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Abstract

Detecting when the underlying distribution changes for the observed time series is a fun-
damental problem arising in a broad spectrum of applications. In this paper, we study
multiple change-point localization in the high-dimensional regression setting, which is par-
ticularly challenging as no direct observations of the parameter of interest is available.
Specifically, we assume we observe {x¢,y;}7-; where {z;}}_, are p-dimensional covariates,
{ys}7_, are the univariate responses satisfying E(y;) = x5} for 1 <t < n and {8/},
are the unobserved regression coefficients that change over time in a piecewise constant
manner. We propose a novel projection-based algorithm, Variance Projected Wild Binary
Segmentation (VPWBS), which transforms the original (difficult) problem of change-point
detection in p-dimensional regression to a simpler problem of change-point detection in
mean of a one-dimensional time series. VPWBS is shown to achieve sharp localization
rate Op(1/n) up to a log factor, a significant improvement from the best rate O,(1//n)
known in the existing literature for multiple change-point localization in high-dimensional
regression. Extensive numerical experiments are conducted to demonstrate the robust and
favorable performance of VPWBS over two state-of-the-art algorithms, especially when the
size of change in the regression coefficients {5; }7; is small.
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1. Introduction

Change-point detection and localization is a classical problem in time series analysis, in
which we record a series of measurements and wish to determine whether and at what
time(s) the underlying generative model has changed. Due to its flexibility, the model of
a time series with multiple structural changes has a wide range of applications including
econometrics [Bai and Perron (1998)], epidemiology [Jiang et al. (2021)], stock price analysis
[Chen and Gupta (1997)], Internet security monitoring [Peng et al. (2004)], and genetics
[Castro et al. (2018); Zhao and Yau (2021)].

Change-point detection is mostly studied and well understood in the mean change-point
model, where we typically assume we observe a time series {y;}{"_; C R? such that

yr=0f +e, forall 1 <t <n.

Here {e:}}_, are independently and identically distributed measurement noise with mean
zero and {f;}}_; are the population mean vectors that change over time in a piecewise
constant manner. The important task is to determine whether and where the structural
changes of {f3;}}- take place. There is a vast literature of change-point detection in mean
for both low and high dimensions, see for example Frick et al. (2014), Cho and Fryzlewicz
(2015), Cho et al. (2016), Yau and Zhao (2016) and Wang and Samworth (2018). More
recently, Pein et al. (2017) introduced a method that can handle mean and variance changes
simultaneously. Cribben and Yu (2017), Wang et al. (2021) and Zhao et al. (2019), among
others, investigated the mean change-point problem for the dynamic Bernoulli network
models. Enikeeva and Harchaoui (2019) studied the optimal change point detection bound-
ary in the high-dimensional settings. Xie et al. (2020) considered online monitoring change
point detection for streaming data in high dimensions.

However, in some other practical settings , we can only obtain indirect measurements of
the (potentially high-dimensional) vectors {3} }}_. Specifically, in this paper, we consider
change-point detection in high-dimensional linear regression. We assume we observe the
time series {x¢, y¢ }i ¢, where {z+}}" ; are p-dimensional covariates, {y:}}-; are the univariate
responses satisfying B(yz;) = =/ 8; forall 1 < t < n and {B;}7_, are the unobserved
regression coefficients that potentially change over time. We formally summarize the model
as follows.

Model 1 (Change-point model in the regression setting) Suppose for 1 < t < n,
the random covariate xy € RP and response y, € R satisfy

Yt = l’tTﬁt* + €1, (1)

where the noise e, "% N(0,02) and is independent of the covariate x; A N(0,2)L. In
addition, there exist K > 0 change-points {n}_,  {1,...,n — 1} such that

B =8 if M1 +1<t<t' <m, foral k=1,--- K+1,

where by convention we define ng =0 and ng4+1 = n.

