 7}1{i € Sy} is
the local hot-spot, where 1(A) is the indicator function, which has the value 1 for all ele-
ments of A and the value 0 for all elements not in A. First, 1{¢ > 7} indicates that the hot-
spots only occur after the hot-spot 7. This ensures that the simulated hot-spot is temporal
consistent. The second indicator function 1{i € S} shows that only those entries whose
location index belongs set .S, are assigned as local hot-spots. This ensures that the simu-
lated hot-spot is sparse. Here we assume the change happens at 7 = 200 and the hot-spots
index set S, = {3, 15,16, 19, 20, 23, 31, 35, 42, 48, 54, 66, 67, 70, 71, 72,74, 82, 86, 92, 105,
118,121,122, 125,133,137, 140, 144, 151}. The hot-spots only account for around 20%, so
it is sparse. Parameter 0 € R denotes the change magnitude. In our simulation studies, two

change magnitudes are considered, one is 6 /0 = 1 (small shift) and the other is 6 /0 = 5
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(large shift). Here we follow the existing research [see 12, 35] to set the variance of the
white noise as 0.12. Note that the white noise standard deviation o = 0.1 might seem
to be small, but we want to emphasize that the o value itself is not crucial here, and the
signal-to-noise-ratio (SNR), i.e., § /o, is more fundamental.

Here is the detailed implementation of our proposed SSD-Tensor method. For the se-
lection of basis, we use the same bases as in subsection 1.3.3. For the penalty parameters
(A1, A2) € T, weset T' = {(A1,N2) @ Ay € {1074,1073,107%,1071,1,10} and X\, €
{1075,107°,107%,1073,1072,107}}. Since our proposed method is an off-line method
that uses the complete data, our simulation setting on the average run length under the
out-of-control status (ARL,) is slightly different from the standard SPC literature. In
standard SPC literature, ARL, of a procedure with the stopping time N is defined as
E.(N — 7+ 1|N > 7) when the true change occurs at a given time 7 = 1. While in
our paper, we choose 7 = 200 to better illustrate real-world applications. To be more spe-
cific, in each Monte Carlo run for ARL,, we simulate a complete tensor data with ng = 250
years and the change-time 7 = 200 years. Next, we focus only those runs that the control
chart raises an alarm at 7' > 200 (if T' < 200 it will be counted as false alarm), and then

define the detection delay, or ARL4, as E,(T'—7+1|T" > 7) with the change time 7 = 200.

1.5.2 Benchmark Methods

In this section, we present the description and implementation of benchmark methods that
will be used to compare with our method.

The first benchmark method is the scan statistics method in [6], which is a Bayesian
extension of Kulldorff’s scan statistic. The reason for us to choose [6] is that it has large
power to detect clusters and it has a fast runtime. In our paper, we use the a R func-
tion called scan_bayes negbin() from the package scanstatistics. To implement this func-
tion, the population size is needed. For a fair comparison, we will not give more data to

scan-stat, and simply assume that the population is 100, 000 for all states and all years.
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Because scan_bayes negbin() can only handle one type of crime rate one time, we apply
scan_bayes negbin() to three crime rates separately and set the probability of an outbreak
as 0.02/3. Because the scan-statistics-based method does not give the clear calculation of
average run length under the in-control status (ARLy) and ARL,, so we can only use the
probability of an outbreak as 0.02/3 to define the control limit to achieve similar ARL,
with other benchmarks.

The second benchmark method is the Lasso-based method in [8]. The main idea of [8]
is to integrate the multivariate exponentially weighted moving average (EWMA) charting
scheme. Under the assumption that the hot-spots are sparse, the Lasso model is applied
to the EWMA statistics. If the Mahalanobis distance between the expected response (the
Lasso estimator) and observed values is larger than a pre-specified control limit, temporal
hot-spots are detected, with non-zero entries of the Lasso estimator are declared as spatial
hot-spots. For the control limits and the penalty parameters of the Lasso-based method, we
use the same criterion as our proposed SSD-Tensor method.

The third benchmark is the dimension-reduction method of [17] that uses PCA to ex-
tract a set of uncorrelated new features that are linear combinations of original variables.
Note that [17] fails to localize the spatial hot-spots, and it can only detect the temporal
change-point when the PCA-projected Mahalanobis distance is larger than a pre-specified
control limit. For this control limit, we set it by using the same criterion as our proposed
SSD-Tensor method. In both our simulations and case study, we select three principle com-
ponents, since they can explain more than 90% cumulative percentage of variance (CPV).

Finally, the fourth benchmark is the traditional T2 control chart [see 36] method with
the control limit set using the same criterion as our proposed SSD-Tensor method. Since
the T2 control chart method is well-defined, we skip the detailed description, and more

details can be found in [36].
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1.5.3 Performance on Hot-spot detection and localization

In this section, we compare our proposed SSD-Tensor method with four benchmark meth-
ods with the focus on the performance of hot-spots detection and localization. The four
benchmark methods are scan-statistics method proposed by [6] (denoted as ‘scan-stat’),
Lasso-based control chart proposed by [8] (denoted as ‘ZQ-Lasso’), PCA-based control
chart proposed by [17] (denoted as ‘PCA’), and the traditional Hotelling 7" control chart
in [36] (denoted as “T2’). All simulation results below are based on 1000 Monte Carlo
replications.

Let us first compare the performance of hot-spots detection over the time domain, i.e.,
when the hot-spots occur. The criterion we use to measure the performance of detection is
ARL;. Because ARL; measures the delay after the change occurs, the smaller the ARL,,
the better detection performance. The results can be found in Table 1.2, Table 1.4. For
our proposed SSD-Tensor, it has a small ARL; under all scenarios, no matter there is a
stable or decreasing global trend. This illustrates that our proposed SSD-Tensor method
can provide a rapid alarm after the hot-spots occur, even if there are stable or unstable
global trends. This good behavior is due to the ability to capture both temporal consistency
and spatial sparsity of the hot-spots. For the scan-statistics method, it is hard to estimate the
exact ARL; because it focuses on the hot-spots localization, not sequential change point
detection. So we will not report the ARL; of it. For ZQ-Lasso, it successfully detects the
hot-spots when the global trend is stable, but unfortunately, it fails to do so when there is a
decreasing global trend. The latter is not surprising because ZQ-Lasso is unable to separate
the global trend and local hot-spots. For PCA and T2, both of them fail to detect the hot-
spots in all scenarios within the entire ng = 250 (simulated) years, as their ARL; = 50.
The reason for the unsatisfying results of PCA and T2 is that they are designed based on a
multivariate hypothesis test on the global mean change, which cannot take into account the
non-stationary global mean trend and the sparsity of the hot-spots.

We visualize the hot-spots detection results in Figure 1.5, which illustrates the trend
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of the detection delay, ARL;, of all methods, as § changes from 0.1 to 0.5 with the step
size of 0.1. Because scan-stat does not represent the ARL; and PCA, T2 fail to detect
hot-spots in all scenarios, we only plot the ARL; of SSD-Tensor and ZQ-Lasso. From the
plot, our proposed SSD-Tensor method, compared with ZQ-Lasso, shares similar detection
delays when there is a stable global trend. However, our proposed SSD-Tensor method
has much smaller detection delays than ZQ-Lasso, particularly when there is a decreasing
global trend mean and the magnitude of the hot-spot is small. Also, it is interesting to note
that the detection delays of all methods are decreasing as the magnitude of the hot-spot is

increasing, which is consistent with our intuition that it is easier to detect larger changes.

50 * * *
—&— SSD-tensor under decreasing global trend
—*—ZQ-LASSO under decreasing global trend

—&—SSD-tensor under stable global trend
—*—ZQ-LASSO under stable global trend

401

ARL,

1 ) A S A ——
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
4 4

(a) ARL; under a stable global trend  (b) ARL; under a decreasing global trend

Figure 1.5: (a) ARL; under a stable global trend, (b) ARL; under a decreasing global trend.

Next, let us compare the performance on hot-spots localization of these methods, i.e.,
localize where the hot-spots occur. To evaluate the localization performance of all the meth-
ods, we will compute the following four criteria: (1) precision, defined as the proportion
of detected hot-spots that are true hot-spots; (2) recall, defined as the proportion of the hot-
spots that are correctly identified; (3) F-measure, a single criterion that combines the pre-
cision and recall by calculating their harmonic mean. Moreover, we also compare the true
positive rate (TPR), true negative rate (TNR), false positive rate (FPR), and false negative
rate (FNR). The localization performance measuring in precision, recall, F-measure can be

found in Table 1.2, Table 1.4, and the localization performance measuring in TPR, TNR,
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FPR, FNR can be found in Table 1.3, Table 1.5. For our proposed SSD-Tensor method, its
localization performance is satisfactory no matter there is a stable or unstable global trend.
For instance, when there is a decreasing global trend and 6 = 0.5, our method has 32.42%
precision and 99.78% recall, which outperforms those of scan-stat and ZQ-Lasso. The only
weakness of our proposed SSD-Tensor method is that it has a relatively high FPR: this is
consistent with our expectation since we did not conduct the significance test of the posi-
tive entry in ’;Q;;t*. For scan-stat, it has very similar precision as our proposed SSD-Tensor
method (both are around 30%), but its recall is much lower. This is because scan-stat tends
to detect clustered hot-spots, which results in detecting fewer hot-spots and missing some
true hot-spots. This might also explain why scan-stat has low TPR, but high FNR. It is
worth noting that the precision/recall/F-measure might be overestimated for scan-stat: we
record all the Monte Carlo runs, even if it is a false alarm since scan-stat fails to report
ARL,. For ZQ-Lasso, it has 19.61% precision and 100% recall when the global trend is
stable, but it has a very high FPR. This is because ZQ-Lasso fails to detect the significance
of the non-zero entries, and declares all non-zero entries as hot-spots. However, when
there is a decreasing global trend, ZQ-Lasso fails to detect hot-spots, so we represent its
localization performance as 0. This unsatisfactory performance is due to the inability of
ZQ-Lasso to separate the global trend and local hot-spots, particularly in Scenario 2 (de-
creasing global trend mean). For PCA and T2, they cannot localize hot-spots, and thus
we do not report the corresponding values on the precision, recall, F-measure, TPR, TFR,
FPR, and FNR.

Moreover, we also visualize the hot-spot localization results in Figure 1.6. In the first
row, the blue states are the true hot-spots (true positive), whereas the white states are the
normal states (true negative). In the second row, the red states are the detected hot-spots
(true positive + false positive) by scan-stat. In the third row, the red states are the detected
hot-spots by our proposed SSD-Tensor method. Different color represents how likely it is

hot-spot: the darker red, the more likely it is. From Figure 1.6, we can see that scan-stat
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Table 1.2: Scenario 1 (stable global trend mean): Comparison of hot-spot detection under
small and large hot-spots with 4 criterions: precision, recall, F measure and ARL,

large shift 6/ = 5

small shift /o = 1

methods precision  recall ~Fmeasure @~ ARL | precision recall Fmeasure = ARL
SSD-Tensor | 0.3210  0.9898 0.6554 1.2680 0.3217  0.9890 0.6553 2.0970
(0.0345) (0.0893) (0.0599) (0.3321) | (0.0362) (0.0946) (0.0634) (0.8979)
Scan-stat 0.3109  0.4664 0.3887 - 0.2242  0.3364 0.2803 -
(0.0020) (0.0030)  (0.0025) ) (0.0301) (0.0451) (0.0376) )
ZQ-Lasso 0.1961 1.0000 0.5980 1.0000 0.1961 1.0000 0.5980 1.9750
(0.0000) (0.0000)  (0.0000) (0.0000) | (0.0000) (0.0000) (0.0000) (2.1291)
PCA - - - 50.0000 - - - 50.0000
- - - (0.0000) - - - (0.0000)
T2 - - - 50.0000 - - - 50.0000
- - - (0.0000) - - - (0.0000)

Table 1.3: Scenario 1 (stable global trend mean): Comparison of hot-spot detection under
small and large hot-spots under 4 criteria: TPR, TNR, FPR, FNR.

large shift 6/0 =5

small shift 0/ =1

methods TPR TNR FPR FENR TPR TNR FPR FNR
SSD-Tensor | 0.9898  0.4848  0.5072  0.0022 | 0.9890 0.4865  0.5045  0.0020
(0.0893) (0.0616) (0.0630) (0.0085) | (0.0946) (0.0635) (0.0648) (0.0080)
Scan-stat | 0.4664  0.7479 02521 05336 | 03364 0.7162 02838  0.6636
(0.0030) (0.0007) (0.0007) (0.0003) | (0.0451) (0.0110) (0.0110) (0.0451)
ZQ-Lasso | 1.0000  0.0000  1.0000  0.0000 | 1.0000  0.0000  1.0000  0.0000

(0.0000) (0.0000) (0.0000) (0.0000)

(0.0000) (0.0000) (0.0000) (0.0000)

Table 1.4: Scenario 2 (decreasing global trend mean): Comparison of hot-spot detection
under small and large hot-spots with 4 criterions: precision, recall, F measure and ARL,

large shift 6/ = 5

small shift § /o = 1

methods precision  recall ~Fmeasure @~ ARL | precision recall Fmeasure ARL,
SSD-Tensor | 0.3242  0.9978 0.6610 1.3490 0.3245  0.9978 0.6612 3.4120
(0.0184) (0.0085) (0.0105) (0.4762) | (0.0188) (0.0085) (0.0108) (0.8217)
Scan-stat 0.3111 0.4666 0.3889 - 0.2567 0.3851 0.3209 -
(0.0007) (0.0011)  (0.0009) ) (0.0307) (0.0460) (0.0383) )
ZQ-Lasso 0.0000  0.0000 0.0000  50.0000 | 0.0000  0.0000 0.0000  50.0000
(0.0000) (0.0000) (0.0000) (0.0000) | (0.0000) (0.0000) (0.0000) (0.0000)
PCA - - - 50.0000 - - - 50.0000
- - - (0.0000) - - - (0.0000)
T2 - - - 50.0000 - - - 50.0000
- - - (0.0000) - - - (0.0000)
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Table 1.5: Scenario 2 (decreasing global trend mean): Comparison of hot-spot detection
under small and large hot-spots under 4 criteria: TPR, TNR, FPR, FNR.

large shift 6/0 =5 small shift 0 /o0 = 1

TPR TNR FPR FNR TPR TNR FPR FNR

SSD-Tensor | 0.9978  0.4903  0.5097  0.0022 | 0.9978 0.4909 0.5091  0.0022
(0.0085) (0.0422) (0.0422) (0.0085) | (0.0085) (0.0431) (0.0431) (0.0085)
Scan-stat 0.4666  0.7480  0.2520  0.5334 | 0.3851 0.7281 0.2719  0.6149
(0.0011) (0.0003) (0.0003) (0.0011) | (0.0460) (0.0112) (0.0112) (0.0460)
ZQ-Lasso 0.0000  0.0000  0.0000  0.0000 | 0.0000 0.0000 0.0000  0.0000
(0.0000) (0.0000) (0.0000) (0.0000) | (0.0000) (0.0000) (0.0000) (0.0000)

methods

tends to detect clustered hot-spots. Meanwhile, there is no clear pattern for the hot-spots
detected by our proposed SSD-Tensor method. We need to acknowledge that while our
proposed method can detect most of the true hot-spots (the blue states), but there are some
false alarms. We should emphasize that this kind of false alarm is reasonable on the hot-
spot localization, which is related to the multiple hypothesis testing in the high-dimensional

data.

1.5.4 Background Fitness

In this section, we illustrate that our proposed SSD-Tensor method leads to a reasonably
well estimation for the global trend mean. To do this, we compare the squared-root of
mean square error (SMSE) of the fitness of a global trend mean in Table 1.6. Here we only
show our proposed method, since other baseline methods (scan-stat, ZQ-Lasso, PCA, and
T2) cannot model the global trend mean. It is clear from Table 1.6 that our proposed SSD-
Tensor method performs well in terms of the background fitness, especially in Scenario 2
(decreasing global trend).

Table 1.6: SMSE in two scenarios under different § /o of the hot-spot.

methods djo=1 §/o =2 d/oc=3 d/oc =4 0/c =5
Scenario 1 (stationary global trend mean)
SSD-Tensor 0.0075 0.0076 0.0075 0.0077 0.0077

(7.1331e-04) (3.4049e-04) (8.0032e-04) (1.0799e-05) (6.9222¢-04)
Scenario 2 (decreasing global trend mean)

SSD-Tensor 0.0039 0.0039 0.0039 0.0039 0.0039

(1.2357e-05) (1.2647e-05) (1.1054e-05) (1.1845e-05) (1.2619e-05)
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Figure 1.6: Hot-spots detection performance by SSD-Tensor and scan-stat in Scenario 2
(decreasing global trend mean) with large hot-spots (0 = 0.5). In the first row, the blue
states are the true hot-spots (true positive), whereas the white states are the normal states
(true negative). In the second row, the red states are the detected hot-spots (true positive
+ false positive) by scan-stat. In the third row, the red states are the detected hot-spots
by our proposed SSD-Tensor method. Different color represents how likely it is hot-spot:
the darker red, the more likely it is. In these figures, 71, ro, r3 represent the first, second,
third category, respectively. To match the dimension of our motivating data set, we choose
three categories to match the three types of crime rates in our motivating crime rate dataset,
namely legacy rape rate, murder and non-negligent manslaughter, and revised rape rate.
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1.6 Case Study

In this section, we apply our proposed SSD-Tensor method to detect and localize hot-spots
in the crime rate dataset described in section 1.2, and compare its performance with other
benchmarks.

First, we compare the performance of the detection delay of the hot-spot. For all the
methods, we set the control limits so that the average run length to false alarm constraint
ARL( = 50 via Monte Carlo simulation under the assumption that data from the first 20
years are in control. For the setting of the parameters and the selection of basis, they are
the same as that in section 1.5. For our proposed SSD-Tensor method, we build a CUSUM
control chart utilizing the test statistic in section 1.4, which is shown in Figure 1.7(a). From
this figure, we can see that the hot-spots are detected in 2012 by our proposed SSD-Tensor
method. For the benchmark methods for comparison, we also apply scan-stat [see 6], ZQ-
Lasso [see 8], PCA [see 17] and T2 [see 36] to the crime rate dataset and summarize the
performance of the detection of a hot-spot in Table 1.7. Note that the value in Table 1.7
is the first year that raises alarm, i.e, min;_19ss__2014{t : Wﬁ > L}. Our proposed SSD-
Tensor method raises an alarm of hot-spots in the year 2012, while other benchmarks fail
to detect any hot-spots (we do not represent the hot-spots year of scan-stat, as it does not
report the hot-spots). While nobody knows the true hot-spots of the real dataset such as
the crime rate data, our numerical simulation experiences suggest that year 2012 is likely a

hot-spot.

Table 1.7: Detection of change-point year in crime rate dataset. The label “Year when an
alarm is raised” is first year that raises alarm, i.e, min,—joss. 2014{t : W;* > L}, where
W;“ is the CUSUM statistics defined in Equation 1.10, and L is control limits to achieve
the average run length to false alarm constraint ARL; = 50 via Monte Carlo simulation
under the assumption that data from the first 20 years are in control.

methods SSD-Tensor scan-stat ZQ-Lasso PCA T2
Year when an alarm is raised 2012 - None None None

Next, after the detection of hot-spots, we need to further localize the hot-spots in the
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Figure 1.7: (a) Hot-spot detection by SSD-Tensor. Since the CUSUM test statistics of
2012, 2013 and 2014 exceed the threshold (red dashed line), we declare that year 2012 is
the first change-points. (b) Fitted global trend mean and the observed annual data points.
Each point (blue circle) is an actual observed annual data in logarithm scale, which is fitted
by a fitted mean curve (blue line).

sense of determining which state and which type of crime rates may lead to the occur-
rence of a hot-spot. Because the baseline methods, PCA and T2, can only detect when the
changes happen and ZQ-Lasso fails to detect any changes, we only show the localization
of hot-spot by SSD-Tensor and scan-stat, where the results are visualized in Figure 1.8. We
also represent the raw crime rates in 2012 in the first row of Figure 1.8, where the darker
the blue, the high value of the crime rates. The first row (a.1)-(a.3) in this figure represents
the raw data, where we can see that all three types of crime rates share a very smooth back-
ground, so it becomes difficult to find out the hot-spots directly from the raw data. The
second row (b.1)-(b.3) and third (c.1)-(c.3) in this figure represents the hot-spots (TP + FP)
detected by scan-stat [see 6] and SSD-Tensor, respectively. Scan-stat tends to detect clus-
tered hot-spots, while there is no obvious pattern of the hot-spots detected by our proposed
SSD-Tensor method. Thus, as compared to scan-stat, our proposed SSD-Tensor method
seems to detect sparse hot-spots, which might be useful in practice when identifying where
the sudden increase of crime happens.

Finally, we also represent the fitted global trend mean curve in 7(b), where the blue

line is the fitted mean curve, and the blue circle is the observed annual data points in the
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(a.1) raw data in ¢ (a.2) raw data in R, (a.3) raw data in R3

(c.1) SSD-Tensor in R; (c.2) SSD-Tensor in Ry (c.3) SSD-Tensor in R3

Figure 1.8: Localization of hot-spot. (a.1)-(a.3): the raw data of the three crime rates in
2012. (b.1)-(b.2): the detected hot-spots by scan-stat. (c.1)-(c.3): the detected hot-spots by
SSD-Tensor. The red color of the states means that this is a hot-spot state. And the deeper
the color, the larger the hot-spots size. In these figures, R; is the legacy rape rate, R» is the
murder and non-negligent manslaughter, and Rj is the revised rape rate.
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logarithm scale. Note that the actual observed data in 2012 is a little bit higher than the
fitted mean curve, which may lead to hot-spots detection in 2012. Overall, the fitness of
our proposed method works very well, which can help us greatly remove the effect of the

global trend.

1.7 Conclusion

In this paper, we propose the SSD-Tensor method for hot-spot detection and localization
in multivariate spatio-temporal data, which is an important problem in many real-world
applications. The main idea is to represent the multi-dimension data as a tensor, and then
to decompose the tensor into the global trend mean, local hot-spots, and residuals. The
estimation of model parameters and hot-spots is formulated as an optimization that includes
the sum of residual squares with both Lasso and fused Lasso penalties, which control the
sparsity and the temporal consistency of the hot-spots, respectively. Moreover, we develop
an efficient algorithm to solve these optimization problems for parameter estimation by
using the FISTA algorithm. In addition, we compare our proposed SSD-Tensor method
with other benchmarks through Monte Carlo simulations and the case study of the crime
rate dataset.

Clearly, there are many opportunities to improve the algorithms and methodologies.
First, it would be interesting to investigate the confounding between the global trend and
local hot-spots in future research. In our paper, we assume that they are additive, but it is
possible that the increasing global trend yields an increased number of hot-spots. Second,
the significance test of the non-zero entries of ﬁ:;t* can be promising future research, so we
can reduce the false positive rate (FPR) in localizing the hot-spots. Third, it will be useful
to extend our method to the context of missing or incomplete data. We feel it is straightfor-
ward to combine our method with the imputation method when missing is (completely) at
random, but it remains an open problem if missing is not at random. Fourth, in this paper,

we fix the tensor basis, and it will be useful to investigate the robustness effects of different
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tensor bases, or better yet, to adopt some data-driven method to learn the bases from the
data. Fifth, a promising research direction is to combine our proposed SSD-Tensor method
with the spatially adaptive method in [37] for trend filtering. Finally, it will be interest-
ing to derive the theoretical properties of our proposed method including the sufficient or

necessary conditions under which our hot-spot estimation properties.

1.8 Supplementary Material

1.8.1 Construction of Matrix D

The main idea to construct matrix D is to make

n3
A2 DO, nolly = A2 > 110n5 0t — Orsroi—t |l -
t=2

Here are more details. Matrix D can be constructed as:
D = Dl ® D2 ® D37

where matrix D; € R™*™ D, € R"*™ are the identity matrix. And matrix D3 €

Rs—1)xn3 i defined as

-1 ifi=y
D3, = 1 ifi=j5-1,
0 otherwise

where Dj3 ; ; is the (4, j)-th entry in matrix Dj.
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1.8.2 Proof of Fast Calculation of y* via Tensor Algebra

Proof.

y' = [I-Bu(B,B.) 'B,ly
= ¥ = Bu((B,,; ®B,,,®B,,3)(Bni ® Bpno @Bus)) )B,y
= Y- Bm((BnTmBm,l) ® (BnT@,QBmQ) ® (BnTm,?,Bm,S))_I)B;;y
= Y- Bm((BI@,le,l)_l ® (BnT@,zBmQ)_l ® (B;I—n,3Bm73)_1)Bq—7rmy
= Y- (Bm,l(B;,le,l)_lB;,l) ® (Bm,2(B;,2Bm72)_1B;2)
®(Bm,3(BL,3Bm,3)_1B;,3)Y
=y —vec(Y x1 (Bui(B,,1Br1) "B, 1) X2 (Bua(B,,5Bn2) 'B,,,)

X3(Bms(B,, sBms) B 3))

1.8.3 Review of All Benchmarks

For the scan-stat-based method, we select [6] as the representative. The goal of [6] is
to find regions (a collection of location index) which has a high posterior probability to
be an anomalous cluster. To realize this objective, [6] compare the null hypothesis H
is no anomalous clusters with a set of alternative H;(S), each representing a cluster in
some region S. The anomalous cluster S* is declared as the one with the highest posterior
probabilities P(H,(S)|D), i.e.,

P(D;|H1(5))
P(D;|Ho)

S* = arg max

where dataset D; = {C; ;1 }i=1,. n14=1,..ns With C; ;; as the number of crime counts in in-

dex (7, 7,t). And C, ;, is assumed to follow Poisson distribution, i.e., C; ;; ~ Poisson(gB3; ;).
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where B, ;; represents the (known) population of index (i, j, ) and ¢ is the (unknown) un-
derlying crime rate. To calculate the posterior probability P(H;(S)|D;), a hierarchical
Bayesian model is used, where ¢ are drawn from Gamma distribution. For selection of
prior parameters of the Gamma distribution, please see [6] for the detailed description. For
each jin {1,...,ny}, the above procedure is repeated to find anomalous regions in all type
of rates.

For Lasso-based methods, we select [8] as the representative. In a given time ¢, [8]
builds a multivariate exponentially weighted moving average (EWMA) ondatax; = () 14,
oy Vs Yoty ooy Yoyma) - W = axy+ (1 —a)uy_q, fort =1,...,n3 whereug = 0
and « is a weighting parameter in (0, 1]. For each u,, a Lasso estimator u is derived from
the penalized likelihood function (u; — p) "X 7! (w; — p) + A Y7 %, where X is the
covariance matrix of the normal distribution which x; follows. Temporal change point is
detected when

Wi = E(Wia)

max > L4850,
k=1,....q Var(Wt,)\*)

where L;ss0 > 0 is the control limit chosen to achieve a given in-control average run

Wi ax—E(W¢ »\) 27—« (u] =~ 1)?
A AT HA) and M/ — ,\t .
/Var(Wy ) AT A== @'z a

hot-spots are localized at non-zero entries of f.

length. Wi y« = maxyeqa,,...0,}

. The spatial

For the dimension-reduction methods, we select [17] as the representative. The main
tool of this method is PCA, which defines a linear relationship between the original vari-
ables of the data set, mapping them to a set of uncorrelated variables. [17] fails to localize

the spatial hot-spots, and it can only realize detecting the temporal change-point when
(x; — %) "PpA'PL (% — X) > Lyca,

where L, 1s the control limit chosen to achieve a given in-control average run length.

Vector X = rlanTl with X = (z1,...,7,,)and 1 = (1,1,...,1)] . Matrix Py, Ay, is

ning*

derived from the covariance matrix of X, i.e.,S = ——(X—-1x")"(X-1x") = PAP",

ning—1
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where P is the loading vectors of S and A = diag(\', ..., \"'"2) contains the eigenvalues
of S in descending order. The correlation of P and Py, is that P, contains only the first &
columns of P, where £ is the number of components selected. The selection criterion is the
cumulative percentage of variance (CPV), and in our case, we select £ = 3. The correlation
of A and A, is that, Aj, = diag(\!, ..., \¥). Also, we select the traditional T2 control chart
[36] method as a benchmark. Because the T2 control chart method is very well-defined, we

ignore the detailed description of it in this paper, and the details of it can be found in [36].

1.8.4 Choice of Ly, Q, p, in Algorithm 1

For the choice of Ly, the theoretical value can set as the Lipschitz constant of F'(0) =
ly* — X8| In practice, researchers often use the maximal eigenvalue of the Hessian
matrix of F'(0) as the fixed Ly [see 24], i.e., the maximal eigenvalue of matrix X TX. Please
note that the value of Ly is fixed throughout our algorithm, and guarantees the convergence
of the algorithm.

For choice of Q, a simple choice to ensure Q = D™D would be Q = ¢1, where I is the
identity matrix and 6 > ||D||2, with ||D||,, denoting the operator norm of matrix D [see
30]. Please note that Q is fixed throughout our algorithm, and guarantees the convergence
of the algorithm.

For the choice of p, it has been theoretically proved that any choice of p will lead
to the convergence of the algorithm, but a good choice of p would help us realize faster
convergence [see 30]. In practice, a good choice of p is to start with an initial value p(*) =5

and then update it in each iteration. The updating rule from p*~b to p(*) is:

o) A RO/ > ISED /e

7t [SWa/e > TRM /e

where R¥) = Dl (vi))® — 4®) and S® = p®MDT (y*) — ¢~} The explicit

format of 7§ (v@)®) ~®) can be found in Equation 1.6. Besides, ¢,¢ is the dual and
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primal feasibility, i.e., |[R®]|, < ¢ and HR(k)Hz < ¢é. In practice, €€ can be set as
1072,107%,107%,10~®, depending on the desired precision. The parameter 7), ;i are set
to be 2 and 10 as suggested by [38]. More details about the setting of p can be found in
Section 2.3 in [30] and [38].
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CHAPTER 2
RAPID DETECTION OF HOT-SPOT BY TENSOR DECOMPOSITION WITH
APPLICATION TO WEEKLY GONORRHEA DATA

2.1 Introduction

In many bio-surveillance and healthcare applications, data sources are measured from many
spatial locations repeatedly over time, say, daily, weekly, or monthly. In these applications,
we are typically interested in detecting hot-spots, which are defined as some structured
outliers that are sparse over the spatial domain but persistent over time. A concrete real-
world motivating application is the weekly number of gonorrhea cases from 2006 to 2018
of 50 states in the United States, also see the detailed data description in the next section.
From the monitoring viewpoint, there are two kinds of changes: one is the global-level
trend, and the other is the local-level outliers. Here we are more interested in detecting the
so-called hot-spots, which are local-level outliers with the following two properties: (1)
spatial sparsity, i.e., the local changes are sparse over the spatial domain; and (2) temporal
persistence, i.e., the local changes last for a reasonably long period of time unless one takes
some actions.

Generally speaking, the hot-spot detection can be thought of as detecting sparse anoma-
lies in the spatio-temporal data, and there are three different categories of methodologies
and approaches in the literature. The first one is the least absolute shrinkage and selec-
tion operator (Lasso) based control chart that integrates Lasso estimators for change point
detection and declares non-zero components of the Lasso estimators as the hot-spot [see
10, 11, 39]. Unfortunately, the Lasso-based control chart cannot separate the local hot-
spots from the global trend of the spatio-temporal data. The second category of methods

is the dimension reduction-based control chart where one monitors the features from PCA
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or other dimension reduction methods [see 17, 18, 19]. The drawback of PCA or other
dimension reduction methods is that it fails to detect sparse hot-spots and cannot take full
advantage of the spatial location of hot-spots. The third category of anomaly detection
methods is the decomposition-based method that uses the regularized regression methods
to separate the hot-spots from the background event, see [12, 40, 41]. However, these ex-
isting approaches investigate structured images or curve data under the assumption that the
hot-spots are independent over the time domain.

In this paper, we propose a decomposition-based anomaly detection method for spatial-
temporal data when the hot-spots are autoregressive, which is typical for time series data.
Our main idea is to represent the raw data as a 3-dimensional tensor: states, weeks, years.
To be more specific, at each year, we observe a 50 x 52 data matrix that corresponds to
50 states and 52 weeks (we ignore the leap years). Next, we propose to decompose the
3-dimension tensor into three components: Smooth global trend, Sparse local hot-spot, and
Residuals, and term our proposed decomposition model as SSR-Tensor. When fitting the
observed raw data to our proposed SSR-Tensor model, we develop a penalized likelihood
approach by adding two penalty functions: one is the Lasso type penalty to guarantee the
sparsity of hot-spots, and the other is the fused-Lasso type penalty for the autoregressive
properties of hot-spots. By doing so, we are able to (1) detect when the hot-spots occur
(i.e., the change point detection problem); and (2) localize where and which type of the
hot-spots occur (i.e., the spatial localization problem).

We would like to acknowledge that much research has been done on modeling and
prediction of the spatio-temporal data. Some popular time series models are auto-regressive
(AR), moving-average (MA), auto-regressive-moving-average (ARMA) model, etc., and
the parameters can be estimated by Yule-Walker method [see 42], maximum likelihood
estimation or least square method [see 43]. In addition, spatial statistics have also been
extensively investigated on its own right [see 44, 45, 46, 47, 48]. When one combines time

series with spatial statistics, the corresponding spatio-temporal models generally become
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more complicated, [see 49, 50, 51].

In principle, it is possible to represent the spatio-temporal process as a sequence of
random vector y; with weekly observation ¢, where y; is a p-dimensional vector that char-
acterizes the spatial domain (i.e., spatial dimension p = 50 in our case study).

However, such an approach might not be computationally feasible in the context of
hot-spot detection, in which one needs to specify the covariance structure of y;, not only
over the spatial domain, but also over the time domain. If we write all data into a vector,
then the dimension of such vector is 50 x 52 x 13 = 33,800, and thus the covariance
matrix is of dimension 33, 800 x 33, 800, which is not computationally feasible [see 52, 53].
Meanwhile, under our proposed SSR-Tensor model, we essentially conduct a dimensional
reduction by assuming that such a covariance matrix has a nice sparsity structure, as we
reduce the dimensions 50, 52 and 13 to much smaller numbers, e.g., AR(1) model over the
week or year dimension, and local correlation over the spatial domain.

It is useful to point out that while our paper focuses only on 3-dimensional tensor due
to our motivating application in gonorrhea, our proposed SSR-Tensor model can easily
be extended to any d-dimensional tensor or data with d > 3, e.g., when we have further
information, such as the unemployment rates, economic performance, and so on. As the di-
mension d increases, we can simply add more corresponding bases, as our proposed model
uses basis to describe correlation within each dimension, and utilizes fensor product for
interaction between different dimensions. The capability of extending to high-dimensional
data is one of the main advantages of our proposed SSR-Tensor model. Furthermore, our
proposed SSR-Tensor model essentially involves a block-wise diagonal covariation ma-
trix, which allows us to develop computationally efficient methodologies by using tensor
decomposition algebra, see subsection 2.5.2 for more technical details.

The remainder of this paper is described as follows. In section 2.2, we discuss and
visualize the gonorrhea dataset, which is used as our motivating example and in our case

study. In section 2.3, we present our proposed SSR-Tensor model, and discuss how to
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estimate model parameters from the observed data. In section 2.4, we describe how to use
our proposed SSR-Tensor model to find hot-spots, both for temporal detection and spatial
localization. Efficient numerical optimization algorithms are discussed in section 2.5. Our
proposed methods are then validated through extensive simulations in section 2.6 and a

case study in the gonorrhea dataset in section 2.7.

2.2 Data Description

To protect Americans from serious diseases, the National Notifiable Disease Surveillance
System (NNDSS) at the Centers for Disease Control and Prevention (CDC) helps public
health monitor, control, and prevent about 120 diseases (see its website https://wwwn.cdc.
gov/nndss/infectious-tables.html). One disease that receives intensive attention in recent
years is gonorrhea, due to the possibility of multi-drug resistance. Historically the instances
of antibiotic resistance (in gonorrhea) have first been in the west and then move across the
country. Since 1965, the CDC has collected the number of cumulative new infected patients
every week in a calendar year. There are several changes to report policies or guidelines,
and the latest one is the year 2006. As a result, we focus on the weekly numbers of new
gonorrhea patients during January 1, 2006, and December 31, 2018. The new weekly
gonorrhea cases are computed as the difference of the cumulative cases in two consecutive
weeks. The last week is dropped during this calculation.

Let us first discuss the spatial patterns of the gonorrhea data among 50 states. For this
purpose, we consider the cumulative number of gonorrhea cases from week 1 to week 52
by summing up all data during the years 2006-2018. Figure 2.1 plots some selected weeks
(#1, #11, #21, #31, #41, #51). In Figure 1, if the state has a deeper and bluer color, then
it experiences a higher number of gonorrhea cases. One obvious pattern is that California
and Texas have generally higher number of gonorrhea cases as compared to other states.
In addition, the number of gonorrhea cases in the northern US is smaller than that in the

southern US.
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week 31 week 41 week 51

Figure 2.1: The cumulative number of gonorrhea cases at some selected weeks during years
2006-2018. The deeper the color, the higher number of gonorrhea cases.
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Next, we consider the temporal pattern of the gonorrhea data set. Figure 2.2 plots the
annual number of gonorrhea cases over the years 2006-2018 in the US. It can be seen that
there is a decrease during 2007- 2009, and then the number of gonorrhea cases increases.
The increasing trend from 2010 to 2014 is very gentle, but the increasing trend after 2015
becomes severe. One possible explanation for the different increase speed is the Affordable
Care Act, which was signed into law by President Barack Obama on March 23, 2010. This
policy may help to stabilize the increase of gonorrhea disease. As we mentioned before,
we are not interested in detecting this type of global changes, and we focus on the detection

of the changes in the local patterns, which are referred to as hot-spots in our paper.
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Figure 2.2: Annual number of gonorrhea cases (in thousands) over the years 2006-2018 in
the US

Moreover, the gonorrhea data consists of weekly data, and thus it is necessary to address
the circular patterns over the direction of “week”. Figure 2.3 shows the country-scaled
weekly gonorrhea case in the form of a “rose” diagram for some selected years. In this
figure, each direction represents a given week, and the length represents the number of
gonorrhea cases for a given week. Figure 2.3 reveals differences in the number of gonorrhea
cases across a different week of the year. For instance, in July and August (in the direction
of 8 o’clock on the circle), the number of gonorrhea cases tends to be larger than in other

weeks.
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Figure 2.3: Circular histograms of the number of gonorrhea cases of the year 2006, 2010,
2014, 2018. The y-axis is the number of gonorrhea cases, and the circular x-axis is 51
weeks. Each bar represents a given week, and the length represents the number of gonor-
rhea cases for a given week in the US.

2.3 Proposed Model

In this section, we present our proposed SSR-Tensor model and postpone the discussion
of hot-spot detection methodology to the next section. Owing to the fact that the gonor-
rhea data is of three dimensions, namely, {state, week, year}, it will likely have complex
“within-dimension” correlation and “between-dimension” interaction. Within-dimension
correlation includes within-state correlation, within-week correlation, and within-year cor-
relation. The between-dimension relationship includes between-state-and-week interac-
tion, between-state-and-year interaction, as well as between-week-and-year interaction. In
order to handle these complex “within” and “between” interaction structures, we propose to
use the tensor decomposition method, where bases are used to address “within-dimension”
correlation, and the tensor product is used for “between-dimension” interaction. Here, the
basis is a very important concept where different bases can be chosen for different dimen-

sions. Detailed discussions of the choice of bases are presented in subsection 2.6.2.
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For the convenience of notation and easy understanding, we first introduce some ba-
sic tensor algebra and notation in subsection 2.3.1. Then subsection 2.3.2 presents our

proposed model that is able to characterize the complex correlation structures.

2.3.1 Tensor Algebra and Notation

In this section, we introduce basic notations, definitions, and operators in tensor (multi-
linear) algebra that are useful in this paper. Throughout the paper, scalars are denoted by
lowercase letters (e.g., 6), vectors are denoted by lowercase boldface letters (), matrices
are denoted by uppercase boldface letter (®), and tensors by curlicue letter (¢/). For ex-
ample, an order-N tensor is represented by 1) € R/1**I~ where I,, represent the mode-n
dimension of J forn =1,...  N.

The mode-n product of a tensor ¢ € RI1>*I¥ by a matrix B € R/»*! is a tensor
A € Riv¥edn-ixnxIntix.In “denoted as A = 9 x,, B, where each entry of A is de-
fined as the sum of products of corresponding entries in Aand B: A;, ;. . . =
> i, Viy....inBj, i, - Here we use the notation B, ;, to refer the (j,, i,)-th entry in matrix B.
The notation v;, _;, is used to refer to the entry in tensor ¢ with index (iy, . .., ix). The no-

tation A;, i 1s used to refer the entry in tensor A with index (i1, ..., %1, jn

i1 sdnsing 1y
gty IN)-

The mode-n unfold of tensor ¥ € RI*-*I¥ js noted by ¥,y € RI»*U1xeTnixngaxI)
where the column vector of 1,y are the mode-n vector of ). The mode-n vector of v} are
defined as the /,, dimensional vector obtained from ¢ by varying the index ¢,, while keeping
all the other indices fixed. For example, ¥J. » 3 is a model-1 vector.

A very useful technique in the tensor algebra is the Tucker decomposition, which
decomposes a tensor into a core tensor multiplied by matrices along with each mode:
Y =19 x; BU x; B® ... xy B™), where B™ is an orthogonal I, x I, matrix and
is a principal component mode-n for n = 1,..., N. Tensor product can be represented

equivalently by a Kronecker product, i.e., vec()) = (B™) @ --. @ BM)vec(¥9), where
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vec(-) is the vectorized operator. Finally, the definition of Kronecker product is as follow:
Suppose B; € R™*™ and B, € RP*? are matrices, the Kronecker product of these matrices,

denoted by B; ® Bs, is an mp X nq block matrix defined by

bllBQ e blnBQ
B1 ® BQ =

bmlBQ bmnB2

2.3.2  Our Proposed SSR-Tensor Model

Our proposed SSR-Tensor model is built on tensors of order three, as it is inspired by
the gonorrhea data, which can be represented as a three-dimension tensor ) € R xn2xT
with n; = 50 states, no = 51 weeks, and 7" = 13 years. Note that the i-th, j-th, and
k-th slice of the 3-D tensor along the dimension of state, week, and year can be achieved
as V.., V.j:, V., correspondingly, where 7 = 1---n;, j = 1---ngand k = 1---7T. For
simplicity, we denote Y = )..,.. We further denote y,, as the vectorized form of Y}, and
y as the vectorized form of ).

The key idea of our proposed model is to separate the global trend from the local pat-
tern by decomposing the tensor y into three parts, namely the smooth global trend p, local
hot-spot h, and residual e, i.e. y = p + h + h. For the first two of the components
(e.g. the global trend mean g and local hot-spots h), we introduce the basis decomposi-
tion framework to represent the structure of the within-dimension correlation in the global
background and local hot-spot [see 12].

To be more concrete, we assume that global trend mean and local hot-spot can be repre-
sented as u = B,,0,, and h = B, 0, where B,, and B, are two bases that will discussed
below, and 0,,, and 6,, are the model coefficients vector of length n;n,7" and needed to be
estimated (see section 2.5). Here the subscript of m and h are abbreviations for mean and

hot-spot. Next, it is useful to discuss how to choose the bases B,,, and By, so as to charac-
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terize the complex “within-dimension” correlation and “between-dimension” interaction.
For the “within-dimension” correlation structures, we propose to use pre-specified bases,
B, s and B,, ;, for within-state correlation in global trend and hot-spot, where the subscript
of s is an abbreviation for states. Similarly, B,, ,, and B;, ,, are the pre-specified bases for
within-correlation of the same week, whereas B,,, , and By, ,, are the bases for within-time
correlation over year. As for the “between” interaction, we use tensor product to describe
it,i.e, B,, = B,, s ® By, w ® By, y and By, = By, s ® By, ., ® By, . This Kronecker product
has been proved to have better computational efficiency in the tensor response data [see
54]. Mathematically speaking, all these bases are matrices, which is pre-assigned in our
paper. And the choice of bases in shown in subsection 2.6.2.

With the well-structured “within-dimension” correlation and “between-dimension” in-

teraction, our proposed model can be written as:

y = (em,s ® Bm,w ® Bm,y)em + (Bh,s 0% Bh,w X Bh,y)eh + e, (21)

where e~N (0, o*I) is the random noise. Mathematically speaking, both B, ; and By, ; are
ny X n; matrix, B, ., and By, ,, are ny X ny matrix and B,,, , and B, , are T' x T matrix,
respectively.

Mathematically, our proposed model in Equation 2.1 can be rewritten into a tensor

format:

y = 19m X3 Bm,y Xa Bm,w X1 Bm,s + 79h X3 Bh,y Xa Bh,w X1 Bh,s + e, (22)

where 1,,, and 1}, is the tensor format of 6,,, and 0;, with dimensional n; X ny x 1. The tensor
representation in Equation 2.2 allows us to develop computationally efficient methods for

estimation and prediction.
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2.3.3 Estimation of Hot-spots

With the proposed SSR-Tensor model above, we can now discuss the estimation of hot-
spot parameters 0’s (including 8,,,, 85) in our model in Equation 2.1 or Equation 2.2 from
the data via the penalized likelihood function. We propose to add two penalties in our
estimation. First, because hot-spots rarely occur, we assume that @, is sparse and the
majority of entries in the hot-spot coefficient ), are zeros. Thus we propose to add the
penalty R;(6,) = A{||04||1 to encourage the sparsity property of ;. Second, we as-
sume there is temporal continuity of the hot-spots, as the usual phenomenon of last year
is likely to affect the performance of the hot-spot in this year. Thus, we add the sec-
ond penalty Ry(6,) = X2||D8,||; to ensure the yearly continuity of the hot-spot, where

D = D, ® D, ® D, with Dy as an identical matrix of dimension n; X n, and matrix

1 -1 1 -1

D, = - € R™T matrix D,, = - €
1 -1 1 -1

1 -1 1
R"2*n2 With the formula of Dy-, the hot-spot has the properj[y of yearly continuity. By- the

formula of D,,, the hot-spot has a weekly circular pattern.
By combining both penalties, we propose to estimate the parameters via the following

optimization problem:

argemiélh||e||2—|—/\1]|0h\|1+)\2||D9h||1 (2.3)

SUbjCCt o y= (Bm,s ® Bm,w ® Bm,y)am + (Bh,s ® Bh,w ® Bh,y)eh + e,

where 0, = vec(01,...,60m4,...,0, ) and 0, = vec(Op1,,...,0n,...,0,7). The
choice of the turning parameters A, Ay will be discussed in section 2.4.
Note that there are two penalties in Equation 2.3: A{||8}||; is the Lasso penalty to con-

trol both the sparsity of the hot-spots and A\,||D8},]|; is the fused Lasso penalty to control
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the temporal consistency of the hot-spots. Traditional algorithms often involve the storage
and computation of the matrix B,,, and B, which is of the dimension nynyT X nynyT. Thus
they might work to solve the optimization problem in Equation 2.3 when the dimensions are
small, but they will be computationally infeasible as the dimensions grow. To address this
computational challenge, we propose to simplify the computational complexity by modi-
fying the matrix algebra in traditional algorithm into tensor algebra and will discuss how

to optimize the problem in Equation 2.3 computationally efficiently in section 2.5.

2.4 Hot-spot Detection

This section focuses on the detection of the hot-spot, which includes the detection and iden-
tification of the year (when), the state (where), and the week (which) of the hot-spots. In
our case study, we focus on the upward shift of the number of gonorrhea cases, since the in-
creasing gonorrhea is generally more harmful to societies and communities. Of course, one
can also detect the downward shift with a slight modification of our proposed algorithms
by multiplying —1 to the raw data.

For the purpose of easy presentation, we first discuss the detection of the hot-spot, i.e.,
detect when the hot-spot occurs in subsection 2.4.1. Then, in subsection 2.4.2, we consider
the localization of the hot-spot, i.e., determine which states and which weeks are involved

for the detected hot-spots.

2.4.1 Detect When the Hot Spot Occurs

To determine when the hot-spot occurs, we consider the following hypothesis test and set

up the control chart for the hot-spot detection in Equation 2.4.

Hy:T,=0 v.s. Hy:T =06h, (6>0), (2.4)
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where 1, is the expected residuals after removing the mean. The essence of this test is that,
we want to detect whether r,; has a mean shift in the direction of ﬂt, estimated in section 2.5.
To test this hypothesis, the likelihood ratio test is applied to the residual r, at each time ¢, i.e.
r; =y — [, where it assumes that the residuals r; is independent after removing the mean
and its distribution before and after the hot-spot remains the same. Accordingly, the test
statistics monitoring upward shift is designed as P;" = h;" "r,/\/hi Th [see 32], where
ﬂj only takes the positive part of i\lt with other entries as zero. Here we put a superscript
“+” to emphasize that it aims for an upward shift.

The choices of the penalty parameters A;, A, are described as follows. In order to select
the one with the most power, we propose to calculate a series of P," under different com-
bination of (A, Ao) from the set T' = {(A{"”, A} - (AI™) A{™)) 1. For better illustration,
we denote the test statistics under penalty parameter (A;, Xo) as P;" (A1, \2). The test statis-
tics [see 39] with the most power to detect the change, noted as Igj, can be computed by

5 P (A1, o) — BE(PF (M, Aa))

P = max ) 2:5)
t (A1, 2)€l \/VGT'(P;_()\D )\2))

where E(P (A1, \2)), Var(P (A1, \2)) respectively are the mean and variance of P; (A1, \2)
under H, (e.g. for phase-I in-control samples).

Note that the penalty parameter (A, \o) to realize the maximization in Equation 2.5 is
generally different under different time ¢. To emphasize such dependence of time ¢, denote

by (A}, A5 ;) the parameter pair that attains the maximization in Equation 2.5 at time ¢, i.e,

PO, Ag) — E(PF (A, A
(Ait7>\§7t)=arg max — (A1, o) (P (A, 2))

2.6)
(A1, 2)€l \/V@T(Pt+<>\17 >\2))

Thus, the series of the test statistics for the hot-spot at time ¢ is ]3;“( 14 A3) Where t =
1...T.
With the test statistic available, we design a control chart based on the CUSUM pro-

cedure due to the following reasons: (1) we are interested in detecting the change with
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the temporal continuity, therefore, aligns with the objective of CUSUM. (2) In the view of
social stability, we want to keep gonorrhea at a target value without sudden changes, which
makes the CUSUM chart is a natural better fit.

To be more specific, in the CUSUM procedure, we compute the CUSUM statistics
recursively by

Wt+ = maX{O, thl + -Pt+( ita ;,t) - d}:

and W, , = 0, where d is a constant and can be chosen according to the degree of the
shift that we want to detect. Next, we set the control limit L to achieve a desirable ARL
for in-control samples. Finally, whenever W,© > L at some time ¢t = t*, we declare that a

hot-spot occurs at time ¢*.

2.4.2 Localize Where and Which the Hot Spot Occurs?

After the hot-spot t* has been detected by the CUSUM control chart in the previous section,
the next step is to localize where and which week may account for this hot-spot. To do so,
we propose to utilize the vector

=BpOpr: 2

1,6%7

~
h * * *
)‘1,t* ’)\Q,t* 2,t*

at the declared hot-spot time ¢* and the corresponding parameter A ;., A ;. in Equation 2.6.
For the numerical computation purpose, it is often easier to directly work with the tensor
format of the hot-spot EAT A5 ,.» denoted as ﬁ,\;f .5 ,.» Which is a tenor of dimension

ny X ng X T. If the (4, j,t*)-th entry in Hy-

1,6%7

Az ,. 1s non-zero, then we declare that there is

a hot-spot for the j-th week in the i-th state in ¢*-th year.

2.5 Optimization Algorithm

In this section, we will develop an efficient optimization algorithm for solving the opti-

mization problem in Equation 2.3. For notion convenience, we adjust the notation above a
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little bit. Because 0,,, 8), in Equation 2.3 is solved under penalty A\; R;(0},) + A2 R2(6}),
we change 0,,, 0), into 0,, \, x,, Ox 1, .», to emphasize the penalty parameter \; and \o.

Accordingly, 6}, », refers to the estimator only under the second penalty Ay R2(8},), i.e,
000, = arg min {llell5 + A2R2(61)} - (2.7)
m,Yh

The structure of this section is that, we first develop the procedure of our proposed method

in subsection 2.5.1 and then give the computational complexity in subsection 2.5.2.

2.5.1 Procedure of Our Algorithm

In the optimization problem shown in Equation 2.3, there are two unknown vectors, namely
0,021 29> On.2,.0,- To simplify the optimization above, we first figure out the closed-form
correlation between 0, y, , and 6, 5, »,. Then, we solve the optimization by modifying
the matrix algebra in the fast iterative shrinkage-thresholding algorithm (FISTA) [see 24]
into tensor algebra. The key to realize it is the proximal mapping of A\; Ry (05, 0,) +
Ao R2(0p 2, 2,). To address it, we first aims at the proximal mapping of Ao R2(6050,), ),
where SFA via gradient descent [see 29] is used. And then the proximal mapping of
MR1(Opa, x,) + A2R2(04, 2,) can be solved with a closed-form correlation between it
and the proximal mapping of Ao R5 (6,0 x,)-

There are three subsections in this section, where each subsection represents one step

in our proposed algorithm.

Estimate the mean parameter

To begin with, we first simplify the optimization problem in Equation 2.3, i.e., figure out
the closed-form correlation between 0,, », », and 0}, 5, ,.
Although there are two sets of parameters 8, 5, , and 8}, 5, », in the model, we note

that given 6, 5, ,, the parameter 6,, 5, , is involved in the standard least squared estima-
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tion and thus can be solved in the closed-form solution, see Equation 2.8 in the proposition

below.

Proposition 2.5.1. Given 6, 5, ,, the closed-form solution of 8,, y, , is given by:
O o = (BBm) ' (BLy — B, Bi6ix, 2,) (2.8)

It remains to investigate how to estimate the parameter 6}, 5, »,. After plugging in Equa-

tion 2.8 into Equation 2.3, the optimization problem for estimating 6, 5, , becomes

arg min [[y* = X6, 215 + Ar[10n,.0 11+ A2l DO, 1, (2.9)

h,\1,Xo

wherey* = [I-H,,]y,X =[I - H,,) B, and H,, = B,,(B, B,,)"'B; .
Due to the high dimension, we need to develop an efficient and precise optimization al-
gorithm to optimize Equation 2.9. Obviously, Equation 2.9 is a typical sparse optimization

problem. However, most of the sparse optimization frameworks focus on optimizing:

arg min [[y* — X6, 0ll2 + A 18nr0 0l » (2.10)
010,15

for instance [24, 55, 56], where the iterative updating rule is used based either on the
gradient information or the proximal mapping. In most cases, the algorithms above works,

however, two challenges occur in our paper:

1. When the dimension of X (of size ninsT" X ninsT") becomes increasingly large, it is

difficult for the computer to store and memorize it.

2. When the penalty term is A1 [|05, 3, x, [|1+A2||DOpx, 2, |1, instead of only Ay ||€5, x, 1, |1,

direct application of the proximal mapping of \; (|0} x, ,||1 is not workable.

Therefore, directly applying these above algorithms [see 24, 55, 56] to our case is

not feasible. To extend the existing research, we propose an iterative algorithm in algo-
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rithm 2 and we explain the approach to solve the proximal mapping of A1[|0;.x, x, /1 +

A2|[ DO} 5, 2, |1 in the next subsection.

Proximal Mapping

The main tool we use to solve the optimization problem in Equation 2.9 is a variation of
proximal mapping. Denote that F'(0), 5, »,) = 3||y* — X601, 2,]|3. And in the i-th itera-
tion, the according recursive estimator of 8}, y, », is noted as GS)AI Aot Besides,an auxiliary

variable n(® is introduced to update from 6! g, 06 hz il \, through

_ 9
005 3, A,

I .
A]|€]]1 + A2 DOy + 5”‘9 -3

(i+1)

Onnin, = argmin F(n®)+ F(n®) (0 —n®) +

1 N 2
3|6 (1= Z5gFm) | + el + ol

= argmin
& 0

lI>

A
5% (v)

i i 7 i i—1
where v = — ;55 F(n'), n® = 02’&17&_'_15%211(92))\1 )\z_eh)\ ),\ Jandt_y =t =1,

tiy1 = —H\/QH_%Z

Because it is difficult to solve Wi\; (v) directly, we aim to solve 73, (v) first. And proved
by [29], there is a closed-form correlation between Wf\\; (v) and 7} (v), which is shown in
Proposition 2.5.2.

Proposition 2.5.2. The closed-form relationship between 7r§; (v) and 7§ (v) is

A1

T (v) = sign(my, (v)) © max{|my}, (V)] — Ay, 0} (2.11)

where © is an element-wise product operator.

With the proximal mapping function in Proposition 2.5.2, we can now develop the

algorithm shown in algorithm 2.
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Algorithm 2: Iterative updating based on tensor decomposition
Input: y*,B,,B,,B,,D,,D,,D,, K, L, \i, \s, Lo, My, My
Olltpllt: 0]17)\1’)\2

1 initialization;

2 @(1) = @(0)’75_1 = 1,t0 = 1,L = LO

3fori=1---M;do

4 NGO = A6 %(@(i) _ @(i—l))

V = N(Z) - EN(Z) X1 (PZPS) X2 (Ple) X3 (P;Py) -
1
Zy* X1 I)ST X9 P;Ur X3 P;
for j =0---M;do

G = (29 x,(D/D,) x5 (D)D,) x3 (D, D,))) —
(V X1 Ds X9 Dw X3 Dy)

6 W?\Z(V) V- (Z( )) x1 Dy x9 Dy, X3 D,
7 | (V) = s1gn(7r§2(V)) ® max{|r%, (V)| — A1, 0}

8 | tiy1= 3
9 @h aae =T (V)
10 0, Ade = Vector(Gh Ad) U = vector(V)

vector(-) is a function that unfolding a order-3 tensor of dimension n; X ny x T into a vector of lengthnnyT
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2.5.2 Computational Complexity

This section discusses the computational complexity of our proposed algorithm. The com-
putation complexity of our propose method is of order O (ninyT max{n,,ns,T'}) (see

Proposition 2.5.3).

Proposition 2.5.3. The computational complexity of our proposed algorithm (see algo-

rithm 2) is of order O (n1nT max{ny, na, T'}).

The proof of the above proposition can be found in subsection 2.8.1.

2.6 Simulation

In this section, we conduct simulation studies to evaluate our proposed methodologies by
comparing it with several benchmark methods in the literature. The structure of this section
is described as follows. We first present the data generation mechanism for our simulations
in subsection 2.6.1, then discuss the performance of hot-spot detection and localization in

subsection 2.6.2.

2.6.1 Generative Model in Simulation

In our simulation, at each time index ¢(t = 1---T), we generate a vector y; of length nyn

by

To match the dimension in the case study, we choose n; = 50,1, = 51. We use y;; to
denote the i-th entry in the vector y;, and (B6,); denotes the i-th entry in the vector B6,,
where the matrix B = B,, ; ® B,, , ® B, is calculated with the same choice as that
in subsection 2.3.2. The scalar 6 measures the change magnitude. We further consider
two sub-cases, depending on the value of change magnitude § in Equation 2.12: one is

d = 0.1 (small shift) and the other is § = 0.5 (large shift). For the anomaly setup, 1(A)
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is the indicator function, which has the value 1 for all elements of A and the value O for
all elements not in A. Accordingly, 1{¢t > 7} indicates that the spatial hot-spots only
occur after the temporal hot-spot 7. This ensures that the simulated hot-spot is temporal
consistent. Here we assume the change happens at 7 = 50 among total 7" = 100 years. The
second indicator function 1{: € S} shows that only those entries whose location index
belongs set S}, are assigned as local hot-spots. This ensures that the simulated hot-spot is
sparse. Here we assume that the spatial hot-spots index set is formed by the combination of
states Conn, Ohio, West Va, Tex, Hawaii, and the week from 1-10 and 41-51. And w;; is
the i-th entry in the white noise vector whose entries are independent and follow N (0,0.12)

distribution.

2.6.2 Hot-spot Detection Performance

In this section, we compare the performance of our proposed method (denoted as ‘SSR-
tensor’) for the detection of hot-spot with some benchmark methods. Specifically, we
compare our proposed method with Hotelling 7% control chart [see 36] (denoted as ‘T2’),
Lasso-based control chart proposed by [39] (denoted as ‘ZQ Lasso’), PCA-based control
chart proposed by [17] (denoted as ‘PCA’) and SSD proposed by [12] (denoted as ‘SSD’).
Note that there are two main differences between our SSR-tensor method and the SSD
method in [12]. First, SSR-Tensor has the autoregressive or fussed Lasso penalty in Equa-
tion 2.3 to ensure the temporal continuity of the hot-spot. Second, SSD uses the Shewhart
control chart to monitor temporal changes, while SSR-Tensor utilizes CUSUM instead,
which is more sensitive for a small shift.

For the basis choices of our proposed method, to model the spatial structure of the
global trend, we choose B,,, ; as the kernel matrix to describe the smoothness of the back-
ground, whose (4, j) entry is of value exp{—d?/(2c?)} where d is the distance between the
i-th state and j-th state and c is the bandwidth chosen by cross-validation. In addition, we

choose identical matrices for the yearly basis and weekly basis since we do not have any
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prior information. Moreover, we use the identity matrix for the spatial and temporal basis
of the hot-spots. For SSD in [12], we will use the same spatial and temporal basis in order
to have a fair comparison.

For evaluation, we will compute the following four criteria: (i) precision, defined as
the proportion of detected anomalies that are true hot-spots; (ii) recall, defined as the pro-
portion of the anomalies that are correctly identified; (iii) F measure, a single criterion
that combines the precision and recall by calculating their harmonic mean; and (iv) the
corresponding average run length (ARL;), a measure of the average detection delay in the
special scenario when the change occurs at time ¢ = 1. All simulation results below are
based on 1000 Monte Carlo simulation replications.

Table 2.1 shows the merits of our methodology mainly lies on the higher precision
and shorter ARL;. For example, when the shift is very small, i.e., 6 = 0.1, the ARL; of
our SSR-Tensor method is only 1.6420 compared with 7.4970 of SSD and 9.5890 of ZQ-
Lasso. The reason for SSR-Tensor has shorter ARL; than that of SSD is that SSD uses the
Shewhart control chart to detect temporal changes, which makes it insensitive for a small
shift. While for SSR-Tensor, it applies the CUSUM control chart, which is capable to detect
the shift of small size. The reason for both SSR-Tensor and SSD have shorter ARL; than
that of ZQ-Lasso, PCA, and T2 is that ZQ-Lasso fails to capture the global trend mean. Yet,
the data generated in our simulation has both decreasing and circular global trend, which

makes it hard for ZQ-Lasso to model well.

2.7 Case Study

In this section, we apply our proposed SSR-tensor model and hot-spot detection/localization
method to the weekly gonorrhea dataset in section 2.2. For the purpose of comparison, we
also consider other benchmark methods mentioned in section 2.6, and consider two perfor-
mance criteria: one is the temporal detection of hot-spots (i.e., which year it occurs) and

the other is the localization of the hot-spots (i.e., which state and which week might involve
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Table 2.1: Scenario 1 (decreasing global trend): Comparison of hot-spot detection under
small shift and large shift

methods small shift 6 = 0.1 large shift § = 0.5
precision  recall F measure ARL; precision  recall  F measure ARL,
SSR-tensor | 0.0824 0.9609 0.5217 1.6420 0.0822 0.9633 0.5228 1.0002
(0.0025) (0.0536) (0.0270)  (0.7214) | (0.0022) (0.0549) (0.0277) (0.0144)
SSD 0.0404 0.9820 0.5112 7.4970 0.0412 1.0000 0.5206 1.0000
(0.0055) (0.1330) (0.0692)  (9.4839) | (0.0000) (0.0000) (0.0000)  (0.0000)
ZQ Lasso 0.0412 1.000 0.5206 9.5890 0.0412 1.0000 0.5206 8.8562
(0.0000) (0.0000)  (0.0000)  (7.5414) | (0.0000) (0.0000) (0.0000)  (7.1169)
PCA - - - 28.7060 - - - 32.0469
- - - (16.9222) - - - (17.4660)
T2 - - - 50.0000 - - - 50.0000
- - - (0.0000) - - - (0.0000)
the alarm).
2.7.1 When the temporal changes happen?

Here we consider the performance on the temporal detection of hot-spots of our proposed
method and other benchmark methods. For our proposed SSR-Tensor method, we build
a CUSUM control chart utilizing the test statistic in subsection 2.4.1, which is shown in

Figure 2.4. From this plot, we can see that the hot-spots are detected at 10-th year, i.e.,

2016.

[
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Figure 2.4: CUSUM Control chart of gonorrhea dataset during years 2006-2018.

For the purpose of comparison, we also apply the benchmark methods, SSD [see 12],
ZQ Lasso [see 39], PCA [see 17] and T2 [see 36], into the gonorrhea dataset. Unfortunately,

all benchmark methods are unable to raise any alarms, but our proposed SSR-tensor method
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raises the first hot-spot alarm in the year 2016.

2.7.2 In Which State and Week Do the Spatial Hot-spots Occur?

After the temporal detection of hot-spots, we need to further localize the hot-spots in the
sense that we need to find out which state and which week may lead to the occurrence of
the temporal hot-spot. Because the baseline methods, ZQ-Lasso, PCA, and T2, can only
realize the detection of temporal changes, and SSD fails to detect the temporal changes,
we only show the localization of spatial hot-spot by SSR-Tensor, which is visualized in

Figure 2.5.

week &8 week 19 week 30 week 42 week 51

Figure 2.5: Hot-spot detection result of circular pattern of W.S. CENTRAL(Arkansas,
Louisiana, Oklahoma, Texas)

There are some circular patterns in specific areas. For example, CENTRAL(Ark, La,
Okla, Tex) tends to have a circular pattern every 11 weeks, which is shown in Figure 2.5.
Besides, there is also some circular pattern for a certain state, for instance, Kansas has
the bi-weekly pattern as shown in Figure 2.6. To validate the bi-weekly circular pattern
of Kansas, we plot the time series plot of Kansas in 2016 as well as the auto-correlation
function plot in Figure 2.5. Besides, the auto-correlation function plot in the left panel of
Figure 2.6 serves as a baseline. It can be seen from the middle and right plot of Figure 2.6

that, Kansas has some bi-weekly or tri-weekly circular pattern.
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Figure 2.6: Auto-correlation of all US (left) & Kans.(middle) in 2016 and time series plot
of Kansas in 2016 (right)

2.8 Supplementary Material

2.8.1 Proof of Proposition 2.5.3

Proof. The main computational load in algorithm 2 is on the calculation of v (line 4),
g@(line 5) and 7'('())\2 (v) (line 7). We will take the calculation of v in line 4 in the algorithm

as an example. To begin with, we focus on the computational complexity of
N 3 (PIP,) x5 (PLP,) x5 (P, P,)). (2.13)

For better illustration, we denote tensor(n®) as N'® and N x; (P[P,) as tensor £;.

According to the tensor algebra [see 54, Section 2.5],
El = N(Z) X1 (PZPS) s ‘Cl(l) = PZPSN’((lz))

Therefore, the computational complexity of Equation 2.13 is the same as two-matrix mul-
tiplication with order n; x ny and n; X ninsy, which is of order O (nynT(2ny — 1)).

After the calculation of £;, Equation 2.13 is reduced to

Ly x5 (PPy) x5 (P Py)). (2.14)
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Similarly, denotes £, = £; x5 (P, P,,), then
£2 = El X9 (P;—Pw) < ,CQ(Q) = P;lu—Pw./\/’(g)

Therefore, the computational complexity of Equation 2.14 is the same as two-matrix mul-
tiplication with order ny X ny and ny x 11T, which is of order O (n1nT(2ny — 1)).