1. We assume for convenience that €; and x; are normally distributed. However our results remain valid as
long as e; and x¢ are i.i.d. sub-Gaussian random variables.
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Notation: Before we proceed, for clarity of presentation, we first introduce necessary
notation used throughout the paper. For two positive sequences {ay}2; and {b,}5° ,, we
write a, = O(by,) if there exists C' > 0 such that limsup,,_, . a,/b, < C and write a, < b,
or ap = O(by,) if a, = O(by,) and b, = O(a,). We write a,, = by, if liminf, , a,/b, = cc.
Let {xy,}22, be a sequence of random variables. We write z,, = O,(by,) if x,,/b, = Op(1) and
write x, = op(by) if ,, /b, = 0p(1), where O,(1) and o,(1) follow the standard probability
notation of big O (stochastic boundedness) and small o (convergence to zero in probability).

For a vector 3 € RP, denote ||B|l2 = 1/>_F_, 8? as its l2 norm, denote || 3]l = maxi<i<p|Gi

as its loo norm, and denote [|S]lo = D5, I(8; # 0) as its Iy norm, where §; denotes the
ith element of 8 and I is the indicator function. Given two natural numbers s < e, for
simplicity, with a slight abuse of notation, we denote [s, e] := {t € N|s <t < e} and denote
(s,e] := {t € N|s < t < e}. In other words, [s, €] contains all natural numbers from s to
e (inclusive) and (s, e] contains all natural numbers from s+ 1 to e (inclusive). Throughout
the paper, we use ¢ and C to denote generic absolute constants independent of n and p,
and the value of ¢ and C' may vary from place to place.

For change-point detection in Model (1), the key task is to estimate the unknown
{me}_,. For any change-point estimator {ﬁk}ﬁip we say it is consistent if, with prob-
ability approaching 1, K/ = K and the sup-norm error satisfies

. Tk — |
€= max T = op(1). (2)
for all sufficiently large n.

In the literature, change-point detection for low-dimensional (p < n) linear regression
models has been extensively studied by many authors including Bai and Perron (1998), Qu
and Perron (2007), and more recently Zhang et al. (2015b). Most of the existing works in
this setting focus on the case where the number of change-points, K, is a fixed constant.

Change-point detection for the high-dimensional linear regression model where p > n,
has also received recent attention. In particular, Lee et al. (2016) extended Lasso to the
high-dimensional single change-point setting and showed that both the change-point and
the regression parameters {§;}}; can be consistently estimated. Later, Lee et al. (2018)
extended their results to the high-dimensional quantile regression model. Kaul et al. (2019)
proposed a highly efficient algorithm for the setting of exactly one change-point. Both Lee
et al. (2016) and Kaul et al. (2019) showed that in the single change-point setting, the
change-point can be estimated with sup-norm error satisfying e = O,(1/n). Zhang et al.
(2015a) studied the Sparse Group Lasso (SGL) algorithm for the multiple change-points
setting. The authors showed that SGL returns consistent change-point estimators with
€ = 0p(1) when the number of change-points K is bounded. Leonardi and Biithlmann (2016)
showed that, by using a binary search algorithm, consistent estimation can be achieved with
€ = Op(1/4/n) even when the number of change-points K diverges as n — oo.

In this paper, we focus on the high-dimensional regime (p > n) and propose a compu-
tationally efficient algorithm that can consistently estimate the unknown multiple change-
points at the minimax optimal localization rate O,(1/n) up to a log factor. To the best
of our knowledge, no other method in the literature can achieve this rate for multiple
change-points estimation under such setting. We refer to more detailed discussion of our
contribution at the end of this section.
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We proceed by imposing some mild general assumptions on the high-dimensional regres-
sion setting in Model (1) and define key quantities that are used to quantify the localization
error rate and requirements on the signal-to-noise ratio (SNR) of various change-point es-
timation methods for Model (1).

Assumption 1
a. [Design matriz] There exist absolute positive constants ¢, and Cy such that the minimal
and mazximal eigenvalues of the covariance matriz ¥ satisfy Amin(X) > ¢z and Apax(2) <
Cy.
b. [Sparse support] There exist a collection of subsets {Sx}r ' C RP such that, for all
k=1, ,K+1,

Bri=00dfm_1+1<t <1 and j € Si.
In addition, the size of the support satisfies maxi<g<x+1 |Sk| < s and there exists an absolute

constant Cg such that maxi<i<y ||5f]|cc < Cg < 0.