After the calculation of £5,Equation 2.14 is reduced to
Ly x3 (P, Py)). (2.15)
Similarly, denotes L3 = Ly X5 (P, P,), then
Ly =Ly x3(P,P,) < L33 =P P, N).

Therefore, the computational complexity of Equation 2.14 is the same as two-matrix mul-
tiplication with order 7" x T and T' X nyns, which is of order O (n1n,T (2T — 1)).

By combining all these blocks built above, we conclude that the computational com-
plexity of Equation 2.13 is of order O(ninyT (max{ny, ny, T7})).

In the same way, the computational complexity in line 5 and 7 of algorithm 2 is also of
order O(nynyT (max{ni,ns, T'})). Thus, the computational complexity of Algorithm is of

order O(nynyT (max{n,,n2, T})). O
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CHAPTER 3
IDENTIFICATION OF UNDERLYING DYNAMIC SYSTEM FROM NOISY DATA
WITH SPLINES

3.1 Introduction

In practice, one is often encountered with noisy data coming from an unknown partial
differential equation (PDE):
D ={(zytp,ul): z;€ (0, Xnax) CR, Vi=0,...,M —1, G
tn € (0, Thax) CR, Vn=0,...,N -1} € Q.

Here t,, € R is the temporal variable with ¢,, € (0, T\,.x) forn = 0,1,..., N — 1, and we
call N the temporal resolution. And x; € R is the spatial variable with x; € (0, X,,.x) for
1=0,1,...,M — 1, and we call M the spatial resolution. We use T},.y, Xmax to denote
the upper bound of the temporal variable and spatial variable, respectively.

In the above dataset D, the variable u} is a representation of ground truth w(z;,t,)
contaminated by noise following normal distribution with zero mean and stand deviation
o

ul = u(x;, t,) + € e N(0,0%), (3.2)

(2

where u(z, t) is the underlying PDE model from where D is generated.
For this type of noisy dataset D, we are typically interested in identifying its underlying

PDE model:

9 N Ggmax Pmax . ak 7
gu(x,t) = B+ 1;) ; B [%u(x,t)] +
-7 i j 3.3
S Y A B [Fuen]) .
i+j<pmax 0<k<lI ’
1,j>0  [<gmax
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where the left-hand side of the above equation is the partial derivative with respect to the
temporal variable ¢, while the right side hand is the p,,.th order polynomial of the deriva-
tives with respect to the spatial variable x up to the gy.<th order. For notation simplifi-
cations, we denote the ground truth coefficient vector 3" = (5%, 351, By - - - Bipmax ) as
B = (81,55, 55-, B)" where K = 14 (pmax + 1)gmax + 5 Gmax (Gmax + 1) (Pmax — 1)!-
It should be noted that, in practice, the majority of the entries in 3" are zero. For instance,
in the transport equation %u(x, t) = a%u(m, t) with any a # 0, we only have 85 # 0 and
B = 0 for any i # 3 [see 57, Section 2.2]. So we know the coefficient 3" in Equation 3.3
is sparse.

To identify the above model, one needs to overcome two technical issues. First, deriva-
tives are unobservable from D and have to be estimated from noisy observations of the
values of the function. Second, there could be lots of data-driven PDE models that suit
the noisy data very well. Among all these models, a simple model would be desirable.
However, it is not clear how can we identify the simple model.

In this paper, we propose a two-stage method — Spline Assisted Partial Differential
Equation involved Model Identification (SAPDEMI) — to efficiently identify the underlying
PDE models from the noisy data D. The first stage is called functional estimation stage,
where we estimate all the derivatives from the noisy data D, including Zu(z,t), Zu(, t)
and so on. In this stage, the main tool we use is the cubic spline, where we first use
the cubic spline to fit the noisy data, and then we approximate the derivatives of the true
dynamic models as the derivatives of the cubic splines. The second stage is called model
identification stage, where we identify the underlying PDE models from the noisy data D.
In this stage, we apply the Least Absolute Shrinkage and Selection Operator (Lasso) [see
7] to identify the derivatives (or their combinations) that are included in the underlying
models. To ensure the correctness of the identification, we develop sufficient conditions
for correct identification and the asymptotic properties of the identified models, where the

main tool we use is the primal-dual witness (PDW) method [see 58, Chapter 11].

65



The structure of the rest of this section is described as follows. In subsection 3.1.1,
we survey the existing methods to solve the above PDE identification problem. In subsec-

tion 3.1.2, we articulate our contributions of this paper.

3.1.1 Literature Review

The pioneering representative work to identify the underlying dynamic models from the
noisy data is [59]. This method is also a two-stage method, where in the functional estima-
tion stage, [59] use the local polynomial regression to estimate the value of the function and
its derivatives. Then, in the model identification stage, [59] use the least squares model.
Following this pioneering work, other researchers conduct various extensions.

The first type of extension is to modify the function estimation stage of [59], and we
classify the existing extensions into two categories: (1) the numerical differentiation, and
(2) the basis expansion.

)

In the numerical differentiation category [see 60, 61, 62], the derivative 5-u(x,t) is

naively approximated as
_u(r+ Awx,t) —u(z — Az, t)

9 (1)
Gmu T = 2AT ’

where (z + Ax,t), (r — Ax,t) are the two closest points of (x,t) in the xz-domain. The
essence of numerical differentiation is to approximate the first-order derivative as the slope
of a nearby secant line. Although the implementation of numerical differentiation is very
easy, it could be highly biased because its accuracy is highly dependent on the value of
Ax. On the one hand, if Az is too small, the subtraction will yield a large rounding error
[see 63, 64]. In fact, all the finite-difference formulae are ill-conditioned [see 65] and due
to cancellation will produce a value of zero if Ax is small enough [see 66]. On the other
hand, if Ax is too large, though the calculation of the slope of the secant line will be more

accurately calculated, the estimation of the slope of the tangent by using the secant line
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could be poor. However, in our case, the size of Az is decided by the noisy data D, which
could be very small or very large. So if we naively use numerical differentiation to estimate
the derivatives from the noisy data D, it could be highly possible that we will get biased
estimations.

In the basis expansion category, researchers first approximate the unknown dynamic
curves by basis expansion and then approximate the derivatives of underlying dynamic
curves as the derivatives of the approximation curves. As for the choice of basis in the
basis expansion, there are multiple choices in the existing literature. The most popular ba-
sis 1s the polynomial basis, which is already used by [59]. Other examples of polynomial
basis can be found in [67, 68, 69, 70, 71]. One popular choice of basis is spline basis [see
72, 73, 60, 74, 75]. The major limitation of the above method is that it evolves with high
computational complexity. For instance, the local polynomial basis requires computational
complexity of order max{O(M?N), O(MN?)} in the functional estimation stage. How-
ever, our proposed SAPDEMI method only requires computational complexity of order
O(MN). This is the lowest possible bound in theory in the functional estimation stage
because it is the complexity of reading in the data set D.

The second type of extension is to modify the model identification stage of [59]. The
existing methods fall in the framework of the (penalized) least squares method, and we
mainly divide them into three categories: (1) the least squares method, (2) the ¢5-penalized
least squares method, and (3) the /;-penalized least squares method.

In the least squares method category, [76] use the least squares method to estimate the
parameters in unknown ordinary differential equation (ODE) models. [67] and [60] use the
least squares to estimate the parameters in unknown PDE models. The major limitation of
this method is that it can lead to overfitting models.

In the /5-penalized least squares method category, [74, 77] and [75] penalize the smooth-
ness of the unknown PDE models, which shares similar ideas with the reproducing kernel

Hilbert space (RKHS). And essentially speaking, this method falls in the framework of the
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l5-penalized least squares method. Although this method can avoid overfitting by intro-
ducing the /5-penalty, it has limited power to do “model selection” instead of “parameter
estimation”. Specifically, they assume that the form of the dynamic models (either ODE
or PDE) is known, and their goal is to estimate the coefficients in the given model. How-
ever, in real practice, the form of the dynamic model is potentially unknown. Under this
scenario, instead of “parameter estimation”, we also need to do “model selection”.

In the /;-penalized least squares method category, [68] identifies the unknown dynamic
models through the /;-penalized least squares method, and later the author discusses the
design of an efficient algorithm with proximal mapping method. But the authors do not
discuss the asymptotic statistical property of the identified model. Recently, [78] utilize the
similar method as [68] to identify the unknown dynamic models. Although [78] demon-
strated some empirical successes, the rigorous theoretical justification still remains vague.
So this category is not fully explored in terms of the statistical property.

During the investigation of the literature of ODE/PDE identification, we also find some
research work published outside the statistical journals. These researchers investigate the
importance of the ODE/PDE identification problem, but they do not develop a statistical
theory on their methods, which is what we do in this paper. For instance, [79] assume that
the derivatives are already known in the functional estimation stage and then they utilize the
Akaike information criterion (AIC) to realize the model selection in the model identifica-
tion stage. But the theoretical property of the selected model is not analyzed. Another ex-
ample is [69], wherein the model identification stage, the authors first use the /,-penalized
least squares method to estimate the parameter 3, and then manually shrinkage the small
coefficients to zero by applying the hard-threshold method to realize the model selection.
Other similar papers include [61, 62, 80, 81]. The methods in the above papers may work
in special cases, but their statistical properties are not established, and the rigorous proofs

remain an open question in these papers.
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3.1.2 Our Contribution

In this section, we discuss the contributions of our proposed SAPDEMI method.

First, our proposed SAPDEMI method is computationally efficient in the functional es-
timation stage. Specifically, we only require computationally complexity of order O(M N),
which is the lowest possible order in this stage. And the popularly used local polynomial
regression requires computational complexity of order max{O(M?N), O(M N?)}, which
is more computationally expensive than our proposed SAPDEMI method.

Second, our proposed SAPDEMI method realizes “model selection”, instead of to “pa-
rameter estimations” in the model identification stage. The existing methods, for instance
[67,76, 60,74, 77,75], can only realize “parameter estimation”, where they always assume
that the form of the underlying PDE models is known. However, our proposed SAPDEMI
method can identify the underlying PDE models without knowing the form of the underly-
ing PDE models.

Finally, we develop sufficient conditions for correct identification, and we also establish
the statistical properties of our identified models, which has not been seen in the literature.

The remaining of the paper is organized as follows. In section 3.2, we develop the tech-
nical details of our proposed SAPDEMI method. In section 3.3, we present our main theory,
including the sufficient conditions for correct identification, and the statistical properties of
our identified models. In section 3.4, we conduct numerical experiments to validate the
main theory in section 3.3. In section 3.5, we summarize this paper and discuss the future

research.

3.2 Proposed Method: SAPDEMI

In this section, we develop an efficient statistical method called SAPDEMI to identify the
underlying PDE model from noisy data D. Our proposed SAPDEMI method is a two-stage

method to identify the unknown PDE models. The first stage is called functional estimation
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stage, where we estimate the function values and their derivatives from the noisy data D in
Equation 3.1. These functional values and their derivatives serve as the input values in the
second stage. The second stage is called model identification stage, where we identify the
underlying PDE model.

For the notations throughout the paper, scalars are denoted by lowercase letters (e.g.,
B). Vectors are denoted by lowercase bold face letters (e.g., 3), and its ith entry is denoted
as (3;. Matrices are denoted by uppercase boldface letter (e.g., B), and its (7, j)th entry is

denoted as B;;. For the vector 3 € RP, its kth norm is defined as || 8] := (3°F_, |ﬁi\k)1/k :

For the matrix B € R™*", its Frobenius norm is defined as || B||, = \/Z:L > i | Bl
and its p, gth norm is defined as ||B||,, = maxyo %. We write f(n) = O(g(n)), if
there exists a positive real number G and a real number 7, such that |f(n)| < Gg(z) for
all n > ng.

The structure of this section is described as follows. In subsection 3.2.1, we introduce
the function estimation stage. In subsection 3.2.2, we describe the model identification

stage.

3.2.1 Functional Estimation Stage

In this section, we discuss the functional estimation stage of our proposed SAPDEMI
method, i.e., estimating the functional values and their derivatives from the noisy data D in
Equation 3.1. These derivatives include the derivatives with respect to the spatial variable
x and the derivatives with respect to the temporal variable ¢. In this section, we will take
the derivatives with respect to spatial variable = as an example, and the derivatives with
respect to the temporal variable ¢ can be derived similarly.

The main tool we use is the cubic spline. Suppose there is a cubic spline s(z) over the

knots {(x;, u?)}iZO,L--., 11 satisfying the following properties [see 82]:

1. s(z) € C*[xg, 1], where C?[xg, z)r_1] denotes the sets of function whose Oth,

first and second derivatives are continuous in the domain [xg, ;1] with the as-
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sumption that zp < x1 < ... < Tpr_1;

2. Forany i = 1,...,M — 1, s(z) is a polynomial of degree 3 on the subinterval

[%‘—1, Iz] ;

3. For the two end-point xg, /1, we have s”(x¢) = s”(xp—1) = 0, where s”(x) is

the second derivative of s(x).

By fitting data {(z;, u})},_, . a, (With a general fixed n € {0,1,..., N — 1}) into the
above cubic spline s(z), one can solve s(z) as the minimizer of the following optimization

problem:

M-1 ——

=« Z wilul — s(z;))? + (1 — a)/ s"(z)*dz, (3.4

i=0 o

where the first term a Y2 M w;[u? — s(z;))? is the weighted sum of squared residuals,
and we take the weight wy = w; = ... = wy;_1 = 1 in our paper. In the second term
(1—a) [7" s"(x)*dz, s"(x) is the second derivative of s(x), and this term is the penalty
of smoothness. In the above optimization problem, the parameter o € (0, 1] trades off
the goodness of fit and the smoothness of the cubic spline. By minimizing the above op-
timization problem with respect to s(x), we can get the estimate of s(z), its first deriva-
tive s'(x) and its second derivative s”(z). If the cubic spline approximates the underlying
PDE curves very well, then we could declare that the derivatives of the underlying dy-
namic system can be approximated by the derivatives of the cubic spline s(x), i.e., we have

—
— -

u(z,t,) ~ s(z), Zu(z,t,) ~ 37(33\), %u(az, tn) ~ s’/’(;) [see 83, 84, 85].

For the above optimization problem, there is a closed-form solution, which is summa-

rized as follows. First of all, the value of cubic spline s(x) at the point {z¢, 1, ..., Zy 1},
—_— — T
ie,s= (s(:co), s(x1),. .., s(xM,1)> , can be solved as
5= [aW + (1 — a)ATMA] 'aWu", (3.5)

which can be used to approximate the Oth order derivative of the underlying PDE models,
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o —

. I —\T
ie,s~f = (u(:vo, tn), u(1,tpn), . .. ,u(xM,l,tn)> . Here the matrix W = diag(wo, wy, ..., wy—1) €
T .
RM>*M the vector u” = (uf,...,uh;_;) € R, and the matrix A € RWM=2>M M €

RM=2)x(M=2) gre defined as

1 1 1 1
A s Ty i 0 0 0 0
1 1 11
— —— = 7= 0 0 0
A — h1 hi ha ha ’ (36)
1 1 1 1
0 0 0 0 ... havi—s hav—sz  ham—2  ha—a
hothy Ay 0 ... 0 0
ook o
0 b hethe 0 0
M = 6 5 : (3.7)
hoag—athar—: has_:
O O 0 . M 43 M-—-3 1\16 3
har Aot _s+har
O O 0 . J\/é 3 M 33 M—2
with h; = x;41 — x; fori = 0,1,..., M — 2. For the mathematical details on how to

derive Equation 3.5 from Equation 3.4, please refer to subsection 3.6.1. Similarly, we can
derive the first order derivatives and second order derivatives, which can also be found in
subsection 3.6.1.

The advantage of the cubic spline in the functional estimation stage is that, its com-
putational complexity is only a linear polynomial of the sample size. See the following

proposition.

Proposition 3.2.1. Given data D in Equation 3.1, if we use the cubic spline in the functional
estimation stage, i.e., estimate X € RM¥*X yia the cubic spline in Equation 3.18 with

a € (0,1] and Viu € RMY from the cubic spline with & € (0, 1] similar in Equation 3.4,
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then the computation complexity in this stage is of order

max{O (pmax M N), O(K?)},

where P,y 1 the highest polynomial order in Equation 3.3, M is the spatial resolution, /N

is the temporal resolution and K is the number of columns of X.

The proof of the above proposition can be found in subsubsection 3.6.5.

As suggested by Proposition 3.2.1, when py., K < M, N (which is often the case in
practice), it only requires O (M N') numerical operations of the functional estimation stage.
This is the lowest possible order of complexity in this stage because M N is exactly the
number of the sample size and reading the data is an order O(M N) task. So it can be
concluded that it is very efficient to use cubic spline because its computational complexity
achieves the lowest possible order of complexity.

For comparison, we discuss the computational complexity of the local polynomial re-

gression, which is widely used in existing literature [see 59, 67, 68, 69, 70, 71].

Proposition 3.2.2. Given data D in Equation 3.1, if we use the local polynomial regression
in the functional estimation stage, i.e., estimate X € RMY*X v u ¢ RMY via the local
polynomial regression described as in subsubsection 3, then the computation complexity

of this stage is of order

where pnax 1S the highest polynomial order in Equation 3.3, g« 1s the highest order of
derivatives in Equation 3.3, M is the spatial resolution, /N is the temporal resolution, and
K is the number of columns of X.

If we set ¢uax = 2 to match the derivative order of the local polynomial regression to
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the cubic spline, then the computation complexity is of order

max{O(M?N),O(MN?),0(puax MN), O(K*)}.

As suggested by Proposition 3.2.2, the computational complexity of local polynomial
regression is much higher than that in the cubic spline. But the advantage of local polyno-
mial regression is that it can derive any order of derivatives, i.e., gmax > 0 in Equation 3.3,
while for the cubic spline, ¢, = 2. In applications, this should be sufficient because most
of the PDE models are governed by derivatives up to the second derivative, for instance,
heat equation, wave equation, Laplace’s equation, Helmholtz equation, Poisson’s equation,
and so on. In our paper, we mainly use cubic spline as an illustration example due to its
simplification and computational efficiency. Readers can extend our proposed SAPDEMI
method to the higher-order spline with g¢n.x > 2 if they are interested in higher-order
derivatives. We summarize the pros and cons of the cubic spline and the local polynomial

regression in Table 3.1.

Table 3.1: Pros and cons of the cubic spline and the local polynomial regression in the
functional estimation stage

method | cubic spline local polynomial regression

pros only requires computational complexity can solve derivatives up to any order
O(M N) in the functional estimation stage

cons can only solve derivatives up to second or- requires computational complex-

der. If higher-order derivatives are required, ity max{(M?N),O(MN?)} in the
extensions from cubic spline to higher-order functional estimation stage
splines are needed.

! In this table, we assume that pyay, ¢max, K < M, N for simplification, where p,,,, is the highest polynomial
order in Equation 3.3, gnax 1s the highest order of derivatives desirable in Equation 3.3, and K is the number of
columns of X in Equation 3.9.
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3.2.2 Model Identification Stage

In this section, we discuss the model identification stage of our proposed SAPDEMI method,
where we want to identify the PDE model in Equation 3.3.

The model in Equation 3.3 can be regarded as a linear regression model whose response

Ou(z,t)
ot

variable is the derivative with respect to temporal variable ¢, i.e., , and the covariates
involve with the derivative with respect to spatial variable z, including = u(z;, ), %u(xi, tn),
Pmax
e (aa—;u(xi, tn)) . Because we have M N observations in the dataset D in Equa-

tion 3.1, the response vector is of length M N:

Vtu
_(Dulok)  duterio) dulay—1to)  Julzotr) dutear 1) )T ¢ RMN
- ot ot 0 ot ’ ot o ot J
(3.8)
and design matrix is of dimension M N x K:
N, R, NI NT
X = (%9, 0, ..., x%, ., %0, ..., xhTh) € RMNxK (3.9)
where the nN + ¢ + 1st row of the above matrix X is
o — e e — N
Xi - 17 U(in,tn), %u(xlvtTL)? Wu(xhtn)’ u(‘xlutn) ) u(x’mtn)&u(xlatn)?

— —_ — Pmax T
u(z;, to)aa—;u(xi, tn)y -, (%u(xi, tn)) ) € RE.

The K components of X' are candidate terms in the PDE model. And all the derivatives
listed in Equation 3.8, Equation 3.9 are estimated from the functional estimation stage in
subsection 3.2.1.

After figuring out the response vector V,u and the design matrix X, we use Lasso to
identify the non-zero coefficients in Equation 3.3:

1

s IV = X815, + 18 (3.10)

— arg min
B gmi
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where A > 0 is a turning parameter that controls the trade off of the sparsity of 3 and the
goodness of fit. Given the /; penalty in Equation 3.10, B will be sparse, i.e., only a few of
its entries will likely be non-zero. Accordingly, we can identify the underlying PDE model
as

—u(z,t) =x'B. (3.11)

where

x = (1, w(et), Lulzt), Sulz,t), (@), ulw)Lul,b),

-
pmax
u(z, t)g—;u(x, t),... (%u(m, t)) ) € RE,

It remains to discuss the numerical method to solve the optimization problem in Equa-
tion 3.10. It is noted that there is no closed-form solution for Equation 3.10 due to the ¢,
penalty. The existing algorithms to solve Equation 3.10 is to iteratively update the esti-
mator until convergence. One of the widely used algorithm to solve Equation 3.10 is the
coordinate descent, because it is well established in R within a package named glmnet [see
86] and Matlab within a function called lasso(-). The main idea of the coordinate descent
is to update the estimator in a coordinate-wise fashion, which is the main difference be-
tween the coordinate descent and regular gradient descent. And the convergence rate of the
coordinate descent to solve Equation 3.10 is O(1/k), where k is the number of iteration
executed [see 87, 88].

The implementation of the coordinate descent to Equation 3.10 is presented in algo-
rithm 3 and the detailed description of coordinate gradient descent to solve Equation 3.10

can be found in subsection 3.6.2.

3.2.3 Overview of Our Proposed SAPDEMI method

In this section, we summarized our proposed SAPDEMI method into pseudo-code showing

in algorithm 4.
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Algorithm 3: Algorithm for the coordinate descent to minimize F'(3)
Input: response vector V,u, design matrix X, and number of iterations M
Output: coefficient estimation 3

1 Initialize 3

2for/=1,...,Ldo

3 forj=1,...,Kdo

’ L B =5 (Vi Xe; — X5, (X X80 MNA) / (XTX);;

2 L
s B=p"
The soft-thresholding function S(z, ) = (z — a)l{z > a} + (zr + a)1{zr < —a} + 0 x L{z € (—a, @)}
where 1{x € A} is an indicator function, i.e., 1{x € A} = 1ifz € A, and otherwise 1{x € A} = 0.

Algorithm 4: Pseudo code of our proposed SAPDEMI method
Input:

1. Data from the unknown PDE model as in Equation 3.1;
2. Penalty parameter used in the Lasso identify model: A > 0;
3. Smoothing parameter used in the cubic spline: o, & € (0, 1].

Output: The identified/recovered PDE model.
1 Functional estimation stage:
2 L Estimate X, V,u by cubic spline with o, @ € (0, 1].

3 Model identification stage:

4 The unknown PDE system is recovered as: %u(x, t) = xT[AS', where
B = argming 5% ([ Viu — XB|3 + Al|B|l1 and
Ou(x,t O?u(x,t 2 2u(z,t) \ Pmax T
X:<1, u(z,t), Egm), 852)7 (u(z, ), ..., ( 6i2)> > :
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3.3 Recovery Theory

In this section, we present our main theorems. These two main theorems serve to evaluate
the statistical prosperity of our identified PDE model. The evaluation is done from two
aspects.

First, we check if our identified PDE model contains derivatives included in the under-
lying PDE models. This is the so-called support set recovery. Mathematically speaking,
it is to check if supp(,@) C supp(B*), where B is the minimizer of Equation 3.10, 3" is
the ground truth, and supp(-) is an operator that collects the sets of indices of the non-zero
entries of the input variable, i.e., supp(8) = {i : 5; # 0, V i,1 < i < K} for a gen-
eral vector 3 € R¥. However, the support recovery depends on the choice of the penalty
parameter \. If we choose A too large, then accordingly B would be a vector of all zero en-
tries, which leads to supp(fi’) = () (empty set). On the other hand, if we choose A too small,
then ﬁ is not sparse enough, which makes it fail to identify the PDE models. The proper
way to select A hopefully leads to correct recovery of the support set recovery, i.e., we have
supp(@) C supp(3*). We will discuss the selection of A to realize the above objective in

Theorem 3.3.1.

Second, we are interested in the estimation error bound of our estimator, i.e., H[B s — B5s

where S = supp(3”), vector B s 1s the subvector of B only containing elements whose in-
dices are in S, and vector 3% is the subvector of 3" only contains elements whose indices
are in S. The upper bound of the above estimation error will be discussed in Theorem
3.3.2.

The structure of this section is described as follows. In subsection 3.3.1, we present the

conditions for our main theorems. In subsection 3.3.2, we state our two main theorems.
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3.3.1 Our Conditions for the Theorems

In this section, we introduce some key conditions used in our paper. We begin with three
frequently used conditions in ¢;-regularized regression models. They were typically used
to provide sufficient conditions for exact sparse recovery [see 58, Chapter 11]. Besides, we
also introduce some conditions from cubic splines, which serve for bounding the estimation
error of the cubic splines [see 89, (2.5)-(2.8)]. For the verification of these conditions,

please refer to subsection 3.4.4 for more details.

Condition 3.3.1 (Invertibility Condition). Suppose for the design matrix X defined in
Equation 3.9 which is constructed by candidates of derivatives, we have that matrix X ;X5
is invertible almost surely, where X is the columns of X whose indices are in S. Here

S = supp(3*) where 3" is the ground truth and supp(3*) = {i : 57 #0, Vi, 1 <i < K}.
Condition 3.3.2 (Mutual Incoherence Condition). For some incoherence parameter i €
(0,1] and P, € [0, 1], we have

P (|| X Xs(X5Xs) | <1—p) >R,

- J7]

where the matrix X5 is the columns of X whose indices are in S and the matrix X is the

complement of Xgs.

Condition 3.3.3 (Minimal Eigenvalue Condition). There exists some constant Cy,;;, > 0

such that:

1
Amin <WX§X$) > Chin,

almost surely. Here A,,;,(A) denotes the minimal eigenvalue of a square matrix A € R™*".

This condition can be considered as a strengthened version of Condition 3.3.1.

Condition 3.3.4 (Knots c.d.f. Convergence Condition). Suppose for the sequence of the

empirical distribution function over the design points rg < z1 < ... < x,_1 with different

79



sample size M is denoted as Fy(z), i.e., Fiy(z) = 57 LS M1 1{a; < 2}, there exists an
absolutely continuous distribution function F' on [z, ;1] such that F; — F uniformly
as M — +oo. Here 1{A} is the indicator of event A. Suppose for the sequence of the
empirical distribution function over the design points ¢y < t; < ... < ty_; with differ-
ent sample size NV is denoted as Gy (), there exists an absolutely continuous distribution

function G on [tg, ty_1] such that Gy — G uniformly as N — +oc.

Condition 3.3.5 (Knots p.d.f. Convergence Condition). Suppose the first derivative of the

function F', G (defined in Condition 3.3.4) is denoted as f, g, respectively, then we have

0< inf f< sup f<4ooand 0< inf ¢g< sup g < oo,

[zo,@ar—1] [zo,xnr—1] [to,tn—1] [to,tn—1]
and f, g also have bounded first derivatives on [xg, 2/ 1], [to, tx_1], respectively.

Condition 3.3.6 (Gentle Decrease of Smoothing Parameter in Splines Condition). Suppose
that (M) = supy, ,,, .1 [Fv—F1, ((N) = SUD, ¢ 1) |GN—G|, where Fiy, Gy, F, G are
defined in Condition 3.3.4. The smoothing parameter «, & in Equation 3.4, which are used
to estimate the derivatives with respective to x, t, respectively, depend on M, N in such a
way that & — 0 and o~ V/4¢(M) — 0 as M — +oc. and @ — 0 and &~ /4((N) — 0 as

N — +oo.

3.3.2  Main Theory

In this section, we present our main theory, where Theorem 3.3.1 develops the lower bound
of A to realize the correct recovery of the support set, and Theorem 3.3.2 develops the upper
bound of the estimation error.

First, we develop the theory on the lower bound of A to realize the correct recovery of
the support set, i.e., S(B) C S(B"), where S( )={i:3 #0, Vil<i<K}and
SB)={i:6:#0, Vi 1<i<K} And B is the optimum of Equation 3.10, 3" is the

ground truth of the underlying PDE models.
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Theorem 3.3.1. Provided with the data in Equation 3.1 and suppose the conditions in
Lemma 3.6.1 and Corollary 3.6.1 hold and Condition 3.3.1 - 3.3.6 also hold, if we take

M = O(N), then there exists a constant 6, > 0, which is independent of spatial

lullLoo ()
resolution M and temporal resolution N, such that if we set the cubic spline smoothing pa-
rameter with the spatial variable x in Equation 3.4 as o« = O <(1 + M4T) _1) , set the cu-
bic spline smoothing parameter with the temporal variable ¢ as & = O ((1 + N~ 7)_1> ,

and set the turning parameter

VK log(N)
A= %(o, ||UHL°°(Q))W7 (3.12)

to 1dentify the PDE model in Equation 3.10 for some r € (0, %) with sufficient large NV,

then with probability greater than P, — O (Ne "), we can have
—_——

Pl

Here K is the number of columns of the design matrix X in Equation 3.10, and p, P, are

defined in Condition 3.3.2.

The proof of the above theorem can be found in subsubsection 3. To ease the under-
standing of the proofs of main theorems, readers can refer to some lemmas in subsec-
tion 3.6.3.

The above theorem states the lower bound of A to realize the correct recovery of the
support set recovery. And this lower bound in Equation 3.12 is affected by several factors.
First, it is affected by the temporal resolution /V: as /N increases, there is more flexibility in
tuning this penalty parameter A\. Second, the lower bound in Equation 3.12 is affected by
the incoherence parameter (. if o is small, then the lower bound increases. This is because
small © means that the group of feature variable candidates are similar to each other. It

should be noted that y is decided by the dataset D itself (see Condition 3.3.2). Third, this
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lower bound in Equation 3.12 is affected by the number of columns of the matrix X. If the
number of columns in X is very large, then it requires larger A to identify the significant
feature variables among lots of feature variable candidates.

We also point out that, the large probability P, — P’ converges to P, as N — +oo. This
limiting probability P, is determined by the data D (see Condition 3.3.2). So we know that
when N is very large, our proposed SAPDEMI method can realize S (,@) C S(B").

Now, we develop the theorem to obtain the estimation error bound.

Theorem 3.3.2. Suppose the conditions in Theorem 3.3.1 hold, then with probability
greater than 1 — O(Ne ™) — 1, there exist a N > 0, such that when N > N, we

have

1Bs -85 _

log(NV)
< \/_len (\/_cg o llullLee (@)) N3/T—r + A) ’

where K is the number of columns of the matrix X, S is the support set of 3%, i.e., S :=
{i: B #0, Vi=1,..., K} and vector Bs: B are the subvector of B, (3" only contains
elements whose indices are in S. Viewing from this theorem, we can see that when N —

00, the error bound will convergence to 0.

The proof of the above theorem can be found in subsubsection 3.

From the above theorem, we can see that, the estimation error bound for the ¢,,-norm of
the coefficient error in 3.13 consists of two components. The first component is affected by
the temporal resolution /V, and the number of feature variable candidates K. As N — 400,
this first component convergence to 0 without explicit dependence on the choice of feature
variable selected from Equation 3.10. The second component is VECiu\. When N
increases to 400, this second component will also converge to 0. This is because, as stated
in Theorem 3.3.1, we find that when N — +o00, the lower bound of A\ — which realizes
correct support recovery — converges to 0. So the accuracy of the coefficient estimation

will improve if we increase the temporal resolution V.
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By combining statements in Theorem 3.3.1 and Theorem 3.3.2 together, we find that
when the minimum absolute value of the nonzero entries of 3 is large enough, then with
the adequate choice of lambda, the exact recovery can be guaranteed. Mathematically
speaking, when min;es |(35):| > VECipin (\/f(f(a,uuumom))% + A) , the vector E
will have a correct signed-support, where (3%); refers to the ith element in vector 3. This
helps for the selection of the penalty parameters A. Besides, the solution paths plot also
helps with the selection of the penalty parameters A, and we will discuss it in section 3.4

under concrete examples.

3.4 Numerical Examples

In this section, we conduct numerical examples to verify the computational efficiency and
the statistical accuracy of our proposed SAPDEMI method. The computational efficiency
refers to the computational complexity of the functional estimation stage is of a linear
polynomial of the sample size M N; The statistical accuracy meas our proposed SAPDEMI
can correctly identify the underlying PDE models with high probability.

The numerical examples include (1) the transport equation, (2) the inviscid Burgers’
equation and (3) the viscous Burgers’ equation. We select these three PDE models as
representatives because all these PDE models play fundamental roles in modeling physical
phenomenon and demonstrate characteristic behaviors shared by a more complex system,
such as dissipation and shock-formation [see 90]. Besides, the difficultly to identify the
above PDE models increase from the first example — the transport equation — to the last
example — the viscous Burgers’ equation..

For the computational efficiency, the results of these three examples are the nearly
same, because the computational complexity only depends on the dimension of the noisy
data, i.e., the dimension of X, V;u, and it is independent of which type of PDE model it
comes from. So we only present a detailed discussion of the computational efficiency in

the first example — the transport equation.
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3.4.1 Example 1: Transport Equation

The PDE problem we used in this subsection is the transport equation [see 57, Section 2.2]:

9 9
su(x,t) = as=u(z,t) VO<2< X, 0 <1t < Thax
pru(,t) oz (2, 1) 3.13)
u(z,0) = f(x);
where we set f(z) = 2sin(4z),a = —2, Xjpax = 1, Tmax = 0.1. From the above seetings,

we know there is a closed-form solution, which is u(z, t) = 2sin(4x — 8t).