Key quantities: Define M := maxi<i<y, ||5;|3. By Assumption 1b, we have 0 < C’gs.
Moreover, by Assumption la, we have Var(y;) = B ' S8; + 02 > c.||37]13, and thus M <

maxi<¢<n Var(ye)/cg. For k=1,--- K +1, denote Ay = n — nr—1 as the spacing between
two consecutive change-points and define A = minj<i<g 11 Ay as the minimum spacing.
In addition, for £ = 1,--- K, denote x; = Hﬁ;kH — B H2 as the lo-norm of the change in

regression coefficients and define £ = minj<j<x K as the minimum change size. Intuitively,
the difficulty of change-point detection for Model 1 depends on the interplay among K, &,
A, s, the dimension p and the sample size n.

We remark that our later theoretical analysis allows the number of change-points K,
the minimum change size k, the minimum spacing A, the sparsity s and the dimension p
to vary with the sample size n. To our best knowledge, this is among the most flexible
frameworks in the literature.

Our contributions: For change-point estimation in the high-dimensional regression
model, we propose a novel two-stage detection procedure named Variance Projected Wild
Binary Segmentation (VPWBS). Given the observations {x,y:};~,, in Stage 1, VPWBS
estimates the regression coefficients {f5;}}_; using a group Lasso based local screening
algorithm carefully tailored for the high-dimensional regression change-point setting. In
Stage 2, via a novel projection step, VPWBS projects the high-dimensional regression data
{z¢,y:}7~, into a one-dimensional time series, where the optimal projection direction is de-
rived from the estimated {Bt}?zl in Stage 1. Subsequently, VPWBS achieves change-point
estimation by performing mean change detection via CUSUM statistics on the resulting
one-dimensional time series.

Our theoretical analysis shows that VPWBS can achieve consistent estimation even
when the number of change-points K diverges as n — oo. Furthermore, the sup-norm error
€ (defined in (2)) of the VPWBS change-point estimator is, up to a log factor, of order
Op(1/n), which is the known minimax optimal rate. To the best of our knowledge, this
is a significant improvement for multiple change-point estimation in the high-dimensional
regression setting, as the aforementioned existing literature can only achieve € = O,(1/y/n)
at best. A key step of VPWBS is the estimation of an optimal projection direction. In the
theoretical analysis, we establish error bounds on the estimated high-dimensional projection
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direction, which may be of independent interest. VPWBS admits a reasonable computa-
tional cost of order O(n(log(n))? - GroupLasso(n, p)), which enables its implementation in
the high-dimensional regression setting. Here GroupLasso(n,p) denotes the computational
cost of the group Lasso for a p-dimensional regression with n samples. Similar definition
applies to Lasso(n, p). We summarize the localization error bound and computational cost
of VPWBS and two other state-of-the-art methods in Table 1 and refer more detailed dis-
cussions to Sections 3 and 4.

Localization Error Bound € | SNR Condition Computational Complexity
VPWBS Op(MNlog(n)n=1) Ar? = slog(pn) | O(n(log(n))? - GroupLasso (n,p))
EBSA Op(slog(p)n=1/?) Ar? = Nslog(p) O(nlog(n) - Lasso (n,p))
SGL op(1) Ar?=<n O(Lasso(n, np))

Table 1: SGL (Zhang et al., 2015b) and EBSA (Leonardi and Biihlmann, 2016) are
two state-of-the-art methods developed for change-point estimation in high-
dimensional regression. Recall 91 < Cgﬁ and we refer the detailed definition of
notation n, p, A, k, 5,91 to Assumption 1 and the discussion on key quantities.

The rest of the paper is organized as follows. In Section 2, we introduce the projec-
tion based change-point estimation framework and a group Lasso based local screening
algorithm for the estimation of the optimal projection direction. Building upon wild bi-
nary segmentation, Section 3 proposes the VPWBS for multiple change-point estimation
in high-dimensional regression and further establishes its optimal theoretical properties.
Extensive numerical experiments are conducted in Section 4 to demonstrate the promising
performance of VPWBS when compared with state-of-the-art methods in the literature.
Section 5 concludes with a discussion. Technical proofs can be found in the supplementary
material.

2. A General Framework and Group Lasso Based Screening

In this section, we introduce the general framework of the proposed change-point estimation
procedure for the high-dimensional regression problem in Model (1). Specifically, Section
2.1 discusses the essential idea of a projection based change-point detection framework and
Section 2.2 proposes a group Lasso based screening algorithm for estimating the unknown
projection direction.

2.1 A projection based change-point estimation framework

To ease presentation, we start the discussion with the problem of single change-point
estimation. Specifically, given a sample of high-dimensional regression {x,y:};~,; with
yr = = B} +&4, assume there is a single change-point at an unknown time point 7 such that

Br=pWfor1<t<npand g =? forn+1<t<n.
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To detect the existence of 17 and further estimate its location, we need to measure and test
the difference between the unknown regression coefficients BM) and @,

For two regression coefficients (1) and 8?) it is natural to directly measure their differ-
ence via the lo-norm ||3(") — (|13, However, under the regression context, an arguably more
relevant alternative is (31 — g@) Ty (BN — 8?)), which equals to Var(z/] (B — 5?)) as
Var(z;) = 3. Note that under Assumption la, we have that

col|BY = BP|3 < (B — @) Tx(pM) — g@)) < 0, |81 — @) 2.

Thus, in terms of theoretical magnitude, || — 8?2 and (B — @) Tx (M — 52)

are the same and both can capture the change in the regression coefficient. However,
compared to Hﬁ(l) — 6(2)\\%, the quantity (5(1) — 5(2))T2(ﬁ(1) — ﬁ(z)) further incorporates

the covariance structure ¥ of the covariates and thus can better reflect the difference be-

tween two regression models y = 28 + ¢ and y = 27B3® + e, We therefore prefer

(BN — g T (M — 32)) for change-point estimation. We remark that (3() — @) T2 (g1 — g(2))
is closely related to the explained variance in the regression literature, see for example Cai

and Guo (2020).

For any 1 < m < n — 1, define By(;) = >, Bf/m and 67(,%) =Y 1 B/ (n—m).
Note that ﬁfﬁ) and 67(5) are the unique minimizer of the population squared loss func-
tion E(3_1%, (yr — x 8)%) and E(X) .1 (v — x] B)?), respectively. As a function of m,

(57(&) — Bg))TE(,Bﬁ,P — [3’7(7%)) achieves its maximum at the true change-point m = 7 due
to the fact that B,(ﬁ) — s = min(ZL, 2=1) (1) — 32y Thus, the sample estimate of

(67(11) — @@)TZ(@%) — 57(3)) can be valuable for the detection and estimation of 7.

7(7%) — 7(3)), a natural choice is

Given a time point m, to estimate (55,1) - g))TE(
the plug-in estimator. Specifically, via a penalized M-estimator, we can obtain 57(,%) from
{z¢, ye}72, and B2 from {zt,y¢}iey1- Combined with a covariance matrix estimator 5,
the plug-in estimator takes the form (E,(,P — A,(,?))Tf](:%) — A,(f)). This in some sense resem-
bles the classical Wald-type statistics used in the change-point literature, see for example
Richard A. Davis (1995) and Huskova et al. (2007). However, the plug-in estimator requires
the estimation of 3. Without strong structural assumptions on 3, this is known to be a
difficult task in high dimensions.

To bypass this difficulty, we slightly alter the estimation target and propose an al-
ternative estimator via projection. Specifically, given a p-dimensional unit vector u with

|lull2 = 1, we define the one-dimensional variance-projected time series {Zt(u)}?zl as
zi(u) = UT%yt, fort=1,---,n.