The dynamic pattern of the above transport equation is visualized in Figure 3.1. In this
figure, (a),(b),(c) are the ground truth, noisy observation under ¢ = 0.05 and ¢ = 0.1,
respectively. From this figure, we can see that the larger the noise, the more un-smoothed
the shape of the transport equation would be, which potentially leads to more difficulties in

the PDE model identification.

2/
E

2 ~
Sy 0/

3 3
-2 -2
0 0.5 1 0 0.5 1
X X X
(a) true (b) 0 = 0.05 (c)o=0.1

Figure 3.1: The curves of the transport equation (M = N = 100)

First of all, let us take a look at the computational complexity of the functional esti-
mation stage. To show the efficiency of the cubic spline, which is used in our SAPDEMI
method, we select the local polynomial regression as a benchmark, whose detailed descrip-
tions can be found in subsubsection 3. We visualize the number of numerical operations in
the functional estimation stage of the above two methods in Figure 3.2, where the x-axis
is the logarithm of M or N, and the y-axis is the logarithm of the number of numerical
operations. The numbers to plot this figure is summarized in Table 3.2 in subsection 3.6.4.

In Figure 3.2, two scenarios are discussed: (1) M is fixed as 20 and /N varies from 200 to
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2000; (2) N is fixed as 20 and M varies from 200 to 2000. As we can see from Figure 3.2
that, as M or N increases, the number of numerical operations in the functional estima-
tion stage becomes larger. And cubic spline needs fewer numerical operations, compared
with local polynomial regression. Furthermore, if we conduct a simple linear regression
of the four lines in Figure 3.2, we find that in (a), the slope of the cubic spline (blue solid
line) 1s 0.9998, and as N goes to infinity, the slope will get closer to 1. This validates that
the computational complexity of cubic spline is of order O(N) when M is fixed (given
K, pmax < N). Besides, in (b) the slope of the cubic spline (blue solid line) is 1.274,
and as M goes to infinity, the slope will get closer to 1. This validates that the computa-
tional complexity of cubic spline is of order O(M) when N is fixed (given K, ppax < M).
Therefore, we numerically verify that when K < M, N and pp.x < M, N, the computa-
tional complexity of cubic spline is of order O(M N) (given K, ppax < N). Similarly, for
local polynomial ( see Proposition 3.2.2), we know that when M is fixed (Figure 3.2(a)),
the slope of the local polynomial regression (pink dashed line) is 1.822, which validates
that the computational complexity of the local polynomial is of order O(N?) when M is
fixed. And as N goes to infinity, the slope gets closer to 2. Besides, when N is fixed
(Figure 3.2(b)), the slope of the local polynomial regression (pink dashed line) is 1.960,
which validate that the computational complexity of local polynomial regression when N
is fixed is of order O(M?). And as M goes to infinity, the slope will get closer to 2. This
validates that the computational complexity of the local polynomial regression method is
max{O(M?N), O(MN?)} when K, ppax < N.

Second, we numerically verify that with high probability, our proposed SAPDEMI can
correctly identify the underlying PDE models. From the formula of the transport equation
in Equation 3.13, we know that the correct feature variable is only a%u(x, t), which should
be identified. While other feature variables, for examples, u(x,t), aa—;u(x, t) etc., should
not be identified. We discuss the identification accuracy our proposed SAPDEMI under

different sample size (M = N = 1000M = N = 150, M = N = 200) and different
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Figure 3.2: (a) Computational complexity of cubic spline (blue solid line) & local poly-
nomial regression (red dash line) with fixed M=20, (b) computational complexity of cubic
spline (blue solid line) & local polynomial regression (red dashed line) with fixed N=20

magnitude of noise level (¢ = {0.01,0.05,0.1,0.25,0.5,0.75,0.8,0.9,1}). We find that,
for this transport equation, the accuracy stays at 100% under the different magnitude of o
and sample size M, N. To explain the high accuracy, we plot the solution paths in Fig-
ure 3.3 under different magnitude of o, i.e., 0 = 0.01, 0.1, 1. The x-axis of Figure 3.3 is A,
which increases from a very small number to a large number. The y-axis of Figure 3.3 is
the coefficients corresponding to all candidates of feature variables. The red lines present
the coefficient corresponding to a%u(m, t), which is the correct feature variable. While
the black dashed lines present the coefficient corresponding to other incorrect feature vari-
ables, which shouldn’t be selected. It can be seen from Figure 3.3 that, though large noise
increases the difficulty to realize correct identification, we can increase A to overcome this
difficulty, and thus realize correct PDE identification. This solution paths plot can help with
the selection of the penalty parameters A. For (a),(b) in Figure 3.3, we find there is only one
solution path that keeps non-zero as )\ increase, then this covariate should be identified. For
Figure 3.3(c), there are several solution paths that keep non-zero, then the selection of A
depends on (1) how many covariates desirable in the model, (2) the change-points of A. The
change-points refer to the value of A where the support set changes. For instance, in Fig-
ure 3.3(c), the change-points are A\! = 0.2, \? = 0.4, A3 = 1. Since the distance between

AL, A2 is very close, we would much prefer to select \* for correct support recovery.
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Figure 3.3: The solution paths of the identification in the transport equation under different
magnitude of noise levels, i.e., 0 = 0.01, 0.1, 1. The red lines present the coefficient corre-
sponding to %u(w, t), which is the correct feature variable. While the black dashed lines
present the coefficient corresponding to other incorrect feature variables, which shouldn’t
be selected. Here we set M = N = 100, and u, is the simplification of a%u(x, t).

3.4.2 Example 2: Inviscid Burgers’ Equation

In this section, we take a little more challenging example — the inviscid Burgers’ equation

[see 57, Section 8.4], whose definition is shown as follows:

Su(z,t) = —iu(z,t)Zu(z,t)
u(z,0) = f(z) 0 <2< Xpax (3.14)
uw(0,t) = u(l,t)=0 0<t<T

where we set f(z) = sin(272), Xipax = 1, Tmax = 0.1. Figure 3.4(a),(b),(c) show the

shape of its ground truth, noisy observation under o = 0.05, 0 = 0.1, respectively.

2 2 2
- /t ~ \\
8
E Eo
s /X/ = N

-2 -2 -2

0 0.5 1 0 0.5 1 0 0.5 1
xr X xr
(a) true (b) 0 = 0.05 (c)o=0.1

Figure 3.4: The curves of the inviscid Burgers’ equation (M = 50, N = 50)

For this inviscid Burgers’ equation, we declare that with high probability, our proposed
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SAPDEMI can correctly identify it. The simulation results are summarized in Figure 3.8(a)
and . From this figure, we find the accuracy stays above 99% when o ranges from 0.01 to
1. Also, as suggested by Figure 3.8(a), the accuracy decrease as o increase, which makes
sense because large noise makes it more difficult to realize correct identification. The effect
of noise to PDE identification can be found in the solution paths plot in Figure 3.5, where

we can see that the length of A-interval for correct identification decreases as o increases.

0 0 0.2
5 5 £ 0
% -0.5 % -0.5 &Eo -0.2 )
(3 8 8 -0.4

1 — Uy 1 — Uy -0.61," — Uy

1072 10° 1072 10° 1072 10°

A A A
(a)c =0.01 (b)o=0.5 ©)o=1

Figure 3.5: The solution paths of the identification in the inviscid Burger’s equation un-
der different magnitude of noise levels, i.e., 0 = 0.01,0.5,1. The red lines present the
coefficient corresponding to u(z,t)2u(x,t), which is the correct feature variable. While
the black dashed lines present the coefficient corresponding to other incorrect feature vari-
ables, which shouldn’t be selected. Here we set M/ = N = 100 and t he label u, u, are the
simplification of to u(z, t), %u(x, t), respectively.

3.4.3 Example 3: Viscous Burgers’ Equation

In this section, we take a more challenging example, i.e., viscous Burgers’ equation [see

57, Section 8.4]:

qule,t) = —fule.t)Fule,t) +viu(r,t)
U(.f, O) = f(‘r) O S xz S Xmax ) (315)
U(O,t) = U(l,t) =0 0 S t S Tmax

where we set f(z) = sin®(47x) + sin®(271), Xpmax = 1, Tax = 0.1, = 0.1. Figure 3.6
shows the shape of the viscous Burgers’ equation, where (a),(b),(c) are the ground truth,

noisy observation under 0 = 0.05 and o = 0.1, respectively.
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Figure 3.6: The curves of the viscous Burgers’ equation (M = 50, N = 50)

Based on the simulation results in Figure 3.8(b) and Table 3.3, we conclude that with
high probability, our proposed SAPDEMI can correctly identify the underlying viscous
Burgers’ equation, with the reasons given as follows. When M = N = 200, the accuracy
stays at 100% for all levels of o € [0.01, 1]. When M = N = 150, the accuracy stays above
90% for all levels of o € [0.01, 1]. When M = N = 100, the accuracy are above 70% when
o € [0.01,0.5], and reduces to around 50% when ¢ = 1, which makes sense because as
reselected by Figure 3.7, when o increase from 0.01 to 1, the length of A-interval for correct
identification decreases, which make it more difficult to realize correct identification. So if

we encounter a heavily noised dataset D, a larger sample size is preferred.
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(@) o =0.01 (b)o =0.5 ©o=1

Uz

Figure 3.7: The solution paths of the identification in the viscous Burger’s equation under
different magnitude of noise levels, i.e., 0 = 0.01,0.5,1 The red and blue lines present
the coefficient corresponding to aa—;u(:v, t) and u(z, t) Zu(z, t), respectively, which are the
correct feature variables, while the black dashed lines present the coefficient corresponding
to other incorrect feature variables, which shouldn’t be selected. Here M/ = N = 100 and
the label 1, uu, are the simplification of u(z,t)2u(z,t), aa—;u(:c, t), respectively.
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(a) example 2: inviscid Burgers equation (b) example 3: viscous Burgers equation

Figure 3.8: The successful identification probability curves under different magnitude of
o and sample size M, N. The successful identification probability of the example 1 —
transport equation — stays in 100% for o € [0.01,1] and M, N € {100, 150,200}, and
we neglect the figure for this 100% accuracy. Seeing from these figures, we can find that
example 3 — viscous Burgers equation — is the hardest, and example 1 — transport equation —
is the easiest. (The numbers to plot this figure can be found in Table 3.3 in subsection 3.6.4.)

3.4.4 Checking Conditions of Example 1,2,3

In this section, we check Condition 3.3.1 - Condition 3.3.6 of the above three examples:
(1) example 1 (the transport equation), (2) example 2 (the inviscid Burgers’ equation) and

(3) example 3 (the viscous Burgers’ equation).

Verification of Condition 3.3.1, 3.3.2, 3.3.3

In this section, we check the Condition 3.3.1 - Condition 3.3.3 under example 1,2,3, though
the applicability of the results is by no means restricted to these.

The verification results can be found in Figure 3.9 and Figure 3.10, where (a),(b),(c) are
the box plot of HX;XS (XIXs)™ HOO and the minimal eigenvalue of matrix ﬁXng
of these three examples under ¢ = 0.01,0.1, 1, respectively. From Figure 3.9, we find
the value of || X§.Xs(X§Xs)™ || is smaller than 1, so there exist a € (0,1] such
that Condition 3.3.2 is met. From Figure 3.10, we find the minimal eigenvalue of matrix
ﬁXEX are all strictly larger than 0, so we declare Condition 3.3.3 is satisfied, and thus

its weak version — Condition 3.3.1 — is also satisfied.
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Figure 3.9: Box plots of ||X 5. Xs(X5Xs)™||_ under o = 0.01,0.1,1 when M = N =
100.
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Figure 3.10: Box plots of the minimal eigenvalue of matrix ﬁXng under ¢ =
0.01,0.1,1 when M = N = 100.
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Verification of Condition 3.3.4 and Condition 3.3.5

In example 1,2,3, the design points xg, z1, ..., xy 1 and tg, t1, ..., ty_1 are equally spaced,
ie,rg = 1/M,xy = 2/M,...,xpy1 = land ty = 0.1/N,t; = 0.2/N,... tn_1 =
0.1. Under this scenario, there exist an absolutely continuous distribution F'(z) = x for
x € [1/M,1] and G(t) = 0.1t for t € [0.1/N,0.1], where the empirical c.d.f. of the
design points zg, 1, ..., 21 and o, ty, ..., ty_1 will converge to F(z), G(t), respec-
tively, as M, N — +oo. For the F'(z), G(t), we know their first derivatives is bounded for
x € [1/M,1] and t € [0.1/N,0.1], respectively. In the simulation of this paper, we take
the equally spaced design points as an illustration example, and its applicability is by no

means restricted to this case.

Verification of Condition 3.3.6.

The Condition 3.3.6 ensures that the smoothing parameter does not tend to zero too rapidly.
[89] shows that for the equally spaced design points, this condition meets. For other types
of design points, for instance, randomly and independently distributed design points, it can

also be verified that Condition 3.3.6 is satisfied [see 89, Section 2].

3.5 Conclusion

In this paper, we propose a two-stage method called SAPDEMI to efficiently identify the
underlying PDE models from the noisy data in D. In the first stage — functional estimation
stage — we employ the cubic spline to estimate the unobservable derivatives, which serve
as input variables for the second stage. In the second stage — model identification stage
— we apply the Lasso to identify the underlying PDE model. The contributions of our
proposed SAPDEMI method are: (1) it is computationally efficient because it only requires
the computational complexity of order O(M N'), which achieves the lowest possible order

of complexity; (2) we focus on the model selections, while the existing literature mostly
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focuses on parameter estimations; (3) we develop asymptotic properties of our method for
correct identification, which is not reported by the existing literature.

After developing this SAPDEMI method, we realize there are lots of promising future
research directions. First, in our paper, we take x € R as an illustration example, and it
would be interesting to investigate the case when the spatial variable x € R? (d > 2) due
to its wide existence in practice. Second, future research could consider the interaction
between the spatial variable and the temporal variable. For instance, we can explore the
time-varying coefficient 3(t) = (3:(t), ..., Bx(t))" in Equation 3.3. Besides, we can also
consider the case when the €' in Equation 3.2 has spatial-temporal patterns. In our paper,
because we aim at showing the methodology to solve the PDE identification problem, we do
not discuss the above future research directions in detail and hopefully, our paper provides

a good starting point for further research.

3.6 Supplementary Material

3.6.1 Derivation of the 0-th, First, Second Derivative of the Cubic Spline

In this section, we focus on solving the derivatives of u(x,t,) with respective to z, i.e.,
{u(xi, tn), a%u(xi, tn), aa—;u(xi, tn)}izoyle_l forany n = 0,1,...,N — 1. To realize
this objective, we first fix ¢ as ¢,, for a general n € {0,1,..., N — 1}. Then we use cubic
spline to fit data {(x;, u’) }ico1, a—1-

Suppose the cubic polynomial spline over the knots {(x;, u!,) }izo1,. ar—1 is s(z). So
under good approximation, we can regard s(z), s'(x), s”(x) as the estimators of u(z;, t,),
Lu(z, t,), 88—;2u(x, tn), where §'(x), s”(x) is the first and second derivatives of s(x), re-
spectively.

Let first take a look at the zero-order derivatives of s(x). By introducing matrix algebra,

the objective function in Equation 3.4 can be rewritten as

Jo(s) =au” —£) ' Wu" —f) + (1 —a)f TATM ' Af (3.16)
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where vector

s(o) fo ug
s(z1) A fi " uy
f — = , u. =
s(ar-1) Sy Uhy_y
and matrix W = diag(w, w1, ..., wy—1) and matrix A is defined in Equation 3.6. By

taking the derivative of Equation 3.16 with respective to f and set it as zero, we have
f=[aW+(1-a)ATMA] 'aWu". (3.17)

Then we solve the second-order derivative with respective to x. Let us first suppose that
the cubic spline s(z) in [z;, z;11] is denoted s;(z), and we denote s/ (z;) = oy, 8/ (zi41) =
oi+1. Then we have Vo € [x;,2;41] (0 <i < M — 2),

" Tip1 — X T — T
s;(x) =0————— + 0ip1——,
7 ( ) ? hz i+1 hz
where matrix M is defined in Equation 3.7. This is because s/ (x) with x € [z;, z,41] is a
linear function. By taking a double integral of the above equation, we have

Oi+1

6, (z — 2:)° + e1(x — 21) + c2(isn — @), (3.18)

where ¢y, ¢o is the unknown parameters to be estimated. Because s;(z) interpolates two

endpoints (z;, f;) and (2,41, fir1) , if we plug x;, 2,4 into the above s;(x), we have

fi = si(z) = %h? + cahy

firr = si(wipr) = 70 + b,
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where we can solve ¢y, ¢y as

1 = (fz‘+1—%h§)/hz‘
o = (fi = %hi)/hi

By plugging in the value of c;, co into Equation 3.18, we have (0 <¢ < M — 2)

0 0 i oiv1hi i oihy
50 = (o) + T (o (50— TR oy (£ 2 T (a1

with its first derivative as

o
S;(.ﬁlﬁ) = 2h (xz—i-l 'T)Q + 5

0i4+1

2h;

fz+1 f'L N h'L

hz E(UH_l - O'i). (319)

(z — xz)

Because s;_,(z;) = s}(z;), wehave (1 <i < M —2)

1 1 1 i -l —
ghiflaifl + g(hz 1+ hy )UZ + 6h i0it1 = f+1hl f f hlf; 1

(3.20)

Equation Equation 3.20 gives M — 2 equations. Recall 0y = 0,1 = 0, so totally we get
M equations, which is enough to solve M parameters, i.e., 0y, 01, ...,0p—1. We write out
the above system of linear equations, where we hope to identify a fast numerical approach

to solve it. The system of linear equations is:

(
n_,n
Uy —Uy

5(ho + h1)oy + Fhioy = e flh;ouo

W= Wl

%hldl + (hl +h2)02 + %h20—3 — f3h1f2 _ fo=f1

ho

1 1 1 _ fu—2—fm-s fv—s—fy—a
shv—son—s + g(hv—a+hy-s)om-3 + ghyu—son—2 = s T hara
1 1 _ fMoa—fm-2  fMm_o—fum_s
ghyv-son—3 + 3(har—3+hy—2)om—2 = e T hars

\

From the above system of equation, we can see that the second derivative of cubic spline

s(z) can be solved by the above system of linear equation, i.e.,

G =M AT (3.21)
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where vector f is defined in Equation 3.17, matrix A € RM=2*M ig defined in Equa-
tion 3.6, and matrix M € R(M=2x(M=2) jq defined as Equation 3.7.

Finally, we focus on solving the first derivative of cubic spline s(x). Let §; = s'(x;) for

1=0,1,..., M — 1, then we have

si(z) = elwl# —0i+1 (zim)igiﬂfm) + fi (‘/"“i+17$)2[}f§$*1i)+hi]+

firn (w—wi32[2(i§+1—x)+hi} Z '
si(z) = 6 (Ii+1*1)(2;§+$i+1*32) — 01 (z—xi)(zx;-;lﬂl D6 z+1 —ur (11 — 2)(z — ;)
siz) = =2, 2%“%%_396 — 2011 2%%1?1 46 ZH u? ($i+1 + x; — 2x)

By plugging x; into s/ (x) and s/ ,(z), we have

" o 2x;41+x;—3x 2zi+Tiy1—3x fit1—Ffi
si(xz) = —QQiT — 20,117 hif + 65 A YH(@ip1 + @ — 22)
” 2x;+x;_1—3x 2x;_1+x;—3x f, fie

st (x) = —26,4 v 20; == +6 S+ mig — 21)

i—1 'L 1
which gives

si(x) = iei+;?€i+1+6ﬂL;fi
sia(2) = b+ i - 61

Because s/ (x;) = si_,(x;), we have (Vi =1,2,..., M — 2)

_40 +—20H_1+6f1+1 fi :_01 1+ 4 0 _6f1 fi-1
z 1

PN m%ei*1+(hi )9 + 9@+1 —6f’+1 fi _|_6fz Zle
i e e L TR e T

’L 1

By organizing the above system of equation into matrix algebra, we have
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1 2 2 1 o
he e T oar m 0 0 0 0 ;
1
1 2 2
W T, 0 0 0 0 .
2
1 2 2 1
0 0 0 0 ... hy—3  hyv—s hy—2 hy—2 01
-1
th;ffl + Bﬁh;gfo
_ 3f3;gf2" + 3f2f?%fl
3fM—h2—fM—2 _{_Bff/[_hngfos
M-—-2 M-3
For the endpoint 6, because sg(z¢) = 0, we have
211 + x9 — 3x 209 + 21 — 3x —
86’(1’) = —290 ! 20 — 291 0 21 + 6f1 3f0 (331 + 9 — 2.23)
hg h hg
When we take the value of x as xq, we have
86/(1’0) = —QQOW — 201 2$0+ié73m0 + 6f1h_gf0 ($1 + o — 21‘0)

= o+ 5200+ 615

= 0

For the two endpoint 6,,_1, because sy, _,(xp—1) = 0, we have

" 2z —1tTM-—2—3x 2z —otTp—1—3
s T) = =20y M= M=2 9@, MR Mel o
o) M—2 R, M—1 2,
G2 (1) 4 gy — 22)

hM72
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When we take the value of x as x,,_1, we have

2y —1tTp—2—3Tm—1

2
h‘M72

2049 )

Shr_o(Tar-1)

fm-1—fm—2

2xp oty —1—3TM—1

2
h‘M72

Oni—1

+

frm—1—fm—2
- 6h2—

M—2

6 W (Trv—1 + Tr—2 — 220-1)
_ 2 4
T hu—o QM_Q + har—2 eM_l
= 0.

So the first order derivative @ = (6, 61, . .

.,0p_1)" can be solved by

0o
hi hi 0 0 0 0 0
0 0 01
1 2 2 1
R hoTh R0 ’ ’ ’ 0
2
1 2
om0 0 0 !
03
1 2 2 1 b4
0 0 O 0 hy—s hpr—s har—2 har—2
1 2
0 0 0 0 0 har—a har—2
. y N s
QeRAIxIVI N——’
/]
3f1h—2fo

0

fo—f1 fi—fo
3 h% +3 hg

f3—f fa—f
33h§2+3 thl

3fM7112_fA172 + kalz%_fj\{73

M—-2 M-3
gfm—1—fm—s
2
h]\l—Q
NS
-~
a

In matrix algebra, the first order derivative 8 = (6, 61, . .

6=Q'd=Q'Bf,
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where f is defined in Equation 3.17, and matrix B € RM*M js defined as

= 5 0 0 0 0 0
0
—3 3 3 3
h3 R h? h? 0 0 0 0
—3 3 3 3
0 % wu r 0 0 0
B = 1 1 2 2
0 0 0 0 —3 3 o 3 3
h?\/173 h?\/lfii h?V[72 h?\/172
0 0 0 0 0 3 3
h?\172 h?\472

3.6.2 Coordinate Gradient Descent Used in the Model Identification Stage

In this section, we briefly review the implement of the coordinate descent algorithm in [86]
to solve Equation 3.10. The main idea of the coordinate descent is to update the estimator in
a coordinate-wise fashion, which is the main difference between the coordinate descent and
regular gradient descent. For instance, in the k-th iteration, the coordinate descent updates
the iterative estimator 3% by using partial of the gradient information, instead of the whole
gradient information. Mathematically speaking, in the k-th iteration, the coordinate descent

optimizes F/(3) = 5 ||Viu — X33 + || 8|1 with respective to 3 by

k+1 . k) ok k k k
6]( ) = argr%lnF(( E )7 é )7 sy j(‘f)l?ﬁjaﬂj(ﬁr)la s aﬂ}{)))
J
forall 5 = 1,2,..., K. To minimize the above optimization problem, we can derive the

first derivative and set it as O:

0 1
(k)Y — ™xXTx3k _ "Xe. i ) =
o7, F(B™) N (ej X' X3 Viu Xe]> + Asign(8;) = 0,
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where e; is a vector of length K whose entries are all zero expect the j-th entry is 1. By

solving the above equation, we can solve ﬁ](-kﬂ) by

ﬁj(‘kJrl) =9 (VtuTXQj - Z(XTX)jlﬁl(k)7 MN)‘) /(XTX>jj7
I#j

where S(+) is the soft-thresholding function defined as

r—a ifzx>a«o
S(x,a)=¢ z+a ifz<—a -

0 otherwise

The detailed procedure of this algorithm is summarized in algorithm 3.

3.6.3 Some Important Lemmas

In this section, we present some important preliminaries, which are important blocks for
the proofs of the main theories. To begin with, we first give the upper bound of u(z,t,) —
u(z,t,) for z € {xg,x1,..., 231}, which is distance between the ground truth u(z,t,)

—

and the estimated zero-order derivatives by cubic spline u(z, t,,).
Lemma 3.6.1. Assume that
1. for any fixedn = 0,1,..., N — 1, we have the spatial variable x is sorted in nonde-

creasing order, i.e., xo < T1... < Tpr_1;

2. for any fixed n = 0,1,..., N — 1, we have the ground truth function f*(x) :=

u(x,t,) € C*, where C* refers to the set of functions that is forth-time differentiable;

3. for any fixedn =0,1,..., N — 1, we have %U({Eg,tn) = %u(wM_l, t,) =0, and
(‘?_;3“(3;07 tn) # OJ aa_;fiu('Tth tn) = 07

4. for any fixed n = 0,1,..., N — 1, the value of third order derivative of function
f*(x) := u(x,t,) at point z = 0 is bounded, i.e., %Bf*(O) < 400;
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5. for any U" generated by the underlying PDE system U = u(x;,t,) + w} with

wp A N(0,0?), we have 1)? := max;—o,__m—1,n=0,.,n—1 E(U")? is bounded;

)

6. for function K (x) = %e"“/ﬁ [sin(|z[v/2) + 7/4] , we assume that it is uniformly
continuous with modulus of continuity wx and of bounded variation V' (K) and we
also assume that [ |K(z)|dz, [ |z|?|dK (z)], [ |zlog|z||'/?|dK (z)| are bounded

and denote Kyax = MaXzemax, c o xpm00. Tmas] (x);

7. the smoothing parameter in Equation 3.4 is set as o = (1 + MY 7)71;

8. the Condition 3.3.4 - Condition 3.3.5 hold.

Then there exist finite positive constant CK(U,Hu”Lw(Q)) > 0, C(m”u”LOO(Q)) > 0, 6(lelu||L°°(Q)) >
0, Q(a,||u||Loo(Q)) > 0,y > 0,wr) > 1, such that for any e satisfying
€ > Sg(@”“”m@(n)) max {él[(maijfi’m/?7 4AM 3T, 4\/5% *(0)M73/7’
16[C<a,nuuLoo(Q)) 10g(M)+V<M>] log(M)
M3/7 )
Wy \/log(M)
16 (?I)C(mumom))w}a
there exist a M > 0, such that when M > M , we have
o — O
P gli({)nax] %U(ﬂj t ) @U(l’,tn) > 6]
37— Jlull oo ()
< 2Me 2z
Qolullzeoqe 7 +4v/2 M a0 /T
for k = 0,1,2. Here A = sup, [ |ul* fu(c, u)du x [ 1o« K (2)|dz.
Proof. See subsubsection 3. 0

In the above lemma, we add (o, ||u|[z(q)) as the subscript of constants ¢, C, C,Q to

emphasize that these constant are independent of the temporal resolution N and spatial
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resolution M, and only depends on the noisy data D in Equation 3.1 itself. We add M as
the subscript of constants v, w to emphasize that -y, w are function of the spatial resolution
M, and we will discuss the value of v, w in Lemma 3.6.2.

The above lemma show the closeness between ;—;Um) and a%u(x, t,) for k =
0, 1,2. This results can be easily extend of the closeness between %u(/xi,\t) and Zu(z;,t),

which is shown in the following corollary.
Corollary 3.6.1. Assume that

1. for any fixed ¢ = 0,1,..., M — 1, we have the spatial variable ¢ is sorted in nonde-

creasing order, i.e., tg < t1... < tn_1;

2. for any fixed i« = 0,1,..., M — 1, we have the ground truth function f*(t) :=

u(z;, t) € C 4 where C* refers to the set of functions that is forth-time differentiable;

3. for any fixedi = 0,1,..., M — 1, we have g—;u(xi,to) = g%u(xi,tN_l) = 0, and

g_;u(x’hto) ;é O, g—;u(xi,thl) ey 0?

4. for any fixed : = 0,1,..., M — 1, the value of third order derivative of function

f*(z) := u(x;,t) at point t = 0 is bounded, i.e., %f*(()) < 4005

5. for any U" generated by the underlying PDE system U = u(x;,t,) + w} with

a.d

i .
w '~ N(0,0?), we have max;—o__p—1.n-0,..n—1 E(U/*)? is bounded;

6. for function K (z) = %e*‘“/‘/ﬁ [sin(|z[v/2) + 7/4] , we have K () is uniformly con-
tinuous with modulus of continuity wy and of bounded variation V' (K), and we

also assume that [ K (2)|dz, [ |z|*?|dK (z)], [ |xlog|x||*/?|dK (x)| are

S [07Xmax

bounded and denote Kax 1= MAXye[0,X,man]U[0,Timax] KX (2) 5
7. the smoothing parameter in Equation 3.4 is set as @ = O ((1 + N*4/7) _1>;

8. the Condition 3.3.4 - Condition 3.3.5 hold.
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then there exist finite positive constant Cg(a,\luIILOO(Q)) >0, C(g7||u||Loo<m) > 0, C(U,HuIILoo(m) >

0, Qo ull oo o) > 0:Y(v) > 0,w(vy > 1, such that for any e satisfying

€ > Cloulym) WX { AN AAN T 4B O)N T,

16[C<a,nuumm)) lOg(N)+'Y(N)] log(NV)
N3/7 )

llull Loe ()

ull oo (o)) = NB3/7

w =~ \/log(N)
]_6 %O(o— 9

there exista N > 0, such that when N > N , we have

—_—

u(z, t) —

(N3/T—Jlul oo ()

0
P —u(z;,t) >€] < 2Ne~ 257

ot

sup
t€]0,Tmax]

ot

Qolullioe € 2 + 432 N0 /T,

Here A = sup,, [ |ul* fx(a, u)du x fte[ ] | K (x)|dz.

071—‘11)'(1)(

After bounding the error of all the derivatives, we then aim to bound ||V;u — X3"|| .
It is important to bound ||V,u — X3" ||, with the reason described as follows in Lemma

3.6.2.

Lemma 3.6.2. Suppose the conditions in Lemma 3.6.1 and Corollary 3.6.1 hold and we

set M = O(N), then there exist finite positive constant %, y > 0 such that for any

:H'U‘”LOO(Q)

e satisfying
log(N)

€ > Clolullzoo ) Ja—r

and any r € (0, %), there exist N > 0, such that when N > N , we have
P(||[Viu — XB*|oe > ¢€) < Ne V",

where €, is a constant which do not depend on the temporal resolution M and

Nullpeo @y)

spatial resolution N.
Proof. See subsubsection 3. O
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3.6.4 Tables to Draw the Curves in the Numerical Examples

In this section, we present the table to draw the curves in Figure 3.2,Figure 3.8 in Table 3.2,
Table 3.3, respectively.

Table 3.2: Computational complexity of the functional estimation by cubic spline and local
polynomial regression in transport equation

M =20
N=200 N=400 N=800 N=1000 N=1200 N=1600 N=2000
cubic spline | 374,389 748,589 1,496,989 1,871,189 2,245,389 2,993,789 3,742,189
local poly | 14,136,936 45,854,336 162,089,136 246,606,536 348,723,936 605,758,736 933,193,536
N =20
M=200 M=400 M=800 M=1000 M=1200 M=1600 M=2000
cubic spline | 398,573 875,773 207,0173 2,787,373 3,584,573 5,418,973 7,573,373
local poly | 33,046,336 125,596,136 489,255,736 760,365,536 1,090,995,336 1,930,814,936 3,008,714,536

Table 3.3: Correct identification probability of transport equation, inviscid Burgers equa-
tion and viscous Burgers’s equation

0.01  0.05 0.1 0.25 0.3 0.4 0.5 0.7 0.75 0.8 0.9 1
transport equation

M =N =100 | 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
M =N =150 | 100 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
M =N =200 | 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
inviscid Burgers equation

M =N =100 | 100% 100% 100% 100% 100% 100% 100% 99.9% 99.8% 99.8% 99.8% 99.1%
M =N =150 | 100% 100% 100% 100% 100% 100% 100% 100% 99.8% 99.7% 99.7% 99.7%
M =N =200 | 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
viscous Burgers equation

M =N =100 | 100% 99.4% 89.8% 78.0% 71.4% 82.0% 91.6% 72.8% 79.0% 729% 579% 51.3%
M =N =150 | 100% 100% 100% 97.3% 96.5% 962% 97.6% 95.6% 933% 86.6% 79.9% 73.6%
M =N =200 | 100 100% 100% 100% 99.6% 99.6% 982% 98.8% 98.2% 97.0% 943% 91.3%

! The simulation results are based on 1000 times of simulations.

3.6.5 Proofs
Proof of Proposition 3.2.1

Proof. The computational complexity in the functional estimation stage lies in calculating

all elements in matrix X and vector V,u, including

—_—

— 0 0? 0
U([Ei, tn)a %U(I‘M tTL)? wu(xw tn)7 au(xw tn)

i=0,...,M—1,n=0,...,.N—1
by cubic spline in Equation 3.4.
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We divide our proof into two scenarios: (1) « = 1 and (2) o € (0, 1).

e First of all, we discuss a very simple case, i.e., « = 1. When o = 1, we call the cubic

spline as interpolating cubic spline since there is no penalty on the smoothness.

—

For the zero-order derivative, i.e., {u(xi,tn) , it can be esti-

- }i:O,...,Ml,n:O,...,Nl
mated as u(z;,t,) = ul fori =0,1,...,M —1,n=0,1,..., N — 1. So there is no

computational complexity involved.