A key observation is that {z;(u)}}; has a single change-point in mean at time point 7 as
long as u ' 2(BM) — 5(2)) £ 0. Importantly, if v = (81 — 32) /|81 — 83|y, we have that

l m B 1 n T n _ p®

o (m ; Zt(u) — t;’—l Zt(u)> =Uu E(Bm B’m )

i 0 (B~ B TE() 52

_mm(E’ e m) 181 — 32|, ) (3)

6
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which is proportional to the key quantity (3 — @) Tx(3(1) — ) and also achieves its
maximum at m = n. Note that we further have

(8) = min(-L, Z—Tye, | 50 — 5|,
m' n—m

Thus, the projection direction u = (V) — ) /|| — 5?5 is optimal in the sense that
it preserves the original change size ||3(1) — )|y of the regression coefficients. Therefore,
if the projection direction w is reasonably aligned with () — 82 we can efficiently detect
and estimate the change-point n by performing change-point estimation in mean on the
univariate time series {z:(u)}{"_;. To estimate the optimal projection direction, in Section
2.2, we propose a group Lasso based local screening (LGS) algorithm which provides an
estimated SV — (2.

Note that the above projection framework loses its intuition and becomes less effective
when {xt,y:}7~, contains multiple change-points. To tackle this issue, in Section 3, we
further combine the projection idea with the wild binary segmentation (WBS) in Fryzlewicz
(2014) and propose a multiple change-point detection algorithm named variance-projected
WBS (VPWBS). Roughly speaking, the strategy is to perform the projection based change-
point detection for {x;,y:}"; on many randomly generated intervals {(am,bm]}M_, with
1 <am+1<by, <n,instead of focusing on the whole sample on (0,n]. The hope is that
for a sufficiently large M, some random intervals will contain only one change-point and
the projection based detection method will succeed.

An illustrative example: To facilitate understanding, we provide an illustrative ex-
ample of how VPWBS works in practice. Specifically, we generate the data {xt,y:}7
according to simulation setting (i) in Section 4.2, where we have n = 300, p = 100 and there
are two change-points of {8;}1; at 1 = 100 and 7y = 200 with change size x = 1.61/40.
For illustration, we focus on one of the randomly generated intervals (104, 290], which con-
tains a single change-point at 17, = 200. Figure 1(a)-(b) plots the subsample observations
{z4, yt}giowg), where no clear pattern of changes can be seen. Based on the above discussion,
the optimal projection direction is

u* = (85, = Bn,+1)/ 18y, — Bpotill2 = (1,-1,1,-1...,-1,0,...,0)/V10.

10 90

Figure 1(c) plots the projected univariate time series {z;(u*) = u* "z, }7%9 5 and its one-
dimensional CUSUM statistics (see definition in (5) later). Note that there is a clear pattern
of mean change for {z;(u*)}?29,5 around the true change-point 7y = 200 and the CUSUM
statistics is indeed maximized at ¢ = 200. Figure 1(d) plots the projected univariate time
series {z(0) = U 2y }7%05 and its CUSUM statistics, where 4 is estimated by the LGS
algorithm in Section 2.2 using {z, yt}fgq% As can be seen, Figure 1(d) closely resembles
Figure 1(c) and thus confirms the success of the proposed projection based change-point
estimation framework.

Remark 1 Given the estimated p-dimensional vector B(l) — 3(2)/,\ an intuitive and tempting
alternative option is to detect change-points directly based on || — 3|3, However, we
remark that the extra projection step in our proposed framework helps further turn (and
simplify) the p-dimensional problem into one-dimensional change-point detection in mean.



WANG, ZHAO, LIN AND WILLETT

(a) Time Series x, (b) Time Series y,
E
A M i‘
£y
= | -
2 PR
A A
-
ks & - a* .4 ‘A Y
o ] A 4 oa A oAk, e at
© - A “ o, .
(=% = - " " Y N
= E ‘. a s ats Lob e, 4
- E = fa, R N e - “oa, 4 a
a . - ‘L . Aoy "
Y & . ata A ad La
o] st . LY A 4
S ., as " L . i "
., LI a4 . . -
- a = a aa b -
- 7 . .
ry - A
T T T T I
150 200 250 100 150 200 250 00
Time Time
(c) Population Projected Data (d) Projected Data
®  Population Projected Data ¢ Projected Data
& 1 |— Population CUSUM statistics & - |—— Projected CUSUM Statistics
—~ Population Change Point ~ — Detected Change Point
T == Selected Threshold t
2 2
]
© : o
° °
2 5 : 2 ST e e A e s s e s s e e =
=) | g
= | 2
= ] o
& | g
]
. N ve . .
" e § - ety em®
u - LN .
R R e h.-- h‘h‘-‘:{h‘,.r- y‘:w l.nh.:‘." o 4 Tegaa' _.h\\..o’- LOCRX : 3 ,ww“‘_:‘.f.
. . .
LT v ;e R Y S,
= [ = uE . o [ . .
e ! > T 1
T T T T I T T T T I
100 150 200 250 300 100 150 200 250 00
Time Time

Figure 1: Plots of (a) {x:}729,5 (b) {y:}705 (¢) {ze(u*)}7N5 and its CUSUM statistics
(d) {2:(0)}79,5 and its CUSUM statistics.

This projection step acts as a refinement and is essential for the proposed method to achieve
the minimax optimal rate (up to a log factor). In comparison, estimation error may accu-
mulate along the p coordinates for || B\(l) — 3(2) |3, making its theoretical analysis much more
challenging. See Wang and Samworth (2018) for a similar observation in change-point
detection for high-dimensional mean.

2.2 Local Group Lasso Screening (LGS)

In this section, we propose a local group Lasso based screening (LGS) algorithm for es-
timating the optimal projection direction given the observed high-dimensional regression

{xt, yt}?zl'
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Specifically, denote 1 < s+ 1 < e < n as the subsample index, LGS performs a variant
of the group Lasso on the subsample {z¢,:}{_, ; and computes

14 [
~ o~ o~ . 2
(Q1,02,V) ¢~ argmin { E (yt — 333041) + E (ye — UUtTOé2)2
ve[s'+1,e/—1], | 1=s11 t=v+1
aq,a0€ERP (4)

—i—)\z \/(V —s)(a1i)? + (e — V)(O‘27i)2}’
i=1

where s’ and ¢’ serve as boundary trimming parameters with s +1 < s’ +1 < ¢’ < e, and
A is the tuning parameter for the group penalty. In the following, for convenience, we set
s =s+[(e—s)/10] and ¢’ = e — | (e —s)/10/, and summarize the detailed implementation
of LGS in Algorithm 1.

Algorithm 1 Local group Lasso based Screening. LGS ({z¢, y¢ }1-1, (s, €], A).

INPUT: data {z,y:}};, subsample index (s, e, tuning parameter \.
Set s = s+ [(e —s)/10] and ¢/ = e — |(e — 5)/10] and compute

14 [
~ o~ o~ . T 2 T 2
(Q1,02,V) = argmin { E (ye — 041) + E (yt — zy az)
vels'+Le' 1], | j—s31 t=v+1
aq,a2€ERP

+A Z \/(1/ —s)(1,i)? + (e — 1/)(042,2-)2}.
i=1

OUTPUT: {&1, ag, /V\}

The proposed LGS algorithm in (4) is different from the classical group Lasso or sparse
group Lasso, as LGS explicitly targets the single change-point alternative in its formu-
lation by incorporating two separate regression coefficients «q and «s. Intuitively, when
the subsample is sufficiently large w.r.t. the signal-to-noise ratio (SNR) and contains only
one change-point 7, the output a; — as of LGS can estimate the optimal projection di-
rection S5 — B;; 41 accurately. Assumption 2 formalizes this intuition and Theorem 2
further establishes the approximation quality of a; — @s. Recall the definition in Sec-
tion 1 that k = minj<p<x H%H — ;kH2 denotes the minimum change size and A =
minj<p<i+1(Mk — Nk—1) denotes the minimum spacing between change-points.