For the second order derivatives, i.e., {%u(xi, tn)} g withn € {0,..., N—

1=0,...,M —

1} fixed, it can be solved in a closed-form, i.e.,

& =M 'Au"
" — o2 — o2 — T
where & = (Wu(xo, tn), zt(T1,tn), -, szu(Tar-1, tn)) . So the main com-

putational load lies in the calculation of M~*. Recall M € R(M=2x(M=2) jq 3 trj-

diagonal matrix:

ho+hy h1
- 0 0 0 0
hy hi+ho ho
6 3 6 0 0
0l ledh 0 0
6 3
M =
. har—a+hpr— har—
0 0 0 .. M 43 M=—3 ]\é 3
hpr— hyr—s+ha—
0 0 0 I\é 3 M 343r M—2

For this type of tri-diagonal matrix, there exist a fast algorithm to calculate its in-
verse. The main idea of this fast algorithm is to decompose M through Cholesky

decomposition as

M = LDL",
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where L € R(M-2x(M=2) Ty ¢ RIM=2)x(M=2) ha5 the form of

1 0 0 0
di 0 0
L 1 0 0
0 dy 0
L=|o0 1, 1 0 |.D=
0 0 ... dy_s

0 0 0 Ilys 1

After decomposing matrix M into LDLT, the second derivatives & can be solved as

o= (L")"'DI'LTTAu".
13

In the remaining of the proof in this scenario, we will verify the following two issues:

1. the computational complexity to decompose M into LDL" is O(M) with n €

{0,..., N — 1} fixed;

2. the computational complexity to compute & = (L) 'D'L~1¢ is O(M) with

n€{0,...,N — 1} fixed and L, D available.

For the decomposition of M = LDL ", its essence is to derive [1, . . . [;;_3 in matrix L

and dy, ..., dy;—o in matrix D. By utilizing the method of undetermined coefficients
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to inequality M = LDLT, we have:

diy dyly 0 ... 0 0
dily dy  doly ... 0 0
0 dols ds ... 0 0

| 0 0 0 R degleg degl%\/[ﬂg + dM,Q ]
My, My ... 0
M21 M22 .o 0

= 0 M32 R 0 )
i 0 0 ... My_onm—2 ]

where M, ; is the (¢, j)th entry in matrix M. Through the above method of undeter-
mined coefficients, we can solve the exact value of the entries in matrix L, D, which
is summarized in algorithm 5. It can be seen from algorithm 5 that, the computational

complexity of solve L, D is of order O(M).

For the calculation of & = (L) 'D~!L~1¢ with matrix L, D available, we will first
verify that the computational complexity to solve & = L€ is O(M). Then, we will
verify that the computational complexity to solve E’ = D~'¢ is O(M). Finally, we
will verify that the computational complexity to solve z = (LT)"'€is O(M). First,
the computational complexity of calculating & = L~'¢ is O(M), this is because by

L& = €, we have the following system of equations:

(-4
b =6+ h&

| Sm—2 = Envioo+ lu—s€n—s
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where &;, & is the i-th entry in &, £ ,respectively. Through the above system of equa-
tions, we can solve the values of all entries in é , which is summarized in algorithm 6.
From algorithm 6, we know that the computational complexity of solving L€ is
O(M). Next, it is obvious that the computational complexity of £ = D€ is O(M),
because D is a diagonal matrix. Finally, with the similar logic flow, we can verify that
the computational complexity of E = (LT)"'&is still O(M). So, the computational

complexity is to calculate & = (LT)"'D~'L~'¢, with known L, D is O(M).

As a summary, the computational complexity is to calculate { %u(mi, tn) }

with a fixed n € {0,1,..., N — 1} is O(M). Accordingly, the computational com-

plexity to solve {%u(mi, tn)} is O(MN).
i=0,..,M—1,n=0,....N—1
For the first order derivatives, i.e., { =u(z;, t,), a%u(:pi, tn) }z‘:o Mo lmeo. N1 WE

can verify the computational complexity to solve them is also O(M N) with the sim-

ilar logic as that in the second order derivatives.

Algorithm 5: Pseudo code to solve L, D

Input: matrix M
Output: matrix L, D

1 Initialize d; = M, ;
2 fori=1,2,... M —3do

3
4

_ 2
div1 = Mg, — dil;

L l; = Mi,iJrl/di

Algorithm 6: Pseudo code to solve L~1¢

Input: matrix L, §
Output: matrix &

1 Initialize &, = ¢,
2fori=2...,M —2do
3 L §=8& —li-1§i

e Next, we discuss the scenario when « € (0, 1).

Since all the derivatives has similar closed-form formulation as shown in Equa-

tion 3.5, Equation 3.22, Equation 3.21, we take the zero-order derivative
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{u(zi tn) Yico  a/—1m—0. ;1 as an illustration example, and other derivatives can
be derived similarly.

Recall that in subsection 3.2.1, the zero-order derivative {u(z;,t,)},_, 5, With

n € {0,1,..., N—1} fixed can be estimated through cubic spline as in Equation 3.5:

f=[aW+(1-a)ATMA] ' aWu",
; S N———
Yy

where o € (0, 1) trades off the fitness of the cubic spline and the smoothness of

~ — —  \T
the cubic spline, vector f = (u(aco, tn)su(zr,tn), - u(zy—1, tn)> , vector ul* =
T . . :
(up,...,uhy_y) ,matrix W = diag(wp, wi, ..., wy—1), matrix A € RM=2>M M €
R(M=2)x(M=2) are defined as
1 1 1 1
R “ho R E U 0 0 0
1 1 _ 1 1
A — h1 hi ha  h2 0 0 0 :
S T 1
0 0 0 0 ... hy—3 hay-3 hy—2 ha—2
ho+h h
hoth  mo 0 0
h hi+h h
ook 0 0
0 hy  haths 0 0
M — 6 3
0 0 0 o h]\/[—4§hM—3 hwé—s
0 0 0 o thr;:a th3-§th2

with h; = 2,41 —x;fore =0,1,... , M — 2.

By simple calculation, we know that matrix Z = aW + (1 — a)ATMA € RMxM
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is a symmetric seventh-diagonal matrix:

211

221

231

241

212

2922

232

242

252

213

2923

233

243

253

214

224

234

244

254

2925

235

245

255

By applying Cholesky decomposition to matrix Z as Z = PXPT, we can calculate

~

f as

f= Zly =P '='Ply,

where P € RM*M '3 ¢ RM*M hag the form of

1 0 O 0
/1 0 0
m ol 1 0

0 0 oo NMM—3 YM-2

o o o o O

1

Svast

o o o o o O

—_

S1 0
0 S92
0 0
0 0

SMm

In the remaining of the proof in this scenario, we will verify the following two issues:

1. the computational complexity to decompose Z into PXP ' is O(M) with n €

{0,..., N — 1} fixed;

2. the computational complexity to compute (PT)"'S P~y is O(M) withn €

{0,..., N — 1} fixed.
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First of all, we verify that the computational complexity to decompose Z into PXP "
is O(M) when n € {0,...,N — 1} fixed By applying method of undetermined

coefficients to equality Z = PXP ', we have PXP as

51 514 s171 .. 0

5144 5102 + 89 s101y1 + Sols o 0

5171 s1liyn + saby 5172 + sol3 + s3 . 0

sim s1ply 4 s272 st + s2%ele + s3ly 0
0 SoMs sonols + S3773 . 0 )
0 0 53M3 . 0
0 0 0 oo SM-3Mir—g + SM-2Viro

I +sp—1m-103_y + sy |

which is equivalent to matrix Z. Through the above method of undetermined coeffi-
cients, we can solve the explicit value of all entries in matrix P, X, i.e., /1,..., {1,
ViseeosYM—2,T1,---,NM—3 in matrix P and sq,. .., s); in matrix 3, which is sum-
marized in algorithm 7. From algorithm 7, we can see that the computational com-

plexity to decompose Z into PXP " is O(M) withn € {0,..., N — 1} fixed.

Second, we verify the computational complexity to compute (PT)"!X7'P~ly is
O(M) withn € {0,..., N — 1} fixed and matrix P, ¥ available. To realize this ob-
jective, we will first verify that the computational complexity to calculate y = P~ly
is O(M). Then, we will first verify that the computational complexity to calculate
y = %'y is O(M). Finally, we will first verify that the computational complexity
to calculate y = (P )~y is O(M). First of all, let us verify the computational com-

plexity to compute y = P~y is O(M) withn € {0,..., N — 1} fixed. Because we
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have a system of equations derived from Py = y:

Y1 = W
Yo = yo—lip
Uys = Y3 — 11 — L2l
Yo = Yo — MY — VY2 — l3Y3 )
Us = Y5 — 12Ys — V33 — Lala
(UM = Ym — MM-3UM-3 — YM—2YM-2 — i Yn—1
we can solve vector y = (%1, %s,...,9n) " explicitly through algorithm 8, which

only requires O(M) computational complexity. After deriving y = P!y, we can
easily verify that the computational complexity to derive y = X'y is still O(M)
because o is a diagonal matrix. Finally, after deriving y = X'y, we can verify that
the computational complexity to derive y = (P ")~ 'y is still O(M) with the similar
logic as thatiny = P~ ly.

From the above discussion, we know that the computational complexity to calculate

—_—

f= (w(zo, tn), u(z1,tpn), - . ,u(x;:tn))T, is O(M) withn € {0,1,...,N — 1}
fixed. In other words, the computational complexity to derive {u@)}
i=0,...,M—1

is O(M). According, the computational complexity to derive

(2. b } is O(MN).
{u(aj ) i=0,...,M —1,n=0,...,N—1 is O )

Algorithm 7: Pseudo code to solve P, X

Input: matrix Z
Output: matrix P, 3

1 Inmitialize s; =7, = v, =(; =0V; <0
2 fori=1,2,..., M do

3

[7 B N

_ 2 2 2
S = Zii — 8i—3M;—3 — Si—27;_2 — Sz’—lgiq
b= (Zm‘+1 — Si—2%i—2Mi—2 — Sz‘—l%‘—lfi—l)/si
N = Qi3]
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Algorithm 8: Pseudo code to solve P~ 1y
Input: matrix P,y
Output: vector y

1 Initialize n;, =, =(; =0V: <0

2 fori=1,...,M do

3 L Ui = Yi — Ni—3¥i—3 — Yi—2¥i—2 — li—1¥Ji—1

Proof of Proposition 3.2.2

Proof. In subsection 3.6.1, we discuss how to use cubic spline to derive derivatives of
u(x, t). In this section, we discuss how to use local polynomial regression to derive deriva-
tives, as a benchmark method.

Recall that the derivatives can be estimated by local polynomial regression includes

%u(w, t,) as an

(i, tn), 2w, ty), aa—;u(:ri, tn),.... And here we take the derivation
example (I = 0,1,2,...), and the other derivatives can be derived with the same logic

flow. To derive the estimation of %u(m, t,), we fix the temporal variable ¢,, for a gen-

eral n € {0,1,..., N — 1}. Then we locally fit a degree p polynomial over the data

{(s, u?)}izo,...,M—l e,

’

w(zo, ty) = u(w,ty)+ Lulz,t,)(wo— )+ ...+ %u(m, tn)(wg — )P
w(zy,ty) w(T, ) + Zu(, ) (11— 2) + ..+ Zou(a, t,) (21 — 2)?
| u(en-,tn) = ulz,ty) + Du(z,tn)(xp—r — )+ ...+ %u(w, tn) (a1 — )P

For the choice of p, we choose pp = [+ 3 to realize minmax efficiency [see 91]. If we denote
} T
b(z) = (u(a:, tn), Zu(z,ty), ..., %u(x,tn)) , then %u(m, t,) can be obtained as the

—_

(I + 1)-th entry of the vector b(x), and b(x) is obtained by the following optimization
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problem:

— — LRy T T — T
b(x) = argmi ul — —au(x,ty)(x; —x) | K= , 3.23
) = gy S ot = 32 gt >] (%), o

where h is the bandwidth parameter, and X is a kernel function, and in our paper, we use
the Epanechikov kernel K(z) = 2 max{0, 1 — z*} for z € R. Essentially, the optimization

problem in Equation 3.23 is a weighted least squares model, where b(z) can be solved in a

close form:
71 n
b(2) = (X WepaXspa)  Xopa Wepall], (3.24)

where ) ) ) )
1 (zg—2x) (xg — )P ug
1 A Ty — ul
X | T SR I

|1 (ey-i—2) o (Tmer —2)P | uhoy |

and Wy, = diag (K (22-2) ..., K (2=)).

By implementing the local polynomial in this way, the computational complexity is
much higher than our method, and we summarize its computational complexity in the fol-
lowing proposition.

Following please find the proof.

Similar to the proof of the computational complexity in cubic spline, the proof of
the computational complexity of local polynomial regression in the funcational estimation

stage lies in calculating all elements in matrix X and vector V,u, including

- 8/\ 82/\ a/\
{u(xijtn)’%u(%’tn%@u(xmtn%au(%‘,tn)}‘ NV 1.

geeey —L,n=u,...,

/\

We will take the estimation of ~u(x;,t,) with a general p € N as an example. To
solve { O (s, t } , we first focus on { O (s, t } with
907 i n) =0, ;M —1,n=0,..,.N—1 oo i Tn) =0, M1
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n € {0,..., N — 1} fixed. To solve it, the main idea of local polynomial regression is to

do Taylor expansion:

(

w(zo,tn) = u(m,tn) + Zu(z,t,)(xo— ) + ... + %u(m, tn)(zg — )P
) w(zy,tn) = u(m,t,) + Zu(z, ty) (@ — )+ ...+ %u(z, tn) (g — )P
\ w(xy—1,tn) = u(z,t,)+ %u(m, to)(xp—1 —x)+ ...+ %u(w, tn)(zpr—1 — )P

where p is usually set as p = p + 3 to obtain asymptotic minimax efficiency [see 91]. In

the above system of equations, if we denote

) oP T
b(x) = <u(x, tn), %u(x, (79 P %u(x, tn)> ,

then we can solve b(z) through the optimization problem in Equation 3.23 with a closed-

form solution shown in Equation 3.24:

b(2) = (X WpaXapa)  Xioe Wopat?, (3.25)
where
-1 (xg—x) ... (xg— )P ] | uy ]
Xipa = 1 o _ ! - _ o ul = "
|1 (eyi—2) o (Tmer - x)P | |l |

and Wy, = diag (K (2-2), ..., K (2=12)).

The main computational complexity to derive b(z) lies in the computation of inverse
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of matrix X, W Xpa € RED* @+ where

XT W%anSpa =

~spa

M—1 M—1 M—1
S w; wi(x; — x) w;(x; — x)?
i=0 i=0 i=0
M—1 M—1 M—1
wi(x; — ) w;(z; — x)? wi(z; — )3
i=0 i=0 i=0
M—1 M-1 M—1
wi(z; — x)? wi(z; — x)? w;i(x; — )
i=0 i=0 i=0
M—1 M—1 M—1
> wilz; —x)P wi(z; — )P Y wi(w )P
| =0 =0 =0
and
M—1

M—1
w;(x; — x)ul
i=0
T n ! 2
XpaWepat! = | > wi(z; — ) ui |,
M
wi(x; — z)3ul
M-1
w;i(x; — x)*u?
1=0

we know that for a fixed n € {0,...,N — 1} and =z € {xo,...

M—1
wi(x; — x)P
=0
M—1
> wi(x; —z)P*
i=0
M-1
wi(x; — )P
1=0
M—1
ST wi(x; — 1)
1=0

,Tp—1}, the computa-

tional complexity of computing X;ZIWSIMXSPa and X;aWSpau:" is O(p*M). Besides, the

computational complexity to derive (X, W Xg) ! is O(p*). So we know that for a

fixed n € {0,...,N — 1} and = € {zo,...,2y—1}, the computational complexity of

computing 2o u(w;, t,) is max{O(p*M), O(p*)} with p usually set as p = p + 3. Ac-

cordingly, the computational complexity of computing { —u(zg, t

)}i:O,...,Mfl,n:O,...,Nfl

is max{O(p*M?N),O(p? M N)}. Because p < @Gumax,» We know that the computational

complexity of computing all derivatives with respective to x with highest order as ¢,y is

max{O(q?

qm ax

M?N),O0(q3 ..M N)}. Similarly, the computational complexity of computing

the first order derivatives with respective to ¢ is max{O(M N?), O(M N)}. In conclusion,
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the computational complexity to derive all elements in matrix X and vector V,u, including

—_— T 2/\ (e
{u(xi’tn)’%u@“tn),%u(zi,tn%%u(%‘,tn)}O o 1.

20y Tty

by local polynomial regression in Equation 3.4 is max{O(¢?, . M*N),O(MN?),0(¢> .. MN)},
where ¢,.x 15 the highest order of derivatives desired in Equation 3.3. [

Proof of Lemma 3.6.1

Proof. In this proof, we take £ = 0 as an illustration example, i.e., prove that when

M3/7 M3/7

e > C(o,||ull L) max {4Kmax AAM-3/T 4\/5% “(0)M~3/7, 16(Clog M+) log(M)
log(M)
16,/2C(0, Julmie) Vi |

we have

P

e

u(z, t,) —u(z,t,)

sup
IEG[OaXmax]

2/7
>e] < 2Me 27 + Qe” L'Y—|—4\/_774M 7%

for a fixed t,, with n € {0,1,...,N — 1}. For k = 1,2, it can be derived with the same
logic flow.

Recall in subsection 3.2.1, the fitted value of the smoothing cubic spline s(x) is the
minimizer of the optimization problem in Equation 3.4. From Theorem A in [89] (also
mentioned by [92] in the Section 1, and equation (2.2) in [93]) that when Condition 3.3.4 -

Condition 3.3.5 hold and for large M and small \ = fTa, we have

M—-1
hi= )\1/420 ( AL/ )uj’
J

where fz = u(x;, t,), X trades off the goodness-of-fit and smoothness of the cubic spline in
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Equation 3.4 and K (-) is a fixed kernel function defined as

1
K (x) = Se7 [sin(|x| N2+ w/4)] .
For a general spatial variable x and fixedn € {0,1,..., N — 1}, we denote

f(@) = u(z, 1),

which is the ground truth of the underlying dynamic function u(x, t,,) with ¢, fixed. Be-
sides, we denote f(z) = u(/x,?n), which is an estimation of the ground truth of f*(z) =

u(z, t,) with t,, fixed. Accordingly to the above discussion, this estimation of fA(x) can be
-1
K T — Ty .
\1/4 J ’

In order to bound P (sup \fA(x) — fH(z)] > e) for a general x, we decompose it as

written as

=

M)\1/4

ingk

where f; = f(x;) fori € {0,1,...,M — 1}

follows:
P (sup|fla) = £(a)] > )
= P (swp|f(@) - fP(a) + [P(a) - F(a)| > €)
= P (sup|f(z) - FP(2) - B(f(@) - [P(@)) + B(f(z) - [P(a))+
o) = F@)l > )
= P (sl Jlo) - PPla)~ BT~ P+ |
) 3
E( (@) = ["(x)+ [P(@) = E(J7(2))| > ¢
C D
< P(sup|A| > <)+ P (sup|B] > £) + P (sup|C| > £) + P (sup|D| > <)

(3.26)

118



where the fﬁ(x) in (Equation 3.26) the truncated estimator defined as

M—-1 )
B n n
A M)\l/4 ( \1/4 ) uj 1{uy < Bu}-

Jj=0

Here { By, } is an increasing sequence and By; — +oc as M — +oo, i.e., By = M? with
constant b > 0, and we will discuss the value of b at the end of this proof.
In the remaining of the proof, we work on the upper bound of the four decomposed

terms, i.e., P (sup [A| > £), P (sup|B| > <), P (sup|C| > £), P (sup|D| > £).

First, let us discuss the upper bound of P (sup |A| > £).

Because

P (sup |A| > i) = P (sup ‘f(m) — fB(x)‘ > E)

-1
x‘ n n
= P (sup I Z K( X )uj]l{uj > By}

)

where Kipax = MaXpe(0, XuU0,Tas] K (). If We let § > Zoe By, then we have

>e
4

[\
o
/N
)]
c
o]
5
B
£
U3
=
—~—
2
\/
&
=
——

P(sup]A|>Zi> < P@Ei=0,...,M—1 st |u"] > Bu)

Let Cyy = By — ||U|| oo (), where U is the random variable generated from the unknown
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dynamic system, i.e., U = u(z,t) + € with € ~ N(0, c?). Then we have

P(swpldl > 5) = P (suwp|flw) - ()| > )
< P (i:OI,I}.E}Xl U — | = CM)

1 = T — T,
— E( — K< ]>U?1{U§LZBM}

)

MN/A = \1/4
1 M T — T,
< E ~ K< — J) |l |[1{u] > BM})
(M/\1/4 = \1/4 J J
1 r—a
= — K| = dFy(a, 3.27
. (50| miarrtan (327)
< [IK©lg xswp [ fulfulosu)dy (3.28)
¥ Ju=2Bm |

-

1%

Here in Equation 3.27, Fy,(-,-) is the empirical c.d.f. of (x,u)’s, and in Equation 3.28,
fa(-,+) is the empirical p.d.f. of (x, u)’s.

Now let us take a look at the upper bound of V. For any s > 0, we have

sup/ M v(a,u)du < sup/ (M> far (o, u)du
a Jlul>Bum B a Jul>By B
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which gives

vimsw [ fulfulasuda < Bl sup [ Juf fules wida.
|u|>Bp &

67

Vv
Ts

From the lemma statement we know that when s = 2, we have 7, := sup,, [ |ul®far(c, u)du <

+o00. If we set A = 7y [ |K(§)|dE, then we have
B< ABl*

So when £ > AB;;®, we have

P(sw B > 1) =P (E(1f@) - FP@)) = 5) =0.

Then, let us discuss the upper bound of P (sup |C| > £). According to Lemma 5 in

[94], when
fr(x) € C4 L f*(w0) = L f*(warmr) = 0and L5 f* (o) # 0, L5 f*(xp—1) = 0, we

have

E(f(x)) = f*(x)

= ﬂd—gf*(O)X3/4 ex (ﬁX—1/4) cos (iX—l/“) + {(x)
IS "\ V2 |

where the error term /() satisfies

Jitras =o( [ [BGi - @] ar).
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So when § > \/5% *(0)A3/4 and M is sufficiently large then we have

P(sup|C| > 2) =0

Finally, let us discuss the upper bound of P (sup |D| > £).

In order to bound P (sup |D| > i), we further decompose D into two components, i.€.,

D= FP(a) - B(FP(x)) = ex(z,t) + %Mpw,tn).

The decomposition procedure and the definition of ey (z,t,), pa(x,t,) are described in

the following system of equations [see 95, Proposition 2]:

| Mo ”
= — (—) uiT{u} < By} —

\1/4
1 = T —x;
" (MXM 2K ( X1/4j) GG < BM})
il
)\1/4 aeR Ju|<By

(5
N m (xAl_/‘*a) /u<BM AWl )

- ) VM (Fa(a,u) — Fla, u)))/ (3.29)

Zn (a,u)

/ u dBy(T (a, u))} (3.30)
|u|<Bps
1 r—a
B m /aER /|U<BM " ( X1/4 > B d(ZM(a’U) - BO(T(a’ U)))/
GMZ;tn)
xr—a
dBy(T )
\/_ M AV /aeR /U<B]\I ( ) v AR )i
pM( itn)
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In Equation 3.29, Fi(-,-) := F(-,+|t,) is the empirical c.d.f of (z,u) with a fixed ¢,
and Zy(a,u) = VM (Fy(a,u) — F(a,u)) is a two-dimensional empirical process [see
96, 95]. In Equation 3.30, By(T'(a,u)) is a sample path of two-dimensional Brownian
bride. And T'(a,u) : R? — [0, 1] is the transformation defined by [97], i.e., T(a,u) =
(Fa(x), Fyja(ula)), where F is the marginal c.d.f of A and Fy 4 is the conditional c.d.f
of U given A [see 95, Proposition 2].

Through the above decomposition of D, we have

€

€ 1 €
P (sup[D| > 7) < P (sup leas(a )| > <) + P (supm|pM<x,tn>r > g) .

For ey (z,t,), we have

P (sup lea(z,t,)| > E)

_p (sup m/; /MBM K (IXI‘/:‘) w d(Zni(a, 1) — BO(T(a,u)))‘ > g)

2B K max
P (2 sup 2 a.0) — Bu(T (s > §).

VMN/A e 8

™

IN

Proved by Theorem 1 in [96], we know that, for any 7, we have

log M log M
P (SUPIZM(a, u) — By(T(a,u))| > (Clog M +7)log

< Qe !,
a,u \V M ) o Q

where C', (), L are absolute positive constants which is independent of temporal resolution

i i € ~ 2By Kmax (Clog M+)log M
N and spatial resolution M. Thus, when g > =Z2=ss NeTi , we have

P (Sup lear(x, t,)| > é) < Qe .
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For pys(z,t,), by equation (7) in [95], we have

log(1/A1/4)

_ ~1/2
Al/Ssup\pA{'(z,th < 6<10gv>1/281/2 (10g ()\1/4)> /|£|1/2|dK )I

16V2\71/8 <log <AL/>V)M{/2 / a(SNA|r])|d(K (T))y

~~
Wa, m

77777777

E (U "2 S = sup, f u? f( f x,u)du with f(-,-) as the distribution function of (:cl, ul"), and

= %, /1 log dy So we have the following system of equations:

1 €
P — t,)] > =
(Sup \/M|pM(:B7 )| 8)
N8 sup [pu(, tn)| - VMNY8¢

=P
\/log(1/X1/4) 84/log(1/A1/4)
MX1/8

< P W17M+W27M> \/_ ~6

81/log(1/X1/4)

M/ M/
< iz AT by, s VYT ) G5y
164/log(1/A1/4) 164/log(1/A1/4)

Now let us bound P (W1 M > M) , P (WQ M > M) in Equa-
’ 164/ log(1/A1/4) ' 164/ log(1/A1/4)

tion 3.31 separately.
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1. For the first term in Equation 3.31, we have

VMM /8¢

164/log(1/A1/4)

1 -1/2
= P | 16(1ogV)"/25'/? (log (W)) /If\l/zldf((f)! >

P Wiu >

VATNSe

164/log(1/X1/4)

SATY1/8
= P|(logV)"?> M
1625172 ['[¢['/2]d K (8)]

B \/M’X1/8€ 2
= r 10gv2< <§>>)

1625172 [ |€\2|dK

VA i
G]

= P VzeXp (16231/2f|£|1/2|dK

BV
(st e

16251/2 [ |¢[1/2]dK (¢

4\/5774

VMML/8¢ 2
16251/2 [[¢]1/2|dK (€)]

IA

E (3.32)

exp

IA

_ (3.33)

exp

NGICR (3.34)

Here inequality Equation 3.32 is due to Markov’s inequality, and inequality Equa-
tion 3.33 is due to the fact that £(V) < 4v/2n*. Equality Equation 3.34 is because

VDS ~
we set o YT VwC(ty, o, ||ul|L=(22)), where

o, lule=(@)) = 16VS [ 161K (©)

and w > 1 is an arbitrary scaler.

2. For the second term of Equation 3.31, it converges to C(t,, o, ||u||z~(£2)) by using

arguments similar to [98] (page. 180-181) under the condition in Lemma 3.6.1 that

[ V/|zlog(|z])]|dK (z)| < 4+o00. Here we add (£, 0, ||u|| 1= (q)) after C' to emphasize
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that the constant C(t,, 0, ||u]| 1 (q)) is dependent on ¢,,, o, ||u| (o)
It should be noted that

Ctn, 7, |ull Lo()) < +o0, (3.35)

given the reasons listed as follows. First, it can be easily verified that the term
[1€1M21dK ()] in C(tn, o, ||u| L~ (2)) is bounded. Second, for § = sup, [ u®f(z,u)du,
it is also bounded. The reasons are described as follows. For a general o > 0, we

have

sup /|u|gf(x u)du

xe[O:Xmax

_ tn 2

= sup /|u|9 exp( (u u(i’ ) )du
2€[0,Xmax] 20

1 1 1 1 )\
= sup _0-229/2F < +Q> G _g7_’__ (M) ,
2€[0, Xmax] V2 2 2°2° 2 o

where G(a, b, z) is Kummer’s confluent hypergeometric function of z € C with pa-

1

rameters a,b € C [see 99]. Because GG (—g, 3 ) is an entire function for fixed

parameters, we have

sup /]u\gf x,u)d

xe[oyxmax
1 1
< sup 0229/°T ( + Q) sup G <_Q’ —,z)
Z‘E[O,Xmax} \/5 2 2 |:_ maxtGQ;Q(ag,t) _ mingeg ;2(:c,t)j| 2 2
20 ’ 20
< 4o00.

So we can bound sup,c( x,...; | [u|°f (2, u)du by a constant. If we take o = 2, we
can obtain S = sup, [u?f(x,u)du bounded by a constant. So we can declare the

statement in Equation 3.35.

We would also like to declare that there exist a constant C(c, ||ul Leo(e)) > 0 such
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that for any N > 1, we have
_max Ot 0 fullze) < O, [ullie)).

where C(o, ||u|| = (q)) is independent of ¢,,, z;, M, N, and only depends on the noisy

data D itself.

From the above discussion, we learn that W, , converges to C (tn, 0, ||ul| Lo (02))s
. =~ )\1/8 =~
which can be bounded by C(o, ||u| 1 (q)). If we set —Y=2—=——x o os T > wC(o, ||ull L))

with w > 1, then there exists a positive integer M (w) such that as long as M >

’ VMNL/8¢
> VMA T € —
M(w), we have P (WZM I log(l/Xl/“)) 0

For the value of w, we set it as w = M?" with r > 0. And we will discuss the value

of r later.

B inine P > VMM ) p > _ VM8 h h
y combining <W17M 2 o los T ) Waon > 1o gAY together, we have

when % > VwClo, l|u]| Lo (02)) log]\(%ﬁ and M > M(w), we have

AL1/4
P <Sup

By combining the discussion on P (sup [A| > £), P (sup|B| > £), P (sup|C| > £),

1 € ~
— ta)] > < | <4V,
(s tn) 8) V2
and P (sup |D| > <), we can conclude that when

Kmax
M)\1/4 BM

FNEN

> AB,/® (s =2)

FNEN

Z%f* (O)X3/4

NG}

2BZ\JKmax(C log M+’Y) lOg M

> A/40

ool

. ~ log(1/1/4
o 5> V(o ||ull o)/ E0E
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we have

P(sup|A+B+C+D|>¢€) < ZMG_% +@:ﬁ+4\/§n4iw/“. (3.36)
Z 2y Z5
Let

r B %—“{72
E, = 4AB;;*
By = 422 f(0)N3/4 :
E, — 1GBA4KmaX(X?'/IZJg\/[M+7)10gM

| B = 16VBC(0 [[ull o)/ A

by setting A\ = M %, By, = M® with a, b > 0, we have

El — 4Kvmax BM — 4K max

MNL/4 lea/47b
E2 == 4ABl 5= 4AW
By = 4V224 (0N = 4y/2.L f+(0) M 3/
E, = 16 By Kmax (C log M++) log M 16Kmax(C log M+~) log(M)
4 — )\1/4]\/[ M1—a/4=d

log( )\1/4 lo
| B = 16y/wC(0, ||ull o)/ 2900 = 8v/awC (o, |ull @)/ 15k

To guarantee that Iy, s, F)s, By, E5 — 0as M — +o00, we can set

( 1—a/4—b=3a/4
b(s—1)>0
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then we have

a=4/7
b=3/7
5=2
Accordingly, we have
( 1K
By = S
Ey = 4AM3/7

By = 428 fr(0) M3/

_ 16 Kmax(Clog M+~) log(M)
E4 - M3/7

log(M)

| Bs = 16/%C(0, |ull =(0)) 77—

where

E17 E27 E3a E5 5 E4

as M — +o0. Here, the operator < means that when M — +o00, the order of the left side
hand of < will be much smaller than that on the right side hand. So we can declare that

when M is sufficiently large and

M3/7 M3/7 )

€ > max {4Kma" 4AM 37 4\/5%f*(0)M_3/7 16K max(C'log M +) log(M)
T~ log(M)
16,/2C (0, (o) 20" |

we have

c3, ~
P(sup|A+B+C+D|>€) < 2Me 22 + Qe b7 + 4/ 2 \/4
3TV oo ()?

= 2Me 252 + Qe a2 M7
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Proof of Lemma 3.6.2

Proof. For the estimation error || V,u — X3"|| -, we have

IViu— XB ]l = [[Viu— Viu* + Viu' — X8|
— ||[Viu— V' + X8 — XB||

< IViu — Viu¥]|eo + [|(X* = X) 8" || o (3.37)

So accordingly, we have

€

P(IVu-Xplw>¢) < P(IVu—-Viu'|e > 3

)+ PUIX" = X)8)

In the remaining of the proof, we will discuss the bound of P (||V,u — V,u* o > £)

2
and P (||(X* — X)3"||) separately.
e First let us discuss the bound of P (HVtu —Viut||e > g) . Because

€

P (HVtu V. > 5)

—

0

max sup

X Zi, t)
""" -1 te [Omiax}

> €
9 )

Jul| oo () THAX {4KmaxN73/7, 4AN—3/T 4\/5%17* (0)N-3/7,
16 Kimax [C(g,”uHLOO(Q)) 10g(N)—|—'y(N)] log(N)
N3/7 )

w ~ \/log(N)
16/ =52 Cloull oo ) “Fa7m— ( -

IA
S
e
I

0 19,
au(xi,t) — gu(xi,t)

sup
te [O:Tmax]

VAN
(M

@)
N

if we set

> o

N

(3.38)
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then we have

P <||Vtu V. > %)

@Y oo i
< M |:2N6 202 +Q(U;||U||Loom))6_ Y(N)
+4\/§W4NWWW] ’ (3.39)

where inequity Equation 3.39 is derived according to Corollary 3.6.1.

e Second, let us discuss the bound of P (||(X* — X)8"||o) - Because

P (IX = X)8' > 5)

€
< P|||B|le max sup (Xi(z, ) — Xg(z,t0))||oo > =
(” I, o e ;H (@) 2)
€
= P max sup |(X5 (2, tn) — Xi(, t))|loo > =
<"=0 ~~~~~ xe[oxmx1; 8 2(187
N-1 K )
< Plosup [[(Xg(2,tn) = Xi(@, to))loo > 52— |
HO; (JSG[O,XmaX} k 2[(“IB ||OO
if we set
€ — — 3 px _
TG > ‘5(,,,||u||mo(m)max {4KmaXM 3/7,4AM 3/7,4\/5(5?]0 (0)M 3/77
16[0(0"@”[100(9)) log M+’Y(JW):| 10g(M)
M3/7 )
w o log(M
164/ 222 C (0, [ull i 00) Y ¢
(3.40)
then we have
* * E
P (IX =X > 5)
(M3 7~ ||U| oo ()
= MR [QMQ_ - + Qofull @€ TP
+4\/§774M*°’<M>/7} . (3.41)
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Inequality Equation 3.41 is derived by Lemma 3.6.1.