Assumption 2

a. There exists an absolute constant Cy such that HB;';kH - B, H2 <Cyforalk=1,--- K.
b. [SNR] We have Ak? > Cgprslog(pn) where Cspy = Cypnr(n) is a diverging sequence as
n — oo.

Assumption 2a is a technical condition needed in the proof, which is also used in Lee
et al. (2016) and Kaul et al. (2019). Assumption 2b implies that A > Cj,,-x~25log(pn) >
ConrC; 25 log(pn), which is the standard SNR, condition in the Lasso literature. Note that
we require Cly,,» — 00 as n — 00, but the divergence rate can be arbitrarily slow.
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Theorem 2 Suppose Assumptions 1-2 hold and X = Cx+/log(pn) for some sufficiently large
constant Cy. Let (a1, aa,V) be the output of LGS ({xt, y+}7—1, (s, €], ). Suppose that (s, e]
satisfies e — s > A/2 and contains exactly one change-point n such that

e—s
10
Then with probability at least 1 — 2(pn)~*, it holds that

@ —82) = (8 = i)l < 356165 = Byl

mln{n - 5,6 — 77} >

Theorem 2 states that when the subsample {z¢,y;}{_,, | contains only one change-point
n and has sufficient number of observations, the proposed LGS algorithm can accurately
estimate the optimal projection direction 35 — 57, which serves as the foundation for the
later theoretical analysis of the projection based framework.

3. Variance-Projected Wild Binary Segmentation

In this section, we formalize the discussion in Section 2 and present the variance-projected
wild binary segmentation (VPWBS) algorithm for multiple change-point estimation in high-
dimensional linear regression of Model (1).

Note that the LGS algorithm and the projection framework in Section 2 are discussed
under the single change-point scenario. To further extend to multiple change-point estima-
tion, VPWBS employs the mechanism of wild binary segmentation in Fryzlewicz (2014),
where the essential idea is to perform single change-point estimation on M randomly gen-
erated intervals {(am,bm]}n]\f{:l where 1 < a,, +1 < by, < n. For a sufficiently large M,
with high probability, for every true change-point in {n}2_,, there exists at least one ran-
dom interval (@, by,| such that n is the only change-point contained in (am,, by]. More
specifically, the good event

K
M = ﬂ{am € Sk, b € &, for some m € {1,2,--- ,M}}

k=1
will hold with high probability, where Sy, = (nx —3A/4,m, — A/2] and &, = (nr + A/2,my, +
3A/4], for k=1,2,--- K. It is easy to see that if a,, € Sy and b, € &, we have (a,, by,
only contains a single change-point 7, as by definition the minimum spacing between
two consecutive change-points is A. Theorem 3 later provides a rigorous bound for the
probability that event M holds.

Another issue that needs to be addressed is that for the projection idea in (3) to be theo-
retically valid, the projection direction u is required to be independent from the observations
{z¢,y:}1,. To tackle this issue, we use sample splitting, a commonly used technique in high-
dimensional statistics, see for example Wang and Samworth (2018), Wang et al. (2021) and
Zou et al. (2020). Without loss of generality, we assume the original sample {x, y;}27, is
of length 2n (i.e. even) and we estimate the projection direction using LGS on the oddly-
indexed observations {:1;%1), yt(l)}?:l and perform change-point estimation on the projected

univariate series based on the evenly-indexed observations {x§2)7y§2)}?:1, where

(2t ") = (@21, y2i1) and (27, 4,”) = (@2t ye) for t =1, .