By combining the results in Equation 3.38, Equation 3.39, Equation 3.40, Equation 3.41,

we have that when

% > %(leluHLOO(Q)) max {4KmaxM73/7’4KKmaX||ﬁ*||ooN73/7v
AAM T AK |87 || AN/,

A2 1 O)M T AVZK B oo s [ (O)N 27,

L6K K18 |0 [Cor ull oo ) 108 (M) 4700 | Log(0)

M3/7 )
16 Kmax |:C<O',Hu||Loo(Q)) log(N)—&—w(N)] log(N)
N3/7 )
[won ~ y/ log(M)
16 %C(U’H“HL%(Q)) 3T
* wNy log(N)
16118 e i Y5
we have
P([[Via = X8| > €)
(N3 T U oo ()
=M {QNQQ"Q + Qolullze@ne TN +4V20'N _W(NW] i

M3/ T U oo ()2

M [QMQ_ + Qolullze@pe M + 4V20" M _W(M)ﬂ}

Now, let us do some simplification of the above results. Let M = N*, vy = yv) =
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%NT,W(M) = W) = Nzr, and

Tt = 4K Kipax|B" || N73/7

T = 4Ky N7

Jo = 4AK|B || N7/

Jy3 = 4ANT3/T

Ts = AV2K|B oot fH(O)N—3/T

Ji = N2 ONT

16K K| 8|0 [ Clo ul] oo ) (108(7)H1og(N)+N" /L] (log () +1og(N)
g74 == N3r/T

16 Kmax [C((,’ 1og(N)+NT] log(N)

! HUHLOO Q )
\74 = ](\;3)/7
. * N2r 7~ log(r)+log(N)
T5 = 16K|B" oo/ 7 Clolull oo o)~ narm—

\/log(N)
)HUHLOO(Q)) N3/7

T = 16\/%7C
To guarantee that Jy, J{, T2, Jo, T3, T3, T, Ti, T5, T2 — 0, as N — 400, we need

3k/T—1r >0
3/7T—r>0

where the optimal « is kK = 1. Accordingly, we have

jl,j{;j27j2/7k737k7?:7j57\75/ S \747¥74(

Based on the above discussion, we can declare that when /N is sufficiently large, with

log(N)

€ > Clolullioe o) Ja7r=r
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for any r € (0,2) and M = O(N), we have

PV - X8| > €)

< M |[2N ) Ly 4 4y/2pA N~/
~ (A 20 + Q ‘uHLoo Q) ( ) <|» 4 2"’] N (N) +
_ QT e ) —Ly 4nr—wan/7
NK |2Me 202 + Qo lull oo € 7D + 4V 20 Me0n
(N3 T U oo ()2 . ,
- M {QNG_ " T Qo Jlull oo ()€ e+ 4\/§U4N_N2 /7} "
M3 T ||U| oo () , .
NK [QMe 207 + Qoflull @) "+ a2 N /7}
= O(Ne™)
Thus, we finish the proof of the theorem. O]

Proof of Theorem 3.3.1

Proof. By KKT-condition, any minimizer 3 of Equation 3.10 must satisfies:

—WXT(Vtu XB)+ Az =0 for z € 9|8,

where 0| 3|1 is the sub-differential of ||3||;. The above equation can be equivalently trans-

formed into
X"X(8 -8+ X [(X - X")B* — (V,u— V,u")] + AMNz = 0. (3.42)

Here matrix X € RMN*K ig defined in Equation 3.9, and matrix X* € RM¥*K g defined

as

- 0 0 0 0 1T
X* = (x) Xj ... X} g X\ ... X))
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with

T
2 pmax
n _ ou z;,t ) 82u(ac-,t ) — 62u $'7t
Xi - ( 1; U(xiytn)a (8; n y 83;12 n , U([lj“tn) s ey # .

And vector B3 = (1,...,8k) € RE is the ground truth coefficients. Besides, vector

V.u € RM¥ jg defined in Equation 3.8, and vector V,u* € R¥ is the ground truth, i.e.,

T
vtu* — 8u(m0,to) Ou(zy,to) 8u(931\/1_1,t0) au(.r(),tl) é)u(xM_l,tN_l) .
ot ’ ot yoott ot ’ ot yoott ot

Letusdenote S = {i: 3 #0Vi=0,1,..., K}, then we can decompose X into X
and Xs., where X is the columns of X whose indices are in S and X . is the complement
of Xs. And we can also decompose 3 into B¢ and 3., where 3¢ is the subvector of 3
only contains elements whose indices are in S and 3. is the complement of 3.

By using the decomposition, we can rewrite Equation 3.42 as

0 B XiXs XiXse Bs — Bs
0 XiXs XieXse Bse
(3.43)
X:gr . Zzs
(X —X*)sBs — (Viu—Vu*)] + AMN
X:Src Zsc

Suppose the primal-dual witness (PDW) construction gives us an solution (3,z) € R¥ x

RX, where B5. = 0 and z € 9||3|),. By plugging (3, z) into the above equation, we have

7ge = XEXs(XiXs)'zs —

XTI (1= Xs(XIXg)1x 1) X = XsBs = (Viu = V')

- AMN
Hx,
= Xs:Xs(XsXs) 25 — 17 XsHy, (XsBs — Viu) (3.44)

T
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From Equation 3.44, we have

P(||zse|loo > 1) = P( X&Xs(XiXs) 'zg — ——= X Hy, T

-1

AMN
< P (|| X Xs(XsXs) s > 1 —p) +

> i)

1
P(||l—=xLH
( NN ST

If we denote Z = oW (Xse), Hx, T, where (Xs); is the j-th column of X, then we
have
P(||zsc]|o = 1) < P (|| XEXs(XgXs) | >1—p)+ P (m%X|Z | > u) . (3.45)
oo eSc
Now let us discuss the upper bound of the second term, i.e., P <man€$c Z| > ,u) . Be-
cause
P Zi| > = P L xiH >
laxlal =)= AMN ST 2
1
< P XiH
= ( NN SRR 2R
1
< P(||l==X'H
< (X me], - )
< 7 (5w Xl 7l > 1)
MN
< P >\
< (HTHQ e )
< P (HTH > Mi—— > (3.46)

By Lemma 3.6.2, we know when

Ap

q-
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we have

P(|Viu— X" > €) < Ne V",

So we know that

1 . 1
P(HTHOO >Au—) - P(nvtu—xsﬁsnoo >Au—)

TR 7R
1
< p (nvtu _ XG> A"ﬁ)
< Ne ™V (3.47)

By plugging the results in Equation 3.46 and Equation 3.47 into Equation 3.45, we have

P(||zse

w>1) < P(|X&Xs(XEXs) |, >1—p) +P (rjrggIZ\ > u)

IN

1
P (|| XeXs(XgXs) ™| >1—p)+P (H’THOO > Au—>

VK

< P (X Xs(XgXs) |, > 1—p) + Ne™™
The probability for proper support set recovery is

P(llzselle <1) = 1= P(||zse[loc 2 1)
> 1 [P([|[XeXs(XgXs) ||, >1—p) + Ne V']

= P(|X5eXs(XsXs) |, <1 —p) = Ne ™'

IN

P,— Ne™".
Thus, we finish the proof. L]

Proof of Theorem 3.3.2

Proof. By Equation 3.43, we can solve 35 — 35 as

Bs — Bs = (X5Xs)™' [-X5 (Xs = X) Bs + X5 (Viu = Viu') = AMNzs] .
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Thus, we have the following series of equations:

max By, — S|
< [[(XgXs) ™| [ Xs [Veu = Viu* — (Xs — X5)85] — AMNzs||
< [[(X§Xs) | [[IXs [Veu = Viu' — (Xs — X5)83] ||, + AMN ||zs]|. ]
= [[(X$Xs) M| (XS (Veu = XsB5) ||, + AMN |zs .. ] (3.48)
XTXS XS (Via - Xs8Y)
< o0 4
< H ( N +A (3.49)
(Viu—X

< VEChin (” - Sﬂ Nos /\> (3.50)
< a (||Xs||F|| 5,6 o +A)
- VMN

VMN
- \/_cmm K |Viu — X587 )

log(N)

< VECui (\/?Cg(o,umomm + A) (3.33)

Equation 3.48 is because V,u* = Xs8s. Equation 3.49 is because ||zs||., = 1. Equa-
tion 3.50 is because of Condition 3.3.3. Inequality Equation 3.51 is because for a ma-
trix A and a vector x, we have ||Ax||, < [|A|l,4llx]|,- Here the matrix norm for ma-

trix A € R™" in ||Al/c0c = ||vector(A)||o. In inequality Equation 3.52, the norm

of matrix A € R™ " is that |A||, = \/2211 i1 |Aij]?, and the norm of vector
a € R?is ||lallc = maxi<i<q|a;|. Inequality Equation 3.52 is because we normalized
columns of X. Inequality Equation 3.53 is due to Lemma Lemma 3.6.2 under probability

1—O(Ne™) = 1. O
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CHAPTER 4
A HOMOTOPIC METHOD TO SOLVE THE LASSO PROBLEMS WITH AN
IMPROVED UPPER BOUND OF CONVERGENCE RATE

4.1 Introduction

Lasso [see 7] has demonstrated to be an effective methods in model estimation and selection
in the past decades. Lasso aims to enable sparsity during the estimation process when the
dimension becomes increasingly large. We review the formulation of Lasso-type estimator
in the following. Let y € R" denote a response vector and X € R"*? be a model matrix
(of predictors), and vector 3" is the true regression coefficients. We want to estimate 3.
Vector w contains white-noise entries, which are independently and identically distributed
following the Normal distribution N (0, 02). Accordingly, the data generation mechanism

in the classical linear regression model can be written as
y=X0"+w.
The Lasso estimator B is commonly written as
—~ ‘ 1 )
B =argmin ¢ o-lly = X85 + Al ¢, (4.1)

where parameter A\ controls the trade-off between the sparsity and model’s goodness of
fit. Essentially, solving Equation 4.1 is an optimization problem, where many research
in operations research and optimization have devoted to. For simplicity, we denote the

objective function as follows:

1
F(B) = 5-lly = X85+ Bl (4.2)
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In this paper, we don’t consider the selection of parameter A, which by itself has a large
literature; consequently, we don’t include A in the notation F'(3). Lasso-algorithms are
these algorithms that aim to solve Lasso problems with an objective function as in Equa-
tion 4.2. This paper considers a Lasso-algorithm that has a better provable upper bounds
in its convergence rate. The convergence rate will be derived in terms of order of compu-
tational complexity. Because there is no closed form solution of the minimizer [Ai' (unless
subgradient is utilized), most Lasso-algorithms are iterative with an iteration index k. For
an iterative estimator/minimizer, their distance to the optimal estimator/minimizer can be

measured by e-precision, whose definition is listed below.

Defination 4.1.1. Suppose 8 is the kth iterative estimator in a certain Lasso-algorithm
and 3 is the global minimizer that is defined as 8 = arg ming F'(3). Recall that F'(3) is

defined in Equation 4.2. For any pre-fixed € > 0, if we have

F(B®) — F(B) <, (4.3)

then we declare that ﬁ(k) achieves the e-precision.

The order of complexity will be utilized to measure how fast an iterative algorithm con-
verges to the global minimum. Recall that our optimization problem is to minimize the
function F'(3). We obtain the iterative estimator B(k) at the kth iteration. Recall that B
denotes the global minimum as in Definition 4.1.1. The order of complexity measures
the number of operations needed to achieve the e-precision defined in Definition 4.1.1.
More specifically, we adopt the big O notation as follows. The order of complexity of
a Lasso-algorithm is O (npt), if in order to achieve the e-precision, the number of all
needed numeric operations can be upper bounded by a constant multiplies np%. Notice
that the order of complexity gives an upper bound of the number of numerical operations
in order to achieve certain precision. It does not say anything on the average performance

of the algorithm. It is possible that an algorithm with larger upper bounds performs better
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in some cases than an algorithm with lower upper bounds. In this paper, we consider a
numerical strategy that can lead to an iterative algorithm that can achieve the aforemen-
tioned e-precision with a lower order of complexity. Recall that € > 0 is typically small.
In theory, an O (np\%) Lasso-algorithm has a lower order of complexity than an O (np%)
Lasso-algorithm. Moreover, an O (np log(%)) Lasso-algorithm has an even lower order of
complexity. We will then use numerical simulations to compare with some representative
algorithms in some well-studied cases.

Due to the nature of the objective function in the Lasso problem, which is F'(3) =
= |ly —=XB|3+Al|B|1, the first-order method is often used. The first term in £'(3) is a nice
quadratic function, which is numerically amenable. The challenge is rooted in the second
term of F'(3), the ¢, regularization term ||3||,, which is not differentiable at the origin.
We review some state-of-the-art Lasso-algorithms, which will serve as the benchmarks of
our algorithm. [55] proposes a Lasso-algorithm using the first-gradient and the Hessian
matrix of the first term in F(8). [55] approximate 5-|ly — X/3|3 by its second-order
Taylor expansion. It is computationally expensive to directly calculate the Hessian matrix
of 5-|ly — X3, i.e., X X/n, especially when p is large. To avoid the time-consuming
calculation of the Hessian matrix, a key idea in [55] is to approximate the Hessian matrix
by a diagonal matrix, whose diagonal entries are the maximal eigenvalue of X" X /n. After
the quadratic approximate of the objective function, a proximal mapping is formed, where
the soft-thresholding operator can be easily applied.

Proximal gradient descent is adopted in [55]. See additional mathematical review in
subsection 4.6.1. Early foundational work on proximal gradient descent can be found in
[100, 101, 102]. As the techniques matures, they became widely used in different fields.
As aresult, they have been referred to by a diverse set of names, including proximal algo-
rithm, proximal point, and so on. In the survey of [103], it can be seen that, many other

widely-known statistical methods — including, the Majorization-Minimization (MM) [see

104, 105], and the Alternating Direction Method of Multipliers (ADMM) [see 106] — fall
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into the proximal framework. In the review of the present paper, many Lasso-algorithms
follow the proximal gradient descent as well.

The classical first-order method use the gradient at the immediate previous solution. To
learn from the “history,” [24] proposes a Lasso-algorithm, which takes advantage of the
gradients at previous two solutions. Since it uses the historic information, it is also referred
as the momentum algorithm. Essentially, [24] falls into the framework of the Accelerate
Gradient Descent (AGD), which is proposed by [107], and later widely applied into many
optimization problems to speed up the convergence rate, seeing examples in [24, 108, 109,
110, 111], and many more. The mathematical details of the aforementioned two Lasso-
algorithms (as well as the coming ones) are provided in subsection 4.6.1.

The above two Lasso-algorithms update their estimates globally. On the contrary, the
third Lasso-algorithm utilizes coordinate descent to update the estimate. This method is
widely used and an corresponding R package named glmnet [see 56] has fueled its adop-
tion. The coordinate descent method has been proposed for the Lasso problem for a number
of times, but only after [56], was its power fully appreciated. Early research work on the
coordinate descent include the discovery by [112] and [113], and the convergence analysis
by [114]. There are research work done on the applications of coordinate descent on Lasso
problems, such as [115, 116, 117, 118], and so on. We choose [56] as a method to compare,
since its implementation in the R package, glmnet, is very well-known by statisticians.

The aforementioned three Lasso-algorithms do not use a surrogate for the ¢/, regulariza-
tion term. Different from them, the fourth Lasso-algorithm aims to find a surrogate of the
¢, penalty term. Recall that the non-differentiability of the ¢; penalty at the origin makes
it hard to enable fast convergence rate when applying the gradient descent method. [119]
proposes a surrogate function of the ¢; penalty by taking advantage of the non-negative
projection operator (seeing equation (2) and (3) in [119] for more details), where the sur-
rogate function is twice differentiable. Consequently, the expectation?maximization (EM)

algorithms [see 120] are used for the optimization. Among this type of Lasso-algorithms,
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we select Smooth Lasso (SL) [see 121] as a benchmark, because it is developed recently
and is an improved version of [119]. The difference from our proposed algorithm is that,
we design a homotopic path (i.e., a sequence of surrogate functions) to make the surrogate
functions closer and closer to the ¢; penalty.

Another famous Lasso-algorithm utilizes the path-following idea [see 122, 123, 124].
The main idea of path-following Lasso-algorithm is described as follows. It begins with a
large penalty parameter A, which leads all the estimated coefficients to 0. Then it tries to
identify a sequence of decreasing penalty parameter )\, such that when A is between two
kink point, support set (the set of non-zero entries of estimated 3) remains unchanged.
Moreover, the estimated 3 elementwisely is a linear function of A\. However, when one
is over the kink point, the support is changed. This type of algorithms have two major
drawbacks. First, it is not guaranteed to work in general cases. As of now, the work in
the current literature only establishes the path following Lasso-algorithm in special situ-
ations (see subsubsection 4.6.2 for a concrete counter example where the path following
Lasso-algorithm fails). Second, the contemporary literature indicates that determining the
number of iterations in a path following algorithm is an open question [see 122, 123]. This
indicates that there is no theoretical guarantee that the order of complexity of a path fol-
lowing approach is low, considering that the maximum number of iterations can be as large
as 2P, where p is the number of predictors (see subsubsection 4.6.2 for a detailed discus-
sion). Given the above two drawbacks, we think that our paper offers significant value to
the advancement of the existing literature. We will design a two-layer iteration algorithm
to achieve a provable faster convergence rate. To the best of our knowledge, such a faster

rate has not appeared in the literature.

4.1.1 Contribution

We propose a new Lasso-algorithm that has a better provable upper bounds in its conver-

gence rate, in terms of the order of complexity. The state-of-the-art Lasso-algorithms we
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Table 4.1: The available orders of complexity of four existing Lasso-algorithms and ours
(in the last column) for achieving the e-precision. The common factor that involves n (the
sample size) and p (the dimensionality of the parameter) is omitted for simplicity.

method ISTA FISTA CD SL Ours
Order of complexity | O(1/e) O(1/y/€) O(1/e) O(1l/e) O ([log(1/e)]%)

compare include
1. the Iterative Shrinkage-Thresholding Algorithm (ISTA) [see 55],
2. the Fast Iterative Shrinkage-Thresholding Algorithm (FISTA) [see 24],
3. a Coordinate Descent (CD) algorithm[see 56] and
4. the Smooth Lasso [see 121].

These algorithms are representative in the literature. See subsection 4.6.1 for technical
details on the above four benchmark algorithms. Since the path-following Lasso-algorithm
doesn’t work for general cases and there is no theoretical guarantee of its computational
complexity is low, we exclude it from our benchmark algorithms. To show the advantage
of our proposed method, in Table 4.1, we list the provable upper bounds in convergence
rate of four benchmark algorithms and our algorithm.

We see that our algorithm achieves an order of complexity of log-polynomial of 1/e,
while other benchmarks have order of complexity of polynomial of 1/e. The order of

complexity of our proposed algorithm is established in Theorem 4.3.3.

4.1.2  Organization of this Paper

The organization of the rest of the paper is as follows. We develop our Lasso-algorithm in
section 4.2. The related main theory is established in section 4.3. Numerical examples are
shown in section 4.4. Some discussion are presented in section 4.5. In subsection 4.6.1, we
summarize some necessary technical details of these benchmark algorithms. A useful the-

orem on the accelerated gradient descents is restated in subsection 4.6.3. All the technical
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proofs are relegated to subsection 4.6.4.
For the notations throughout the paper, scalars are denoted by lowercase letters (e.g.,
B). Vectors are denoted by lowercase boldface letters (3) and its ith element is noted as f;.

Matrices are denoted by uppercase boldface letter (B) and its (¢, j)th element is noted as

B;.

4.2 The Proposed Algorithm

To circumvent the undesirable behavior of the ¢; penalty function (||3|;) at the origin, we
design an algorithm that solves a sequence of optimization problem: in each subproblem,
the ¢, penalty function is replaced by a surrogate function. The surrogate functions ulti-
mately converge to the ¢; penalty function. Our approach falls into the general framework
of homotopic methods, therefore, we name our algorithm a Homotopy-Shrinkage (HS) al-
gorithm. Its connection to shrinkage becomes evident when we describe the algorithm in
details.

This section is organized as follows. A general description of the proposed HS algo-
rithm is shown in subsection 4.2.1. In subsection 4.2.2, we describe how to choose the
initial value of the hyper-parameter ¢, as well as its updating scheme. In subsection 4.2.3,
we present our design of early stopping in the inner loop, which is critical to achieve the
lower order of complexity. The design of the surrogate functions (to approximate the ¢,

penalty) is provided in subsection 4.2.4.

4.2.1 Overview of the Proposed Algorithm

We design our Homotopy-Shrinkage algorithm that has two layer of loops: an outer-loop
and an inner-loop. In an outer-iteration (in the outer-loop), the following objective function
s minimized

1
F(B) = o~y = X8l + Afu(8)

145



where f;(3) is a surrogate function of the target function ||3||,. Here ¢ > 0 is a parameter
in the function, which controls the closeness between ||3||, and f;(3). More specifically, if
t decreases to zero, the function f;(3) converges to ||3||,. As mentioned earlier, the design
of function f;(3) is postponed to subsection 4.2.4. Each outer-iteration takes the previous
stopping position (from the previous outer-iteration) as the starting point of this iteration.
In the outer-loop, we start with a large ¢ initially, and then gradually decrease the value of
t until the desired accuracy e is reached. The way to decrease the value of ¢ is a non-trivial
task to make the designed algorithm has a provable lower order of complexity. The details
on how to decrease the value of ¢ are given later.

In an inner-loop, for a fixed ¢, we employ the accelerated gradient descent (AGD) to
minimize the current surrogate objective function F;(3). Note that by design, the surrogate
function F}(3) will be strongly convex and well conditioned, consequently a lower order
of complexity becomes achievable in the inner-loop. In particular, one can prove an log-
polynomial computational complexity for this algorithm. To summarize the above key

idea of our proposed algorithm, we present the pseudo code in algorithm 9. Details of the

Algorithm 9: Pseudo code of the proposed Homotopy-Shrinkage algorithm
Input: A response vector y, a model matrix X, a parameter A that relates to the
Lasso.
Output: an estimator of 3, which satisfies the e-precision.
1 Hypter-parameter initialization (See subsection 4.2.2)
2 » Quter-Iteration: 4 while the precision € is not achieved do
3 shrink t3 /* For detailed shrinkage procedure, please refer to line 13 in algorithm 10. */
4 » Inner-Iteration: 4 use AGD to minimize F;((3) until the precision of
the inner-iteration is achieved
/* F(B) = 3 lly — XB|5 + Af:(B) #/
/* For detailed procedure of AGD, please refer to the inner-iteration in algorithm 10. */

proposed algorithm are discussed in the remainder of this section.
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4.2.2 Value of the Hyper-parameter in the Proposed Algorithm

The first detail we would like to discuss is the choice of the initial value of the hyper-
parameter ¢, which is denoted as ¢,. A well-designed initial point ¢, is important, because
starting with an unnecessarily large ¢, would end up with more shrinkage steps (i.e., the
outer-iterations), which in turns costs more numerical operations. We derive a minimal

value of ¢; in Equation 4.4 in Lemma 4.2.1.

Lemma 4.2.1. Suppose in a Lasso problem, we have the response vector y € R" and a

model matrix X € R"*P. For our proposed algorithm, there exist a value ¢, that satisfies

toe{tl

-1
where M(t) = (XTX + 25 [log(1 + 1)) I) . Here X" represents the transpose of ma-

n

the following:

Z M(t);;(X "y /n);

gt}, Vi=1,...,p, (4.4)

trix X, and we use this notation in the remaining of this chapter. When one chooses the

aforementioned ¢, as the initial point in the proposed algorithm, we have

ﬂi(o)‘ < t, for

any 1 < i < p, where ﬁl-(o) denotes the ith entry in the vector 3*) = M(to)Xy/n.
Proof. See subsubsection 4.6.4. [

The motivation of the above lemma is to ensure that when ¢ = £, in our proposed
algorithm, the initial estimator B is going to be bounded by ¢, entry-wise.

The second detail we would like to discuss is the design of the shrinkage path of ¢ in
line 3 in algorithm 9. This is designed as follows. First, we start with a relative large ¢,
which has already been discussed above. Then, in the kth outer-iteration (£ > 0), we shrink
the ¢y to t;11 = tx(1 — h), where h is set to be a predetermined values. In our proofs, we

will show that this can lead to a provable lower bound in the order of complexity.
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4.2.3 Early Stopping in the Inner-Loop and the Complete Algorithm

To achieve a better order of complexity, it is critical to stop the inner iteration early. Specif-

ically speaking, in the kth outer-iteration, the inner-iteration is stopped when
Ftk (B(k)[S]) - Fmin,k < gka

where B3l denotes the iterative estimator in the sth inner-iteration of the kth outer itera-
tion, and we have

Fmin,k = Hgn Ftk (B)

Here, we set ¢, = g—g llog(1 + t;)]?, where B is the upper bound of

5§k)’ for all ¢ =
1,2,...,pand k = 1,2,.... The justification of our choice of €, is elaborated in our
proof; its detailed derivation can be found in subsubsection 4.6.4. It is worth noting that,
theoretically, our algorithm can achieve the order of complexity of O ((log(1/ e))z), yet,
in practice, it may not be implementable. We may have to use some alternative, such as
stopping the inner-iteration after a fixed number of steps. The matter of fact is that, the
stoping rule in the inner-iteration of our algorithm requires knowing the value of Fi,iy .,
which is not possible. In simulations, it seems that we can get around it by setting a fixed
number of inner iterations.

We re-describe algorithm 9 in algorithm 10, including some of the additional details that
are discussed above. In particular, we elaborate the detailed steps of the inner-iteration,
which used to be the line 4 of algorithm 9; recall that this is an implementation of an

accelerated gradient descent algorithm.

4.2.4 Design of the replacement function f;(3)

This section discuss the design of the surrogate function f;(3), which is to replace the ¢,

penalty in the original objective function that is in Equation 4.2. It is widely acknowledge
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Algorithm 10: A detailed version of our proposed algorithm
Input: y € R”, X € R"P X to, h, ¢, B
Output: an estimator of 3, noted as ,B(k), which achieves the e-precision.
1 initialization to, h, k = 1, 3 = [XTX + MI _lXTy
» Outer-Iteration: <4 while F(B(k_l) ) — Fiin > € do
3 s=1
4 13(16)[0} _ Ig(k—l)
5 B(k)[(ﬂ _ IB(k—l)
6 € = ;‘—g [log(1 + tk)}z
7 » Inner-Iteration: 4 while F}, (B(k)[s_l]) — Fruing, > €1, do

(5]

s S(k)[s—1 s—
8 ﬁ(k)” =(1— qs)ﬁ( )s—1] + qsﬁ(k)[ 1]
° /B(k)[S] _
arg ming {7, |BTVE, (B%1) + v (8%, B)] + v(8W1, g}
1 B(k)[s] =(1- as)B(k)[s—l] 4 asﬁ(k)[s}
11 | s=s+ 1

” 5(k) _ B(k’)[sl
13 tk = tk_l(l — h)
4 | k=k+1

In line 2, Fi,i, = ming F(3).

In line 4 and the rest of this paper, we use parenthesis (k) to denote the kth outer-iteration, and we use
bracket [s] to denote the sth inner-iteration.

Inline 7, Fiyin ;x = ming Fy, (8).

In line 8, in this paper, we choose g, as g; = q = al’“_;’fc’“/LL: fors =1,2,..., where a, = |/ 7. And Ly, piy
is defined as ||V F, (x) = VF, (y)[l3 < Li [Ix = ¥y, Fri () > Fiy (%) + VE, () (y —%)+ 5 ly — x]I3.
In line 9, we choose v, as v, = v = m for s = 1,2,.... Here V(x,z) is defined as

V(x,2z) =v(z) — [v(x) + Vu(x) " (z — x)] , with v(x) = %3 /2.
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that, if the objective function is strongly convex and well conditioned, then the gradient
descent method can achieve very fast convergence rate. It is also known that the /; norm
(I3||1 in our paper) is not strongly convex, while the quadratic function (such as ||33) can
be easily proved to be strongly convex. Motivated by these facts, we try to replace the ¢;
penalty (8] in F(8) = lly — XB3 + AlIBIl: ) by f(8). which is quadratic near 0
and almost linear outside. By making this replacement, the surrogate objective function
F,(B) = & |ly — XBJ3 + Afi(B) can achieve strongly convex. It is nontrivial to find a

good surrogate function f;(3). We list the requirements of f;(3) in Condition 4.2.1.
Condition 4.2.1. Assume function f;(z) satisfies the following conditions.
1. Whent — 0, we have fo(x) = |z|, where |z| is the absolute value function.

2. For fixed t > 0, function z — f;(x) is quadratic on [—t, t], here — indicates that the
left hand side (i.e., x) is the variable in the function in the right hand side (i.e., f;(z)).

We following this convention in the rest of this paper.

3. Function z — fi(z) is C*'. Here C! is the set of all continuously differentiable

functions.
4. Function f;(x) has the second derivative with respective to .

Following the requirements in Condition 4.2.1, we design f;(x) in the following equa-

tion, where the input variable x is a scalar.

# [log(1 + t)]2 x2, if |z] <t,

fi(z) (4.5)

2
[log(tl-l-t)] || + ﬁ log(1 + t)]Q — % [log(1 + t)]2 , otherwise.

Figure 4.1 displays this surrogate function f;(x) and its derivatives when the parameter
t takes different values. The first row in Figure 4.1 shows the closeness between f;(x) and

|z| when ¢ changes, and the second and third rows present their first and second derivatives,
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respectively. It can be seen that, when ¢t — 0, both f;(x), its first and second derivative
become closer to the counterparts of the function |x|.
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Figure 4.1: The red solid line in the first, second, third row represents the function f;(z),
its first derivative, and its second derivatives, respectively, under the scenario when ¢ =
1,t = 0.1 and t = 0.01. The blue dashed line in the first, the second, and the third row
represents |x|, its first derivative, and its second derivatives, respectively, under the same
scenarios. For function |z|, the first and second derivatives are not defined at the origin.
This figure shows the closeness between f;(x) and |z| when ¢ converges to zero.

It is also worth noting that when the input variable is a vector instead of a scaler, for

example if we have 3 = (B1---,)", then f,(3) can be defined accordingly: f,(3) =
> i1 Ju(Bi)-

Remark 4.2.1. The design of f;(z) in Equation 4.5 is not unique but needs to satisfy some

special requirements. Generally speaking, we can assume that f;(x) has the following
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format:

d(t)x?, if |z| <t,
filz) = (4.6)
a(t)|x| +b(t)g(x) + c(t), otherwise.

The requirement in Condition 4.2.1 is equivalently transformed into :
1. both z — f;(x) and t — fi(z) are C".
2. a(0) =1,b(0) =0, ¢(0) = 0, so that fo(z) = |x|.

Besides, we wish the second derivative of f;(x) has the format of f/'(x) = h(t) max{t, |z|}",

where h(t) is a function of ¢ and v is a constant. Accordingly, it is reasonable to suppose

that g(z) = mx%”. Combining all the requests above, one has
v
t) = ——t"b(2).
alt) = o 1b(1)

Since a(0) = 1, we choose b(t) = % [log(1 + )] . Other choice of b(t) can be sin(-)

function or other functions, which makes ¢!~Vb(t) as an constant when ¢ = 0.

The purpose of designing f;(3) is to replace the ¢; penalty (||3]|1) and then shrink ¢ in
each iteration k, i.e., t;, = t5_1(1 — h), where h is a parameter controlling the shrinking
degree of t. Because of the first statement in Condition 4.2.1, the replacement f;(3) gets

more and more close to || 3|, as t — 0.

Remark 4.2.2. Our idea is similar to [125] in appearance, however, the differences are as

follows.

1. [125] aims at ¢, penalty, where p ¢ {1,2,+oo}, while we focus on the p = 1,
which is not discussed in [125] and the theory in [125] is not easily-extendable to the

situation when p = 1.

2. [125] minimizes a linear function instead of the quadratic residual 5|y — X3||3,

where the Hessian matrix of the objective function needs different treatment.
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Suppose that in the kth iteration, by replacing ||3|; with f;, (3), the objective function

of the Lasso problem — F(3) = 5-|ly — X3||3 + A||3]|1 — is transformed into

FL(8) = o-lly — XBI3+ M (8) @)

The surrogate function f;, (z) in Equation 4.5 has a property in the following lemma.

Lemma 4.2.2. Suppose that from the beginning of our algorithm to the end of our algo-
rithm, we have that 8" < B forany i € {1,2...p} and k € {1,2,...}. Then for any

k € {1,2,...}, the surrogate function defined in Equation 4.5, i.e., f; (), has the following

property:
fu(B) = B < fy () — |z| <0. (4.8)
Proof. See subsubsection 4.6.4. 0

4.3 Order of complexity of the HS Algorithm

This section deals with the order of complexity of the HS algorithm, i.e., how many number
of operations needed to achieve the e-precision that is defined in Definition 4.1.1. Since our
HS algorithm involves two layers of iterations — one is for the shrinkage of ¢ (we call it an
outer-loop), and the other is the AGD optimization (we call it the inner-loop)— the order
of complexity is mainly effected by: (i) the number of inner-iterations, (ii) the number
of outer-iterations, (iii) the number of operations in each inner-iteration. To solve these
components respectively, we discuss (i) in subsection 4.3.1, and (ii) in subsection 4.3.2.
And because (iii) is very similar to that in algorithm 11, algorithm 12, algorithm 13, and
algorithm 14, we will not discuss it separately in a section and will only discuss it briefly

in subsection 4.3.3.
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4.3.1 Number of Inner-Iteration

Recall the line 7 - line 11 in algorithm 10, for a fixed ¢, the inner-loop aims at finding an

estimator 8", whose precision is shown in the following equation
F,, (BW) = Fuing, < &, (4.9)

where €, is the precision we set for the AGD algorithm on optimizing function F}, (3) =
~(k
Ly — XB|l5 + M, (B) and the value of & will be specified later. We denote [3( .

. (k)
argming{5_[ly — X3 + Afi,(8)}, and we have Fux = F(8

). In the kth outer-
iteration, an upper bound on the number of inner-iterations that are needed to achieve the

€1 is shown in the following theorem.

Theorem 4.3.1 (Inner-Loop). Recall that a Lasso problem has a response vector y € R"
and a model matrix X € R™P. To minimize the Lasso objective function F(3) =
3 Iy — X B2+ A||B|1, we design a homotopic approach, i.e., in the kth outer-iteration of
our proposed algorithm, we use AGD algorithm to minimize a surrogate function F;, (3) =
= |ly — X B2+ Afi, (B). Instead of converging to the minimizer of £}, (3), we do an early
stopping to control the total number of numerical operations. And we denote the early stop-
ping estimation as B(k)[s], where s is the number of AGD-iterations (inner-iterations). We

assume that forany £ = 1,2,...,s = 1,2,..., we have

51.(’“)[5}‘ < B, where 8 is the
1th entry of vector ,B(k)[s} (e =1,2,...,p), and B is a constant. And we further assume
that our proposed algorithm stops when ¢, < 7. Under the above assumption, we know
that in the kth outer-iteration, the condition number of function F}, (-) can be bounded by
3B3)\max(xTX

WJFT;]Q) + (%)3 . Accordingly, after C; log(1/€) inner-iterations, one is guaranteed

to achieve the following precision

Ftk(/@(k)) - Fmin,k S gka
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where Fln, = ming Fy, (3), € = ?:\—g log(1 + t;)]* and C} is a constant that does not

depend on the value of ;.
Proof. See subsubsection 4.6.4. [

Remark 4.3.1. Our assumption that the entries of 3 are bounded by a constant B is rea-
sonable, as such a condition has appeared widely in the literature. A popular way to justify
is that the values have to be manageable in a modern computer, which are restricted by the

largest value that can be stored in the corresponding computer platform.

Remark 4.3.2. In the above theorem, we need a condition: ¢, > 7, where 7 > 0 is a
predetermined constant. This condition prevents function f;, (3) from converging to the
function ||3||. In subsection 4.5.1, we will argue that our result applies in the “warm-up”
stage of a Lasso-algorithm. That is, when ¢, is small enough, under some conditions, the
stopping point of our algorithm provides an estimator that is close enough to the ultimate
Lasso estimator; therefore from our estimator, we may reliably estimate the support of the
ultimate Lasso estimator, and simply run an ordinary regression on this support set. In this
sense, our result finds a “warm start” for solving the Lasso problems, at the same time,

achieves a provable faster convergence rate.

4.3.2 Number of Outer-Iteration

This section discusses the minimal number of outer-iterations needed to achieve the e-

precision defined in Definition 4.1.1, which explains the line 2 in algorithm 10.

Theorem 4.3.2 (Number of outer-iteration). With the conditions in Theorem 4.3.1 being

satisfied, and suppose the following conditions are also satisfied:
1. Fork =1,2,..., we have t, = to(1 — h)* where t,, h are pre-specified.

2. The precision of AGD in minimizing function F}, (3) is set as &, = 3Z[log(1 +#;)]%,

i.e., we run the AGD until the following inequality is achieved: F}, (3 (k)ls] )= Femin <

155



€, where quantity 3 (M)l s the iterative estimator in the sth inner-iteration at the kth

outer-iteration, and recall that Fj, ,,;, = ming F, (3).

Then when £ > log(_ll— ) log (Ap tO(zBH)) , our proposed algorithm finds a point B™ such

that

F(/B(k)) - Fmin S €,

where Frin = ming F(B) with F(8) = 3 |y — X3 + A|IBl, , which is defined in

Equation 4.2.

Proof. The proof is shown in subsubsection 4.6.4. U

4.3.3  Order of complexity for HS Algorithm

With all the above blocks, we develop the main theory, i.e., the order of complexity, in
this section. Recall that, the definition of order of complexity is the total number of opera-
tions needed to achieve the e-precision. The reason for us to adopt the order of complexity
instead of the running time is that the order of complexity is independent of (different)
computer platforms, while running time possibly depends on different platforms. Conse-
quently, the order of complexity provides a more reliable way for us to compare different

algorithms.

Theorem 4.3.3 (Main Theory). Under the conditions that are listed in Theorem 4.3.1 and

Theorem 4.3.2, we can find B(k) such that
F(/B(k)) - Fmin S €
with the number of numerical operations has the order of complexity

re ([log(zl— los (25 1))D |

Proof. See subsubsection 4.6.4. O
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4.4 Numerical Examples

In this section, we compare the performance of HS algorithm with other state-of-the-art
algorithms through numerical experiments. As we mentioned in section 4.1, there are
many Lasso-algorithms. Proximal mapping appears to be a major tool in developing Lasso-
algorithms. We take ISTA [see 55] as a representative. Starting from the proximal map-
ping, some Lasso-algorithms utilize the accelerated gradient descent, and develop a faster
approach in proximal mapping. For this type of Lasso-algorithms, we select FISTA [see
24] as a representative. For the third type of Lasso-algorithms, we adopt coordinate de-
scent. And the last type of Lasso-algorithms apply surrogate functions to approximate the
/1 penalty; here we select SL [see 121] as an representative. Based on the theoretically
analysis in section 4.1 and subsection 4.6.1, we see that ISTA [see 55], CD [see 56] and SL
[see 121] share the same order of complexity, so we will only pick ISTA as a representative
of these three. FISTA [see 24] is also selected as a benchmark since it has the best order of
complexity among the existing Lasso-algorithms.

In this section, two numerical examples are shown. The difference between the two
simulations lies on the setting of the true parameter 3. In first simulation, the ith entry
of the true parameter 3 € RP is generated by 3; = (—1)%exp (—2(i — 1)/20) for i =
1,...,p. This style of parameter follows an traditional fashion, which is similar to [56]. In
our second simulation, we set 3; = (—1)"exp (—2(z — 1)/20) 1 {i < 10} . This parameter

setting assumes that most of the entries in 3 is zero, which renders a case with sparse truth.

4.4.1 Simulation 1

The objective in this numerical example is to explore whether HS has better performance
than the benchmarks when estimating the true parameter under the sparse linear regression
model. For a fair comparison, the simulation setting and data generation mechanism is

similar to [56]. The difference is that in [56], the running time is compared under different
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simulation setting, while we adopt the number of numeric operations here. (Recall that
running time may depend on the platforms, while the number of numerical operations does
not.)

The data generation mechanism is as follows. We generate Gaussian data with n obser-
vations and p covariates, with each predictor is associated with a random vector x; € R",
and the model matrix is X = (x3,---,X;, - ,X,). Here we assume that the random vec-
tor x; follows the multivariate normal distribution with zero mean, variances being equal
to 1, and identical population correlation p, that is, the covariance matrix of x; is of the

following form:

L p p
p 1 P
p P 1

In this simulation, we set p = 0.1. The response values were generated by

p
y = ijﬂj + gz, (4.10)

J=1

where the ith (1 < i < p) entry in vector 3 = ([ - - - Bp)T is generated by

Bi = (=1)"exp (=2(i — 1)/20),

which are constructed to have alternating signs and to be exponentially decreasing. Be-
sides, z = (21 -+ 2,) | is the white noise with z; satisfying the standard normal distribution
N(0,1). quantity ¢ is chosen so that the signal-to-noise ratio is 3.0. The turning parameter
)\ is set to be 1073, And in our simulation, two scenarios are discussed, where the first
scenarios is n = 50, p = 20 and the second scenario is n = 50, p = 80.

Table 4.2 summarizes the numerical results of the number of operations for ISTA,

FISTA, and our algorithm to achieve the different e-precision. And Figure 4.3 visualizes
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the numerical results in Table 4.2, where the blue line, red line, and yellow line represent
the number of numerical operations of ISTA, FISTA, and our method, respectively. The x-
axis is the log(1/¢) (Recall € in Equation 4.3). And y-axis is the logarithms of the number
of numerical operations to achieve the corresponding e-precision.

In both two scenarios, i.e., n = 50,p = 20 and n = 50,p = 80, there are some
common properties of these three methods (ISTA, FISTA, and Ours). Generally speaking,
as the precision € approaches to 0, it costs more number of numerical operations for the
designed algorithms to get the optimizer that achieves the desired precision. Therefore, no
matter ISTA, FISTA or our method, the common characteristic of Figure 4.3 is that, both
three methods have an increasing tendency.

In both two scenarios, i.e., n = 50,p = 20 and n = 50, p = 80, there are also some
differences among these three methods (ISTA, FISTA, and Ours). Generally speaking, both
ISTA and FISTA requires larger number of numerical operations than that of our method.
For example, in the second scenario, when e is 0.005, our method only requires 36, 457 op-
erations, however, ISTA and FISTA need 190, 131 and 55, 133 operations, respectively. So,
it is obvious that our method, compared with the state-of-the-art Lasso-algorithms (where
FISTA is the most efficient one), requires less number of numerical operations to achieve
the same e-precision. In the first scenario (n = 50, p = 20) with large ¢, the number of
numerical operations of the three types of algorithms are very similar, because when e and
p are very small, the hidden constant before the complexity (O(p?/¢) for ISTA, O(p?/+/€)
for FISTA, and O(p?(log(1/¢))? for HS) are dominated.

The pattern in Figure 4.3 matches our theoretical results. As we have shown in sec-
tion 4.1, the number of numerical operations of ISTA and FISTA are O(1/¢) and O(1/+/€),
respectively. If we take the logarithm of these two number of numerical operations, then
they ought to be O (log(1/€)) and O (1 log(1/e)). Therefore, in principle, the slop of ISTA
and FISTA in Figure 4.3 should be 1 and 2, respectively. To verify this conjecture, we

perform a linear regression and find that the slop of the ISTA curve in the right panel of
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Figure 4.3 is 0.71411, and the slop of the FISTA curve in the left panel of Figure 4.3 is
0.25211. It should be acknowledged that there is some deviation of the slops from the
theoretically predicted values, when comparing the numerical results with the theoretical
analysis. The bias in both two scenarios is because € is not small enough. If we decrease €
to 0, then the bias would be reduced, because the term related to € in the complexity, i.e.,
O(p?/e) for ISTA, O(p?/+/¢) for FISTA, and O(p?(log(1/e€))?) for HS, will be dominated.
For our proposed algorithm, whose computational complexity is O ([log(1/ 6)]2) , its shape
in Figure 4.3 should be similar to log(2log(x)) theoretically. Yet, in real practice, it is dif-
ficult to achieve this ideal computational complexity, because in each outer-iteration, it is
difficult to know exactly when the inner-iteration should stop (see line 7 in algorithm 10).
However, through the optimal computational complexity is hard to achieve in real practice,
the computational complexity of our propose algorithm is still lower than that of ISTA and
FISTA.

Table 4.2: Numerical complexity of ISTA, FISTA, HS in the first simulation

Precision €
method  0.05 0.03 0.02 0.01 0.009 0.008 0.007 0.006 0.005
n =50, p=20
ISTA 5,070 6,016 7,005 9,585 10,101 10,703 11,434 12,294 13,369
FISTA 4,781 5,117 5,453 6,461 6,685 6,797 7,021 7,133 7,357
Ours 5,478 5,478 5,479 5,479 5,479 5,479 5,479 5,479 6,005
n =150, p =280
ISTA 37,400 50,277 65,273 109,772 119,226 130,799 145,306 164,377 190,131
FISTA 31,237 34,533 37,417 45,657 47,305 48,541 50,189 52,249 55,133
Ours 30,919 30,919 32,765 34,611 34,611 34,611 36,457 36,457 36,457

! There is the parameters settings of our HS algorithm: ¢y = 3,h = 0.1, A = le — 3, ﬁ<0) =1px1.

4.4.2 Simulation 2

In this section, we discuss another simulation setting different from that one in subsec-
tion 4.4.1. Here, we still focus on the regression, where data is generated by following
the formulation in Equation 4.10. The y, X, ¢, z are generated the same way as in sub-
section 4.4.1, i.e., the jth column in X has the same population correlation p = 0.1,

and z = (2z1---2,)" is the white noise with normal distribution of z; as N(0,1) and
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Figure 4.2: Number of Operations of ISTA, FISTA, and our algorithm under different € in

n=250,p=20
-6~ ISTA
--x-- FISTA
9.5 HS .
o
e
ey
gy
ey
ol
o oox ¥ *-
8.5¢
3 3.5 4 4.5 5
log(1/e)

the first simulation

Cumulative Probability

Figure 4.3: Empirical cumulative distribution function (left) and histogram (right) of the

1 e —
0.8
0.6 : /
0.4 /
0.2 I — ISTA
' ----FISTA
A HS
0 Lo L L L )
2 3 4 5 6 7

Nember of numerical operations x10*

Frequency

4 n =50,p =80

S . , . i
£ —o-ISTA
g 129 pIsTA o
% HS ,,U"/
T@ ,.ﬂ’

s

2115 <

(]

g

=

: -

) o

° o) -

5 %"
r-g g e *

=

g .

« 10.5¢ - =%

5 pr=

o ‘ ‘ ‘ ‘

< 3 3.5 4 4.5 5

log(1/€)

1000 :
B ISTA
EFISTA
800 - [ Our |
600 |
400 +
200 |
ol M.l
2 3 4 5 6 7

1000 simulations in the first numerical example.

161

Nember of numerical operations x10*



q 1s chosen so that the signal-to-noise ratio is 3.0. The only difference between this
simulation to the one in subsection 4.4.1 lies in the setting of 3. Here, we only set
the first 10 entries in 3 as non-zero, and the remaining entries in 3 is set as 0, i.e.,
Bi = (—1)"exp[—2(i — 1)/20] 1{s < 10}.

Table 4.3 summarizes the numerical results of the number of operations for ISTA,
FISTA, and our algorithm to achieve the different e-precisions. And Figure 4.4 visualizes
the numerical results in Figure 4.4, where the blue line, red line, and yellow line represent
the number of numerical operations of ISTA, FISTA, and our method, respectively. The x-
axis is the log(1/¢€) (Recall € in Equation 4.3). And y-axis is the logarithms of the number
of numerical operations to achieve the corresponding e-precision.

In both scenarios, i.e., n = 50, p = 20 and n = 50, p = 80, we can see that, generally
speaking, both ISTA and FISTA requires more number of numerical operations than that
of our method. For example, for the second scenario, when € is 0.005, our method only
requires 32, 763 operations, however, ISTA and FISTA need 179, 373 and 53, 485 opera-
tions, respectively. So, it is obvious that our method, compared with the state-of-the-art
Lasso-algorithms (where FISTA is the most efficient one), requires less number of numer-
ical operations to achieve the same e-precision. For the first scencario (n = 50,p = 20)
with large €, the number of numerical operations of the three types of algorithms are very
similar, because when € and p are very small, the hidden constant before the complexity
(O(p?*/e) for ISTA, O(p*/+/€) for FISTA, and O(p?/(log(1/€))?) for HS) are dominated.

Table 4.3: Numerical complexity of ISTA, FISTA, HS in the second simulation

Precision ¢
method  0.05 0.03 0.02 0.01 0.009 0.008 0.007 0.006 0.005
n=>50, p=20
ISTA 5,242 6,274 7,263 9,370 9,757 10,187 10,703 11,305 12,122
FISTA 4,781 5,229 5,565 6,125 6,349 6,461 6,573 6,797 7,021
Ours 5,479 5,479 5,479 6,005 6,005 6,005 6,005 6,005 6,005
n=>50, p=_80
ISTA 39,519 55,330 72,119 112,869 120,693 130,473 142,698 158,346 179,373
FISTA 31,649 35,769 39,065 45,657 46,893 48,129 49,365 51,013 53,485
Ours 30,918 32,763 32,763 32,763 32,763 32,763 32,763 32,763 32,763

! The parameters settings of our HS algorithm: ¢y = 3,h = 0.1, A = le — 3, B<O) =0.1x 1,51
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Figure 4.4: Number of Operations of ISTA, FISTA, and our algorithm under different € in
the second simulation.

4.5 Discussion

In our theoretical result, we required the presence of a constant 7 > 0, such that ¢, >
7 for all k. Such a condition prevents the hyper-parameter ¢ from converge to zero. In
subsection 4.5.1, we show that when the 7 is chosen to be small enough, an early-stopped
homotopic approach will find the support of the global solution, therefore, one can simply
run the ordinary regression on this support set, without losing anything.

In subsection 4.5.2, we discuss other seemingly similar homotopic ideas, and articulate

the differences between theirs and the work that is presented in this paper.

4.5.1 Support Recovery and the Need for Hyper-parameter ¢ to Converge to Zero

In Theorem 4.3.1, we assume that there is a constant 7 > 0, such that ¢;, > 7 for all k. Such
a condition prevents the hyper-parameter ¢ from converge to zero. Therefore, our result
just applies to the warm-up stage of a homotopic approach in solving the Lasso problem.
In this subsection, we show that under some standard conditions that have appeared in
the literature, as long as we set 7 to be small enough, the associated algorithm will find a

solution that both has small “prediction error” and “estimation error”. The mathematical
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meaning of “prediction error” is
1 ~ a2
2 x(3-8)],
n 2

where 8 = arg ming L ly — XB|l5 + A\ fi(B) for a general ¢ and f;(3) defined in Equa-
tion 4.5, and 3 = argming Lly — X8| + A8, And the mathematical meaning of
“estimation error” in our paper is

2
) .

|B-5

In the remaining of this section, we will give two propositions, where we develop the
conditions where we would have small prediction error and estimation error, respectively.

~ ~ 2
We begin with the prediction error, i.e., % X (ﬁ — ﬁ) H . In the Proposition 4.5.1, we
2

declare that there is no additional conditions needed to guarantee the small prediction error.
That is, as long as we converge t — 0, our proposed algorithm can guarantee the prediction

error goes to zero as well.

Proposition 4.5.1. For our proposed algorithm, when ¢ — 0, we have the perdition error

~ —~ 2 ~
X <5 _ 5) H2 — 0, where 3 = arg ming % |y — X[3||§ + Af(B) for a general ¢ and

1
n

£.(8B) defined in Equation 4.5. And 3 = arg ming 5 [ly — X812+ M8,
Proof. See subsubsection 4.6.4. [

After developing the prediction error, we now discuss the estimation error. A nice
property of Lasso is that, it can potentially achieve the sparse estimation when n < p, i.e.,
most of the entries in the Lasso estimator ,[Ai are zero, and only few of them are non-zero.
The index set of these non-zero entries are called support set, i.e., S = {i : if Eiz # 0;
Vi=1,2,...,p}. To show how Lasso can realize the sparse estimation, we take X = I as
an illustration example, where I is the identity matrix. (More complicated model matrix X

can also be used, but here we use X = I to create an example.) Then we have the linear
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regression model as

y=08+w,

where y is the response vector, and w is the white noise. The Lasso estimator of the above

linear regression model is
B = min ! Hy 5H2+>\H5H
— ar 1 JE— pR— .
& B8 2n 2 1
It can be verified that

~ sign(y;)(Jyi| — nA), if |yi| > nA;

0, otherwise,

is the solution of the Lasso problem. Note that ,@ is sparse if y has many components with

small magnitudes. However, if we consider f;(3), instead of the ¢; penalty ||3||,, we have

~ 1
B =argmin— ly = Bl + Afi(8)

We can show that El = (0 if and only if y; = 0. This shows that B is not guaranteed to be
sparse.
Although Z? is not sparse, we can still verify that B has very small estimation error

under some specific assumptions of the model matrix X.

Proposition 4.5.2. Suppose the model matrix X in the Lasso problem has the following

three properties:

1. H(X:SFXSYIXEHF can be bounded by a constant, where S = {i : §; # 0,Vi =

1,2,...,p} with B = Lly — X85 + A|Bl, - And ||-||» is the Frobenius norm

defined as || A, || = \/ZZL > 51 |Aij|?, where A;; is the (i, j)th entry in matrix
A.
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can be bounded by a constant, where S¢ is the complement set of S. And

2. HXT
a

XTSC is the pseudo-inverse of matrix Xs.. The mathematical meaning of pseudo-
inverse is that, suppose Xsc = UXV, which is the singular value decomposition
(SVD) of Xs.. Then X, = VTSTUT. For the rectangular diagonal matrix 3, we
get X1 by taking the reciprocal of each non-zero elements on the diagonal, leaving

the zeros in place, and then transposing the matrix.

3. Omax (X1) < min{2, 20y, (X2)}, where oyay (X1) returns the maximal absolute
diagonal values of matrix ¥, and o, (X5) returns the minimal absolute diago-
nal values of matrix 3. Matrix 33; is the diagonal matrix in the SVD of matrix

T
(XIXs) " X Xse + (XLCX5> ie.,
T 1T ) T
(XSXS) XSX.SC -+ (X'SCXS) - U121V1.

-
Matrix 3, is the diagonal matrix of the SVD of matrix %XLCXSC + % (XLCXSC) ,

1.e.,
1 1

.
SXEXse + 5 (chxsc) = U,5, Vs

o~ 2
Then we have HB—,@ — 0 whent — 0.
2

Proof. See subsubsection 4.6.4. 0

We notice that the above proposition requires a strong condition on the model matrix X
in order to achieve the support recovery. Releasing the conditions in the above proposition

is an interesting future research topic.

4.5.2 Other Related Homotopic Ideas

It is worth noting that, in the recent research, some researchers also realize the log-polynomial
order of complexity [see 126, 127, 128, 129, 130] in a framework similar to Lasso-algorithms.

However, we would like to clarify that, there are some essential differences between our
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paper and these papers. First, the problem formulation in these papers is totally different
from ours. The problem formulation these papers solve is that, they start at some initial

objective problem, which is a Lasso-type objective function:

1
o Iy = X8I + A8, (4.11)

and then they gradually decrease the large A\(¥) until the target regularization \(@) jg
reached. When the A(“#%) is reached, the algorithm is stopped. However, this algorithmic
solution is not the optimal in Equation 4.11. In other words, the solution of these papers is
not exactly the Lasso solution. While in our paper, our objective function stays the same
as Equation 4.2 from the beginning to the end of our algorithm. Therefore, the solution we
iteratively calculated is the minimizer of the Lasso problem in Equation 4.2. In addition to
the difference of the objective function, the assumptions between our algorithm and these
papers are also different. Specifically, these papers require more additional assumptions
than us, such as the restricted isometry property (RIP), which is used to ensure that the
all solution path is sparse. Finally, through both our paper and these papers are called
“homotopic” method, the definition of the “homotopic™ is different. Specifically, these
papers use the homotopic path in the penalty parameter \: they start from a very large A
and then shrinkage to the target A\. This type of method is also called “path following” in
other papers, such as [123, 131, 132], and etc, instead of “homotopic path”. However, our
paper use the homotopic path in the ¢; penalty A ||3]|;: we replace the ¢, regularization
term with a surrogate function, and then by adjusting the parameters in the surrogates, to

get the surrogate approximates closer to the original ¢; regularization term.
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4.6 Supplementary Material

4.6.1 Review of Some State-of-the-art Algorithms

In this section, we will show the algorithm mechanism of these four representative we
select, namely ISTA [see 55], FISTA [24, see], CD [see 56], and SL [see 121]. For each al-
gorithm, we show (i) their number of operations in an iteration, (ii) the number of iterations

to meet the e-precision in Equation 4.3, (iii) and their according order of complexity.

Iterative Shrinkage-Thresholding Algorithms (ISTA)

ISTA aims at the minimization of a summation of two functions, g + f, where the first
function g : R? — R is continuous convex and the other function f : R? — R is smooth
convex with a Lipschitz continuous gradient. Recall the definition of Lipschitz continuous

gradient as follows:

IVI(x) = Viy)ll2 < Lix =yl

If we let g(8) = M[|B|, and f(8) = 5-[ly — X3||3 with the Lipschitz continuous gradient
L taking the largest eigenvalue of matrix X ' X /n, noted as ., (XX /n), then Lasso is
a special case of ISTA.

The key point of ISTA lies in the updating rule from 3% to 3%V ie., g% — g+l
It is realized by updating ,8<k+1) through the quadratic approximation function of f(3) at
value B%);

(XTX/n)

5 18=BYIE+ 8.

(4.12)

B = argmin f(8Y) +((8-B"), Vf(BM)) 47

Simple algebra shows that (ignoring constant terms in 3), minimization of equation Equa-

168



tion 4.12 is equivalent to the minimization problem in the following equation:

2
+ A8l

(4.13)

Omax (XX /)
2

6(k+1) = arg Hllgin

1~ T ak) T
_ (k) Q(X XpY - X'y)
P (ﬂ Omax(XTX/n)

where the soft-thresholding function in Equation 4.14 can be used to solve the problem in

Equation 4.13:

r—a, ifz>a,
S(r,a) = r+a, ifr<—a, (4.14)

0, otherwise.

The summary of ISTA algorithm is presented in algorithm 11.

Algorithm 11: Iterative Shrinkage-Thresholding Algorithms (ISTA)
Input: y € R", X € RV, [ = 0, (XX /)
Output: an estimator of 3 satisfies the e-precision, noted as el

1 initialization;

2 8O k=0

3 while F(3%) — F(8) > e do

[ L B = 5(BY — (XTXBY — XTy), ML)

5 k=k+1

It can be seen from line 4 in algorithm 11 that the number of operations in one iteration
of ISTA is O(p?). This is because that the main computation of each iteration in ISTA is
the matrix multiplication in X" X3". Note that the matrix XX can be pre-calculated
and saved, therefore, the order of computational complexity is p(2p — 1) [see 133].

In addition to the operations in each iteration, we also develop the convergence analysis
of ISTA in the following equation [see 24, Theorem 3.1]. To make it more clear, we list
Theorem 3.1 in [24, Theorem 3.1] below with several changes of notation. The notations

are changed to be consistent with the terminology that are used in this paper.

Theorem 4.6.1. Let { B® } be the sequence generated by line 4 in algorithm 11. Then for
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any k£ > 1, we have

S omax(XTX/n)[8 - B3

(k)y _
F(BY) = F(B) < o (4.15)

O'max(XTX/n)H:@(O) _EHE
2e

s XTX/m) B B3 o _
. 2 p?) =

Therefore, to achieve the e-precision, i.e., F(,B(k))—F (B) < ¢, at least

iterations are required, which leads to the order of complexity O(

O(p*/e).

Fast Iterative Shrinkage-Thresholding Algorithms (FISTA)

Motivated by ISTA, [24] developed another algorithm called Fast Iterative Shrinkage-
Thresholding Algorithms (FISTA). The main difference of ISTA and FISTA is that FISTA
employs an auxiliary variable a®) to update from B™ to B*+Y in the second-order Taylor

expansion step (i.e., the one in Equation 4.12); More specifically, they have

. Omax (XX /.
B = argmin f(@®) + (o), 7 () P X124 3o,
(4.16)
where a'® is a specific linear combination of the previous two estimator BV 32 in

particular, we have a®) = g*=1) 1 %(6('“_1) — B2 FISTA falls in the framework
of Accelerate Gradient Descent (AGD), as it takes additional past information to utilize
an extra gradient step via the auxiliary sequence a®), which is constructed by adding a
“momentum” term B8* Y — B3~ that incorporates the effect of second-order changes.
For completeness, the FISTA is shown in algorithm 12.

Obviously, the main computational effort in both ISTA and FISTA remains the same,
namely, in the soft-thresholding operation of line 4 in algorithm 11 and algorithm 12. The
number of operations in each iterations of FISTA is still O(p?). Although for both ISTA

and FISTA, they have the same number of operation in one iteration, FISTA has improved

convergence rate than ISTA, which is shown in the following theorem [see 24, Theorem

4.4].
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Algorithm 12: Fast Iterative Shrinkage-Thresholding Algorithms (FISTA)
Input: y € R", X € R, L = 0,,,, (X" X/n)
Output: an estimator of 3, noted as ﬁ(k), which satisfies the e-precision.
1 initialization;
2 89 4 =1,k=0
3 while F(8%) — F(B) > ¢ do
s | B¥ =8> - L(XTXa® - XTy),\/L)

5 lpp1 = 2
p okt — B(k) + %(ﬁ(k) _ ﬁ(k_l))
7 k=k+1

Theorem 4.6.2. Let {a(k)} , {,B(k)} be a sequence generated by line 6 and line 4 in algo-

rithm 12, respectively. Then for any k£ > 1, we have that

3 20max(XTX/n) |18 — B3

(k)y _
F(B"W) - F(B) < 1) (4.17)

Consequently, FISTA has a faster convergence rate than ISTA, which improves from
O(1/k) to O(1/k?). This is because that, to update from 3%~ to 3*), ISTA only con-

siders BV, however, FISTA takes both 8%~ and 3%*~? into account. To achieve the

XTX/n)[|8 -Bl13
Ve

leads to an order of complexity of O(2""‘“(XTX\//?)WO)—5H§ pY) = O(p?/\/e).

precision F(B%)) — F(8) < e, at least 20max( iterations are required, which

Coordinate Descent (CD)

The updating rules in both ISTA and FISTA involve all coordinates simultaneously. In
contrast, [56] proposes a Lasso-algorithm that cyclically chooses one coordinate at a time
and performs a simple analytical update. Such an approach is called coordinate gradient
descent.

The updating rule (from B™ to B in CD is that, it optimizes with respect to only

the jth entry of B+ (j =1,---,p) where the gradient at Bj(k) in the following equation
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is used for the updating process:

) 1 .
8—@F(ﬁ<k>) - = (ejTXTX,B(k) - yTXej> + Asign(B;) (4.18)

where e; is a vector of length p, whose entries are all zero expect that the jth entry is equal

to 1. Imposing the gradient in Equation 4.18 to be 0, we can solve for B§k+1) as follows:
(k+1) _ T T (k) T
Bt =8 (y Xe; - Y (X X) 5, ,n)\> / (XTX)..,
1]

where S(+) is the soft-thresholding function defined in Equation 4.14. This algorithm has

been implemented into the a R package, glmnet, and we summarize it in algorithm 13.

Algorithm 13: Coordinate Descent(CD)
Input: y € R*”, X € R"*P, A
Output: an estimator of 3, noted as 3%, which satisfies the e-precision.
1 initialization;
2 B9 k=0
3 while F(8%) — F(B) > e do
4 forj=1---pdo

5 L BJ(‘kH) =5 (YTXGJ' - Zl#j (XTX)jl 5l(k)7n)‘) / (XTX)jj

After reviewing the algorithm of CD, we develop the order of complexity of CD. Firstly,
the number of operations in each iteration of CD is O(p?). It can be explained by the
following two reasons. (i) While updating ﬁ;kﬂ) (line 5 in algorithm 13), it costs O(p)
operations because of ) _, oy (XTX) i ﬁ;k). (i1) From line 4 in algorithm 13, we can see that
all p entries of 3%V are updated one by one. Combining (i) and (ii), we can see that the
number of operations need in one iteration of CD is of the order O(p?).

The convergence rate of CD is derived as a corollary in [134, Corollary 3.8] and here
we list the corollary as a theorem below. We changed several notations to adopt the termi-

nology in this paper:

172



Theorem 4.6.3. Let {B(k)} be the sequence generated by the line 5 in algorithm 13. Then

we have that

o A (XTX )1+ )18 - B2
F(B™) = F(B) < K+ (8/p) |

(4.19)

The above equation shows that, to achieve the precision e-precision, at least

100 XTX/n) (1 + p) 1B - BI3 8
€ P

iterations are required, which leads to an order of complexity of

o

Smooth Lasso (SL)

400 (XX /) (1 + )89 — B3

€

- ;] p2> = O(p*/e = 8p) = O(p’/e).

The aforementioned Lasso-algorithms all aim exactly at minimizing the function F'(3).
On the contrary, [121] uses an approximate objective function to solve the Lasso. Their
method is called a Smooth-Lasso (SL) algorithm. The main idea of SL is that it use a
smooth function—¢, (u) = 2log(1 4 ¢*) — u— to approximate the ¢; penalty, and the
Accelerated Gradient Descent (AGD) algorithm is applied after the replacement. There-
fore, the objective function of SL becomes F,,(8) = 5 |ly — X813 + A>_7_, ¢a(5;). The
pseudo code of SL is displayed in algorithm 14.

For the computational effort, it mainly lies in the calculation of VF,(w) = XTTXW —

XTTY + v, where the v is a vector of length p, whose ith entry is ;72 log(1 + e*i) +

2ae*vi

ooy 1. Accordingly, the main computational effort of each iteration of SL is the

matrix multiplication in X " Xw(*), which cost O(p?) operations. On the other side, proved

by [121], the approximation error of B™ in SL is shown in Equation 4.20.

Theorem 4.6.4. Let {ﬁ(k)} be a sequence generated as in line 5 of algorithm 14. Then we
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Algorithm 14: Smooth Lasso (SL)
Input: y € R" X € R™?, ;i = [02_(X//n) + Aa/2] "
Output: an estimator of 3, noted as ,6'(’“), which satisfies the e-precision.
1 initialization;
2 B9 k=0
3 while F(3") — F(B) > e do
4 wk+l) — B (k) 4 Zﬁ(ﬁ(k 5 (k— 1))
BEHY = Wit — Y F, (w)
k=k+1

A W

have

F(BY) - F(B) <

489 - Bl302. (%) 4yTnTog2) 8 — Bl
+ 7 . (4.20)

k2

So to achieve the e-precision, SL needs O(1/¢), which results in the order of complexity

O(p?/e).

4.6.2 Path Following Lasso-Algorithm

As mentioned in section 4.1, the path following Lasso-algorithm has two drawbacks. First,
it is not guaranteed to work in general cases. Second, there is no theoretical guarantee
that the order of complexity of a path following Lasso-algorithm is low, considering that
the maximum number of iterations can be as large as 2P, where p is the number of predic-
tors. In this section, we provide mathematical details to support the above two drawbacks.
The structure of this section is described as follows. In the “Details to Support the First
Drawback of Path Following Lasso Algorithm” section, we provide a counter example that
the path following Lasso-algorithm is not workable, which represents a general category
of design matrix X and coefficient 3. In the “Details to Support the Second Drawback of
Path Following Lasso Algorithm” section, we provide mathematical details to support the

second drawback of the path following Lasso-algorithm.
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Details to Support the First Drawback of Path Following Lasso Algorithm

In this section, we provide a counter example that the path following Lasso-algorithm is
not workable. This counter example represents a general category of design matrix X
and coefficient 3. We use the following counter example to argue that a path following
approach does not work in the most general setting.

Before representing the concrete counter example, let us discuss the key step in design-
ing a path following Lasso-algorithm. For a general solution derived by path following
Lasso-algorithm, i.e., B()\), it is the minimizer of Equation 4.1, so it must satisfy the first

order condition of Equation 4.1:
q— Asign(B(\) = X XB(N), (4.21)

where q = Xy and is sign(B()\)) a vector, whose ith component is the sign function of
BV
1 ifB0) >0
sign(5;(\)) = -1 ifg(N\) <0 -
[—1,1] if B;(\) =0

If we divide the indices of q, 3, X into § = {i : B\,()\) #0, Vi=1,...,p} and its

complements S¢, then we can rewrite Equation 4.21 as

ds Asign(Bs(A)) X5Xs XiXs | [ Bs(V)
ase Asign(Bs. () XLXs XIXs 0

where ,[Ai s(A) is the subvector of 3 only contains elements whose indices are in S and
330()\) is the complement of 35. Besides, sign(,@s(/\)) is the subset of sign(ﬁ()\)), only
contains the elements whose indices are in S, and sign(B se(A)) is the complement to

o~

sign(Bg(\)). Matrix X is the columns of X whose indices are in S, and Xg. is the
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complement of Xgs.
Suppose we are interested in parameter estimated under A and A — A(A € (0, \)), i.e.,

B()\L B()\ —A). Then ,@(A), B()\ — A) must satisfy the following two system of equations:

as — dsign(Bs(\) = XEXsas(A) 4.22)
qse —)\sign(BSc()\)) = X:SL—CXS//B\S()‘)

as — (A — A)sign(,@s()\ —4A)) = XEXSBS(A —A)

v A (4.23)
dse — (A — A)sign(Bs. (A — A)) = X§XsBs(A—A)

From the above two system of equations, we have the following:

—(\— A)sign(ﬁsc()\ —A)) = —Asign(BSC(A)) + AX;XS(XEXS)’lsign(BS()\)).
(4.24)
That is, if one decrease A to A — A, one must strictly follow Equation 4.24.

Following the above key step in the path following Lasso-algorithm, we represent a

counter example as follows. Suppose 31 > B2 > 3 > 84 = 5 = ... = 8, = 0. The
model matrix X = (xy, X2, X3, . .., X,), where x;,x2 € R" is the first two columns from a
orthogonal matrix (x;,X2,Xs, ..., X,), and for j > 3, we have x; = a;x; + (1 — oj)x2 +

\/1 —af — (1 — a;)%; with o € (0,1). The response vector y is generated by

P
Y= 0%
j=1

If 5y, B2 are very large number, say, 200, 100, and (5 is not that large, say, 1. Then the

following algorithm works as follows:

e Iteration 0: We start with Ag = +o0, then we know that B(X) = 0 and Sy = @.

e Iteration 1: When A changes from Ay = +00 to A\; = ||q||~, from Equation 4.21, we

know that S; = {1}.
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e Iteration 2: Similar to the first iteration, when A decrease to Ay, we have S, = {1, 2}.

e Iteration 3: This is where problem happens. From Equation 4.24, we know that

Vs — A € (A3, Ag], we have
sign(B; (A = A)) = XX, (X3, Xs,) 'sign(B, (V).

Since sign(BSZ()\)) = (1,1)" and X5, = (x1,%2),Xs; = (X3,...,%,), we have
the right hand side of the above equation as a all-one vector, i.e, (1,1,...,1)". To
make the left hand side sign(,@sg (Aa —A))equals to (1,1,...,1)", we can only take
A = )Xo, which gives us S5 = {1,2,3,...,p}.

However, from the data generalization, we know that the true support set is {1, 2, 3}. There-
fore, one will not be able to develop a path following algorithm to realize correct support
set recovery. At least not in the sense of inserting one at a time to the support set. In the
above example, since a path following approach can only visit three possible subsets, it

won’t solve the Lasso problem in general.

Details to Support the Second Drawback of Path Following Lasso-Algorithm

In this section, we provide more technitical details to support the second drawback of path
following Lasso-Algorithm. Recall the main idea of path following Lasso-Algorithm is
that, it begins with a large )y, which makes the estimated B()\O) = 0, and accordingly
its support set Sy = & (empty set). Then it tries to identify a sequence of the penalty

parameter A as follows:
A>A > > ..> A > A\ =0,

such that for any £ > 1, when we have A\ € [\, \y_1], the support of B()\) (which is a

function of \) i.e., Sk, remains unchanged. Moreover, within the interval [\, A\x_1], vector
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B()\) elementwisely is a linear function of A. However, when one is over the kink point,
the support is changed/enlarged, i.e., we have Sy, # S;._1 oreven S C Sy 1.

A point deserves attention is that, if 7', the total number of kink points is small, then the
path following algorithm is efficient, i.e., it only requires O(nTp?) numerical operations.

In particular, if the size of supports are strictly increasing, i.e., we have

|Sk,1‘ < |S]g‘ vk > 1,

then we have T' < p, and accordingly the computational complexity can be bounded by
O(np®). However, it turns out bounding the value of T is an open question. In recent

papers such as [122, 123], we can see that bounding 7" is an open problem.

4.6.3 An Important Theorem

Our proof will rely on a result on the number of steps in achieving certain accuracy in using
the accelerate gradient descent (AGD) when the objective function is strongly convex. The
result is the Theorem 3.7 in [135]. We represent the theorem here for readers’ convenience.
We introduce some notations first. Suppose ones wants to minimize a convex function
f : X — R in a feasible closed convex set X € RP. We further assume that f is a
differentiable convex function with Lipschitz continuous gradients L, i.e., Vx,y € X, we

have

IVIx) = Vi), < Lllx =yl

where V f(x) represents the gradient of function f(x). Furthermore, we assume that f is a

strongly convex function, i.e., Vx,y € X, there exist ;> 0, such that we have

) 2 69+ V) = %) + 5 lly = xI3.
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This type of function f is called the L-smooth and yp-strongly convex function. Recall that

our objective is to solve the following problem:

Ixrg(l f(x).

In the following, we present one version of the accelerated gradient descent (AGD)

algorithm. Given (x*~1 x(~1) € X x X fort = 1,2, ..., we set

x® = (1—g)x"Y 4 gxtY (4.25)
x = arg Eg% {% [XTVf (K(t)) +uV (X(t)7 X)} +V (X(tilxx)} (4.26)
)—((t) — (1 _ at) >—((t71) + OétX(t), 4.27)

for some ¢; € [0,1],7 > 0, and oy, € [0, 1]. And here V(x,z) is the prox-function (or

Bregman’s distance), i.e.,
V(x,z) =v(z) — [v(x) + (z — X)TVU(X)} ,

with v(x) = Hng /2. By applying AGD as shown in Equation 4.25 - Equation 4.27, the
following theorem presents an inequality that can be utilized to determine the number of

iterations when certain precision of a solution is given.

Theorem 4.6.5. Let (x¥,x(V %) € X x X x X be generated by accelerated gradient

descent method in Equation 4.25-Equation 4.27. If oy = «a,v = v and ¢ = ¢, for

t=1,... k satisfy o > g, 2Ho=0 <, Lall=o) <

1 1 1
1—q 14 5> and ——— < p + =, then for any

y(1—-a)

x € X, we have

(&) = f(x) + a (u i %) V (x50, %)
< (-at [f (x) - f(x) +a (u+ 1) v (x®,x) } |

g
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In particular, if
a—p/L o«

,u
L’q—l—,U//L’fy ,LL(].—OC>7

o =
then for any x € X, we have

f (i(k)) _ f(X) + o (M+ %) \% (X(k—1)7x) .

< (1 = %)k {f (%) - f(x) +a (u+ %) V(x(l),x)} . (4.28)

The above theorem gives a convergence rate of AGD under the scenario when the ob-
jective function is strongly convex. This result will be utilized in the proof of Theorem

4.3.1, which can be found in subsubsection 4.6.4.

4.6.4 Proofs
Proof of Lemma 4.2.1

Proof. In this proof, we will do two parts.
First, we will prove the existence of the initial point ¢, stated in Equation 4.4. We know

that

P M(t)(XTy/n);

J=1
t——+o00 t

D [~ T 2
X'X log(1 +
~ i Y , AMlog(1+1)]

I Xy 1
t—+o00 £ n 33 n -t
Jj=1 L » J
ij
P [~ T 2 1~ T
L XXt  Alog(1+1)] X'y
_ tli-ri-noojzl — + 5 I ")

ij

The above indicates that when ¢ is very large, the ¢ defined in Equation 4.4 will exist.
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Next, we will verify that, if ¢, is chosen as shown in Equation 4.4, i.e,

toe{ti

> M(1);(X y/n);

Jj=1

St,Vizl,...,p},

we have 650)‘ < to. It can be verified that,
X'y ~ 1 g, 1 2 o7
M(t)—= = argmin § [y = X8|z + oz [log(1 + )" 8B ¢, (4.29)
B |2n 3t J
9(8)

where G(3) is a special case of F;(3) when ¢ is large enough to include all the coefficient
f; into the interval [—t,¢]. Utilizing the above fact that the minimizer in Equation 4.29

when ¢t = { satisfies the condition that its coordinates are within [—ty, ¢], we have

< t,.

7

e = | (M £ 2)

A M(to);;(X y/n);

Thus, if we choose ¢, as shown in Equation 4.4, i.e.,

toE{t:

we can verify that Vi = 1,2,...p, |Bi(to)| < to, i.e.,

§t7Vi:17"'7p}7

Z M(t);;(X "y /n);

ﬁz@( < t,. 0

Proof of Lemma 4.2.2

Proof. Because f;(x) is a even function, we only consider the positive x in the remaining
of the proof.

First, when 0 < 2 < ¢, one has

fule) = o = 5 llog(1 + 1)) a? — z,
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3t3

Mog (1T being larger than ¢.

which is a quadratic function with the axis of symmetry,

Therefore, one has

1

o7 llos(1+ > —t < filz)—z< 0.

Then we discuss the scenario when = > ¢, where

file) o = HM} 1| L g1 4+ — L log(1 + 1),

t 3z

which is a decreasing function of variable x. Therefore,

fi(B) = B = [fi(x) = 2] |e=p < fi(2) — & < [ful@) = @] [a=t = fult) — 1,

where we further have f,(t) — ¢ = 3; [log(1 + ) —t<0.
By the combination of two scenario (z < t and x > t), we prove the statement in

Equation 4.8. U

Proof of Theorem 4.3.1

Proof. To begin with, we revisit some notations in linear algebra. For matrix A, we use
A,;; to indicate the (7, j)th entry in matrix A. Besides, its maximal/minimal eigenvalue is
Amax(A)/Amin (A), respectively.

It is known that, the condition number of function F}, (3) = 5= |ly — X8|+ M, (B)
is defined by the ratio between the maximal and minimal eigenvalue of its Hessian. Recall
that, the (¢, j)th entry of the Hessian matrix of the surrogate function f;, (3), noted as

Hy, iy 1s

2 log(1 + t))* max{| 8|, 1} %, ifi = j,

0, otherwise.
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Note that the Hessian matrix H;, is diagonal and positive definite; therefore one can eas-

ily find its minimum and maximum eigenvalues. So the condition number of function

F,(B) = 2 |y — XB|; + A fi(B), noted as &y, is

+ )\Htk>
X 4 /\Htk>
Ao (X2) + Mo (Hy,)

(
(
Ain (X2 + M (HL,)
(
(

- e (4.30)

—| 3

X

in

><
><

IN

(4.31)

»

m X X—TZ > + A)\ma‘x (Htk)
)\Amm (Htk)
A X;X> 3t3 [log(1 + tk;)]
= 4.32)
2 [log(1 + )]
323 A\ ax (XTX>
2 [log(1 + #4)]” tk

333)\max( )]) ( ) 433)

2\ [log(1 +

IN

a
a

Equation 4.30 is due to the definition of the condition number. Equation 4.31 is because of
the two fact. First, for the maximal eigenvalue of summation of two matrix A + B, i.e.,
Amax(A + B), is no more than summation of maximal eigenvalue separately, Apax(A) +
Amax(B). Second, similar to the maximal eigenvalue, the minimal eigenvalue follows the
similar rule that A\, (A 4+ B) > Apin(A) + Apin(B). The equality in Equation 4.32 is due
to the fact that matrix H,, is diagonal with positive diagonal entries. The = in Equation 4.32
refers to

x = max {|f5;] : §; is the ith entry in 3} .

Equation 4.33 is because that {;, > 7 and we assume that throughout the algorithm, all
elements in 3% (k = 1,2...) is bounded by B.

By calling Theorem 3.7 in [135] (i.e., the theorem in subsection 4.6.3 in this paper), we
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can prove the statement in Theorem 4.3.1. The details of the proof are listed as follows. Re-
call that we want to minimize £}, (3) for a fixed k. From the previous analysis, we can find
that £}, (3) is Ly-smooth and 1i-strongly convex, where Lj, = Apax (x;_x + )thk> and

e = Amin (XTTX + )\Htk> . Consequently, the condition number in the kth outer-iteration

.
3B3 Amax (ﬁ

Rk = % can be upper bounded by WJFT;]Q)—F (g)g forany {k =0,1,2,...:ty > 7}.

For a fixed k, when applying AGD to minimize F;, (3), our steps, which are line 8
- line 10 in algorithm 10, follows the AGD steps that are presented in Equation 4.25-
Equation 4.27, by setting ayy = /2%, g, = %, Vi = m According to Equa-

tion 4.28 in Theorem 4.6.5, if

ﬂ—%fPﬁww%—Fhm+%<M+i)VWWﬂwaﬂ

Vi |
Cr
1 el A ~
— (Mkz + %) V(I B < &, (4.34)
Dy,

then Fj, (,B(k)[sl) — Fimin < € with a given €. Here in Equation 4.34, we have @C =
arg ming Fy, (B) and function V'(-, -) has been defined in subsection 4.6.3.

We then solve the inequality in Equation 4.34 to get an explicit formula for the quantity
s. To achieve this goal, we simplify Equation 4.34 first. Note that quantities C, and Dy, are
defined via underlining in Equation 4.34. It can be verified that D;, > 0. This is because
v(x) = ||x]|3 /2 (recall the definition of v(x) in subsection 4.6.3) is a convex function, i.e.,

we have

~ -~

V(BB = u(By) — [p(8 ) + (B, — BT84V > 0.

Since D, > 0, if we have

(1 — )’ Cp < &,
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then the inequality in Equation 4.34 will be satisfied. By introducing simple linear algebra,

the above inequality can be rewritten as

which gives

> = ) 4.35
— —log(l—a) —log(l—ay) (4.35)
Furthermore, we know log (ﬁ) >zfor0<z<1,soif
s (%)
5> —————, (4.36)

677

then the inequality in Equation 4.35 holds. In summary, if we have Equation 4.36, then we
have F,, (B®F) — F, (8,) < &.

Now we will show that, both a—lk = \/% and log(Cy) in Equation 4.36 can be bounded
by a constant that does not depend on k (or equivalently, ¢;). First, we prove that aik = \/%
can be bound. This is essentially the argument that have been used in the step Equa-

tion 4.33. Second, we prove that Cj, is also bounded. Because we have

1 NN
Cr = Ftk (ﬂ(k)[O]) - Fk,mig‘i_ Qy <,uk + %> Y(B(k l)mvﬁk) .
.2

Note that quantities Cy, 1, Cy 2, and Cy, 3 are defined via underlining in the above equation. It
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is evident that Cy, ; and Cy, 3 are bounded. For Cy, », we have

Cr2 = i,

because we set v, = 7 Since i, is bounded above by a constant, quantity Cj o is

#k(lﬁak
bounded as well. By combining the above several block, we know log(Cy) is bounded.

In conclusion, after ' log(1/€) inner-iterations, one is guaranteed to achieve the fol-

lowing precision

Ftk(ﬁ(k)) - Fmin,k S gku

where €, = ?’)\—g log(1 + t;,)]” and C} is a constant that does not depend on the value of t,

(or k).

Proof of Theorem 4.3.2

Proof. We start by showing that, for any ¢ > 0, one has

F(BW) — F(B) < Ap(2B + 1)t;.
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This is because of the following sequence of inequalities for any 3 € R”:

F(B™)

IN

IN

IN

IN

IA

IA

oxatf o)

2 p
2y — xg® \ (k)‘
y B8 T ;1 B;

p
— [y —x8%" FAD " Fu () = Ap [fi(2) = 2] o=s (4.37)
=1

2 p
k
5 ||y —x8% 2+A;ftk<5§ )+

_ log(1 +t)]* + ? log(1 + t;,)]” (4.38)
k

log(1 + t)]°
ApB |[1— |28
b { 3B

Ly

1 2 u
o [y =xBY |+ 2D A8 +
=1

1 2
1_
<1—|—tk)

1 2 i Ap
~ly-x WH A ) 4 o2pBty — 2L og(1 + t,,)]
— [y —x8%| + D Fu(8) + 2pBti = 5 (1 + 1) +

Apti (4.40)

_w
3B

ApB log(1 + t4)]* + Apts (4.39)

1 2 Ld A
2 v = xg® (k) 4 2
|y —x8 H;A}i:ljftk(@ )+ Ap(2B + 1)t — T2 [log(1 + 1)

1 ~(k)||2 P ~
oy = XBY| A £ B+ ap(2B 4 1)t -
=1

AP

T log(1 + )] + & (4.41)
Lly - xg" H2 + A Ep: Fo (B + Ap(2B + 1)ty (4.42)
on 2 — kAT

1 12 L ~

o v - XﬂH2 A Zl Fu (B)) + \p(2B + D)t (4.43)
1 12 ~

— [y -xa], + BHl—l—)\p(QB—l—l)tk (4.44)

~

F(B) + \p(2B + 1)ty
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where Equation 4.37 is due to the left side hand of Equation 4.8, i.e., [f;, () — |z|] |s=5 <

fi(x) — |z|. And Equation 4.37 is by plugging in the value of [f;, () — x] |,—¢. Equa-

tion 4.39 utilizes the inequality

1+t (1 4 ;) and inequality log(1 + tx) < t4.

Equation 4.40 uses inequality 1 — < 2t;. Equation 4.41 is because that we assume

m
the precision in kth inner-iteration is £, (3%) — F}, (B(k)) < €. Equation Equation 4.42 is
owing to the fact that we set ¢, = g—g [log(1 + tk)]Q. Equation 4.44 is due to the right hand
side of Equation 4.8, i.e., fi(z) — |z| < 0. Equation 4.43 is because B(k) is the minimizer
of F}, (8), so Fy, (ﬁ(k)

4.2.2.

) < F, (B) Equation 4.44 is because f, (x) — |z| < 0 in Lemma

Through the above series of equalities and inequalities, we know that
F(B®) = F(B) < Ap(2B + 1)ty (4.45)

Besides, in the statement of the theorem, we have

k> 1
~ log(1—h) Og< € )

which is equivalent to

So the right side of Equation 4.45 isn’t larger than €. Thus, we prove that, when k£ >

g7 108 <M> , we have F(B") — F(8) < e.

Proof of Theorem 4.3.3

Proof. The total number of numeric operations is determined by three factors, namely
(1) the number of out-iterations, (2) the number of inner-iterations, and (3) the number

of numeric operations in each inner-iterations. We adopt the assumption that different
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basic operations can be treated equally. We have discussed (1) and (2) in subsection 4.3.1
and subsection 4.3.2, and we discuss (3) briefly here. The main computational cost of an

inner-iteration in our proposed algorithm lies in line 9 of algorithm 10, which is the matrix

n

e s T s T s . .
multiplication in ﬁﬂk (5%)[ ]) = Xn_xﬁ(k)[ Xy | Wﬁk (B(k)[ ]). With matrix

XTX
n

T . o . .
, ¥ being pre-calculated and stored at the beginning of the execution, the calculation
of Wﬂk (BWE) requires O(p?) operations.

Now we count the total number of numerical operations that are need in our proposed

method to achieve the e precision. We know that to achieve F(ﬁ(k)) — Fin < €, we need

at least (Theorem 4.3.2)

-1 Ap(2B + 1)t

N2 o p(2B + 1)ty
log(1 — h) €

outer-iterations. Furthermore, we know that the number inner-iteration in an inner-loop k

is O(log(gik)) with a hidden constant which can be universally bounded, and the number of

operations in each inner-iteration is p?. Therefore, the total number of numerical operations

to get the estimator 3% with precision F(3%) — F (B) < e can be upper bounded by the
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following quantity:

’EN
WE
3

(i) (4.46)
€k
k=1
N
3B —1
= p? Z log (A—p [[log(1 + t.)]°] ) (4.47)
k=1
N N
3B
= p? Z log ()\—) —p? Z log ([log(1 + tk)]Q)
k=1 p k=1
N
3B
= p?Nlog <_p) 2p* Zlog (log(1 +tx))
k=1
N
3B t
< p*Nlog ()\_p) — 2p? Zlog (1 —l-ktk) (4.48)
k=1
2B N N
= p*Nlog ()\_p) — 2p? Z log (t;,) + 2p° Z log (1 + 1)
2B N B N
= p?Nlog ()\_p) 2p> Zlog (to(1 — h)k) + 2p? Zlog (14 tg)
= k=1
2B N N
< p*’Nlog (E) —2p> ) "log (to(1 — h)*) + 2p” Ztk (4.49)
k=1
3B al
= pleog()\—p)—Q Z[log(to)—i—klog (1 —h)] + 2p Zto (1—nh
k=1
o, 3B
= leog()\—p)— >N log (to) — 2p*log (1 — h Z/{:+2p Zto (1—nh
B N+ 1)N
= p*Nlog (?;\_p) — 2p°N log (t9) — 2p* log (1 — h) (+T)
to |1 —(1—h)N
= O(N?)

where Equation 4.47 is derived by plugging in that €, = :,’)\—g log(1 + t)]*>. To be more
exactly, there is a hidden constant related to the big O notation in O <10g <€lk)) in Equa-
tion 4.47, however, as mention in the proof of Theorem 4.3.1, this hidden constant can be

bounded universally. So in Equation 4.47, we omit this hidden constant. Equation 4.48 is
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derived due to the inequality that log(1 + z) > 15 forz > 0. Equation 4.49 is derived due

to the inequality that log(1 + x) < x for x > 0. O

Proof of Proposition 4.5.1

Proof. Because 3 is the minimizer of sy —Xg 17 + \||B]l;, we can get its first-order

condition as:

1 ~ ~
- (XTX5 + XTy> + Asign (,8) —0 (4.50)
n

And because /3 is the minimizer of sy — X B3 + Af: (B), we can get its first-order con-

dition as:
1

n

(XTXB n XTy) LAV, (B) —0, 4.51)

where V f; <B> is the gradient of f; (B) By subtracting Equation 4.50 from Equa-

tion 4.51, we have

1
n

XTX (B~ B) +A|V/.(8) —sien (B) | = 0.
~ T
By left multiplying (ﬁ — B) on both sides of the above equation, we have

(5-3) Xx(3-8) 1(5-3) [0 (5) -sen(3)] -

S|

The above is equivalent to

3) s

. .
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Because f; (3) is a convex function, we have

(B-5) x7x(8-B) <= [1(B) - (B)] + 18 sen (B) - 8] -

S

So we have

2 E-B) = =2[1(3) -1 (3)] 2

Bl

When ¢ — 0, we have f;(3) very close to ||3

1» S0 we have 1
n

2
— 0. O]
2

x(8-8)

Proof of Proposition 4.5.2

Proof. From Proposition 4.5.1, we know that
~ ~ 2
[x(3-5)],~o
2

whent — 0, Whereﬁ = arg ming % lly — X,@Hg—i-)\ 18l andB = arg ming ﬁ lly — XBH§+

Afi(B). The above can be written as

X (BS _ BS> 4 Xg B =0, (4.52)

where S is the support set of 3 and [|8[|3 ~ 0. By left multiplying (X Xs) ~' X7 on both

sides of Equation 4.52, we have
~ ~ -1 ~ -1
(Bs — Bs) + (X&Xs) ™ X{Xs:Bs. = (XEXs) ™' XT0, (4.53)
By left multiplying X, on both sides of Equation 4.52, we have

X Xs (BS _ BS> + XL X Bse = XL.0, (4.54)
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where XLC is the pseudo-inverse of matrix Xs.. The mathematical meaning of pseudo-
inverse is that, suppose Xs. = UXV, which is the singular value decomposition (SVD) of
Xse. Then XTSC = VXU, For the rectangular diagonal matrix X, we get X' by taking
the reciprocal of each non-zero elements on the diagonal, leaving the zeros in place, and
then transposing the matrix.

By reorganizing Equation 4.53 and Equation 4.54 into block matrix, we have

T (XIXs) ' XX Bs—Bs | [ (XIXs)'Xfo
XL Xs XL Xse Bs. XL.8
M
" N 2
Bs—B
Through this system of equations, we can solve S~ 8 as
Bse
2
L 2 X 2
Bs — Bs ~ =% x |? _ (X§Xs) X506
_ — [Bs = Bs| + [Bs:|| = ™
Bse 2 2 X:rgc5
2 2

Because for a matrix A and vector x, we have |Ax|5 < ||A||% |Ix]|5, we can bound

HBS - Bs z + Hﬁs

2
as
2

2
(X5Xs) ' X$6

XL.o

IN

2
—1112

(|
2 F

[Bs - 8|, + s

2

B 2
— M <H(xgxs) x|+ [xto

L)

2 g~ 12
+3s:
2 Ps 2

Because |[M ™|, < y/rank(M~1) || M|, , we can further bound HBS — Bs
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as

2
2

s~ +

rank(M) [ M (

IA

’(X}‘Xs)lxgaHz + x50

)

_ 1 2 —1 2 t 2
— rank(M™) {Am—(M)} (H(ngs) x5 +|x JL). (4.55)
2
For H (XiXs) ™ X}(SH in Equation 4.55, we have
2
2
-1
(XsXs) Xsd| = |Qdl;
Q :
|S]
= > (q/9)
=1
S|
2 2
< D llall3 1615
i=1
= QI 1815

where q; denotes the ith row in matrix Q, and Q denotes (X! Xs) - X§. Because Q[
_ 2
is bounded and ||| — 0, we have H (XsXs) 1 X;(sHQ -0

2
in Equation 4.55, following the similar logic, we have

For HXTcé
2

2 2
(59501 I 98 g 18
2 F

2
Because HXTC is bounded and ||| — 0, we have HXTcé
F

‘2
2.

For A\in(M) in Equation 4.55, let us start with a general eigenvalue of matrix M, and

we denote the eigenvalue of M as A(M). If we prove that all the eigenvalue of matrix
M is strictly larger than 0, than %(M) can be bounded. This is equivalent to prove that

M — A(M)I is positive semidefinite for any eigenvalue A(M).
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If we denote M* = M+TMT, then we notice that A\(M) = A\(M*). We will verify that
M* — A(M)I is positive semidefinite under the conditions of Proposition 4.5.2. To verify

it, we know that for any «, 3, we have

<C¥T /8T>M* o
B

(1= NI A+BT a
AE XL X+ 3 (XEXs) -1 ) | B
1 1 T
= (=Nl +87 {ixgcxgc +5 (chxsc> - )\I] B+
a'(A+B')g, (4.56)

where A = (X}XS)_1 XIXse, B = XL Xs. For the last term in Equation 4.56, we can

apply SVDto A + BT, iee., A+ BT = U;X,V, then we have

la"(A+BNHB| = a'U; T, V10

IA

O—max(zl) <aTU17 V1ﬁ>

IN

Umax(zl) HaTU1||2 HV1/6H2

O'max(zl) HaTHQ H/BHQ

1
Somae(Z0) ([l [[3 + 1813) -

IN

IN

where 0., (21) is the maximal absolute value in the diagonal entry of ¥;.
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By plugging the above result into Equation 4.56, we have

(aT IBT)M* «
B

> (1= lald+ 67 | 3X0Xe 45 (X0 Xe) =21 8
“laT(A+B)8
> (1= el +

1 1
T T

—XeeXge + =
/8|:23 S+2

1
_§UmaX(21) (Ha—er + HBH%)

= (1 —A— 1amax(21)) % + (4.57)

(){fggcsc)T = )\I} &

5" Exgcxsc + % (chxscf _ ()\ + %amaX(El)) I] 3,
where 0y, (X1) is the maximal absolute diagonal value of matrix ;. Because we have
o (X1) < 2, so the first term in Equation 4.57 is greater than 0. Besides, because the mini-
mal singular value of %Xt - Xge —|—% (XLCXSC> ! is larger than %Jmax(Zl), i.e., %X;CXSC +
% <XTSCXSC)T = U335 Vs and 20, (X3) > 0pmax (21), the second term in Equation 4.57
is also greater than 0. Thus, we prove that M* is a positive semidefinite matrix, whose
eigenvalue would be strictly larger than 0. According, M, which shares the same eigen-

value with M* also has eigenvalues strictly larger than 0. So we have bounded.

mln(M

2
In conclusion, because A, (M) is bounded, (XEXS) ! ‘ —
2

—> 0, and HXTC
2
0, we have

-8, s = B[, + |Bs-], 0
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CHAPTER §
CONCLUSION AND FUTURE RESEARCH

In this chapter, we summarize the contribution of the previous four chapters and discuss

the future works.

5.1 Summary of Our Contributions

This thesis have four main works, and each work is presented in one chapter. Chapter 1
discusses the hot-spots detection in spatio-temporal data. Chapter 2 improves the method-
ology in Chapter 1. Chapter 3 proposes the SAPDEMI method to identify the underlying
PDE models from noisy data. Chapter 4 develops an efficient algorithm to solve the Lasso-

type problem. The contributions of these four chapters are summarized as follows.

e Chapter 1:
In this chapter, we have three contributions. First, we focus on the hot-spots detec-
tion in the non-stationary multivariate spatio-temporal data, while most of the ex-
isting work focuses on either univariate spatio-temporal data, or the spatio-temporal
data with 1.1.d. background or following simple probability distribution. Second, our
research work helps with sparse hot-spots detection in multivariate spatio-temporal
data, while the traditional SPC mainly focuses on detecting global or system-wise
hot-spots. Third, we propose to use tensor decomposition method to model mul-
tivariate spatio-temporal data, which can be easily extended to more complicated

spatio-temporal data.

e Chapter 2:
In this chapter, we improve the methodology in Chapter 1 both statistically and com-

putationally. The statistical improvement is the capability to detect hot-spots with
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temporal circularity, instead of temporal consistency as in Chapter 1. The compu-
tational improvement is the development of a more efficient algorithm with lower

computational complexity.

Chapter 3:

The statistical contribution in this chapter is that we realize the identification of un-
derlying dynamic models, which can also be called “model selection” in the statistics
terminology, while lots of existing literature focus on “parameter estimation”. Mean-
while, we establish the statistical properties of our method in the context of model
selection, which has not been reported in the literature. The computational contri-
bution of this chapter is that our proposed method is computationally efficient in the
functional estimation stage, since it only requires the computational complexity of
the linear polynomial of sample size, which achieves the theoretical minimal lower

bound.

Chapter 4:

We propose an efficient algorithm to solve the Lasso problem, which is faster than
the state-of-the-art algorithms for Lasso. Namely, the state-of-the-art algorithms
can only guarantee O(1/¢) or O(1/4/€) convergence rates, while we can prove an

O([log(1/¢€)]?) for the newly proposed algorithm.

5.2 Future Research

This thesis contributes to three areas: (1) hot-spots detection in spatial-temporal data, (2)

PDE-based model identification, and (3) optimization in the Lasso-type problem. For the

above three areas, there are some promising future research ideas, whose detailed descrip-

tion is listed as follows.

e hot-spots detection in spatial-temporal data:

In both Chapter 1 and Chapter 2, we assume that after applying some transforma-
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tions to the raw data, the transformed raw data would follow the normal distribu-
tion. Specifically, in Chapter 1, we assume that the logarithm of the number of
crime events follows the normal distribution, and in Chapter 2, we assume that the
logarithm of the number of gonorrhea events follows the normal distribution. It
can be seen that, the datasets we use in Chapter 1 and Chapter 2 — the number of
crime/gonorrhea events — are both count data. In the future, we would like to re-
search on the Poisson distributions and take the effect of popularization size into

considerations.

PDE-based model identification:

In this area, there are three promising future research directions. First, in Chapter 3,
we take the spatial variable € R as an illustration example, and it would be inter-
esting to investigate the case when the spatial variable x € R? (d > 2) due to its wide
existence in practice. Second, future research could consider the interaction between
the spatial variable and the temporal variable. For instance, we can explore the time-
varying coefficient 3(t) = (8:1(t), ..., Bx(t))" in Equation 3.3. Besides, we can also
consider the case when the €] in Equation 3.2 has spatial-temporal patterns. Third, in
our paper, we utilize the cubic spline in the functional estimation stage, and it would
be interesting to investigate other fitting methods, such as B-splines, reproducing

kernel Hilbert space and so on.

optimization in the Lasso-type problem:
In Chapter 4, we take the Lasso problem as an illustration example, whose lose func-

tion is the summation of squared residual, i.e., ||y — X 3||3. Future research could

consider generalized loss functions, for instance, the Huber loss, the 0-1 loss func-
tion and so on. Moreover, future research can investigate the necessary and sufficient

conditions of the surrogate function paths to realize the homotopic method.
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