10
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To summarize, VPWBS implements the following two-stage procedure. In the first
stage, given M random intervals {(am,bm]}%zl, the LGS in Algorithm 1 is implemented
on {xil),ygl)}?zl for each of the M subsamples indexed by (@, by] and returns M pro-
jection directions {u,,}M_,. In the second stage, based on {u;,}M_; and {x?),yt@)}?:l,
we conduct mean change-point detection on the projected univariate time series {z;(u,,) =

;xf)yt@)}?;”amﬂ for m =1,--- , M via the classical CUSUM statistics. For a univariate

u
series {Zt(um)}?gam—f—l and a,;, < 8y < V < ey < by, the CUSUM statistics computed on

{ze(um)}im, 4 is defined as

Zim,em (um) N \/(em — Sm)(V - Sm) t—SEm:‘H Zt(um) - \/(em — Sm)(em - V) t—;-l Zt(um)

(5)

We summarize the detailed description of VPWBS in Algorithm 2. In total, there are
four tuning parameters (M, \,7,() of the algorithm, where M is the number of random
intervals, A regulates the group Lasso penalty, 7 is the threshold level of the maximum
CUSUM statistics and 2¢ is the minimum length required for a subsample (s,,,en] to be
considered for change-point detection. Theorem 3 establishes the consistency and localiza-
tion rate of VPWBS and gives the theoretical orders required for the tuning parameters
(M, A\, 7,¢). We refer more details to the discussion after Theorem 3.

We remark that the sample splitting step of VPWBS in Algorithm 2 is mainly needed
for establishing its theoretical validity in Theorem 3. In practice, we find that VPWBS is
often more efficient without sample splitting. In other words, we can set both {SL‘EI), yt(l)}?:1

and {$§2),y£2)}?:1 as the original sample in Algorithm 2. See Wang and Samworth (2018)
for similar phenomenon in high-dimensional mean change-point estimation. Recall from
Section 1 that M := maxi<i<, ||57]|3 and by assumption 1, we have 9 < C’gs and 9 <
maxi<t<n Var(yt)/cx.

Theorem 3 Suppose Assumptions 1-2 hold. Let {(am,bm]}M_; be a collection of inter-
vals whose end points are drawn independently and uniformly from {1,...,n} and that
maxi<m< M (bm — am) < CrA for some absolute constant Cr > 0.

Let {ﬁk}kg:l be the estimated change-points by VPWDBS with data {xgl), y,gl)}?zl, {x§2), y§2)};‘:1,

random intervals {(am,bm]}M_,, and tuning parameters A > 0, 7 > 0, ¢ > 0, where

A= C\/log(pn), 7=Cr/(M+1)log(n), and (= C¢(M+1)log(n)

for sufficiently large constants Cx,C; and C¢. Then there exists an absolute constant C
such that

~ 1)1
P{K = K; [m — 7l LCOEDlosn) oy <k < K}
K
_9 n MA?

Theorem 3 establishes the consistency of VPWBS and further provides the localization error
rate. Note that since 9 < C’gs and M < maxj<i<, Var(ye)/cg, we have 91 = O(1) if the

11
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Algorithm 2 Variance-Projected Wild Binary Segmentation. VPWBS

({(am7 bm]}%zlﬁ )‘7 7, C)

INPUT: 1st sample {x£1)7y§1)}?:1, 2nd sample {mgz),yg)}?:l, random intervals
{(@m, brn] }M_,, tuning parameters A > 0, 7 > 0, ¢ > 0.

m=1>’

Initialize the set of estimated change-points as S = @ and set (s, e] = (0, n].

Stage 1: LGS and projection
form=1,...,M do
compute {7, a7} « LGS ({z1, V11, (am, bm), A).
set the projection direction: wu,, < (a§* — af")/||as* — a*||2.
set the projected univariate series: z;(ty,) u:nx?)yt@) for t € (am, bm).
end for
Stage 2: WBS((s, €], {(am, b }M_,,7,¢ )
form=1,...,M do
(Sm, em] < (s,€] N (am, b
if e;, — sy, > 2¢ then

Dy 4 argmax, 4 c<i<en—c |25 (um)| > Recall Equation (5)
A, — MaXg,, +¢<t<em—C |Zt8m,€m (um)]
else
A, — —1
end if
end for

m* < argmax,,—i1... v Am
if Ay« > 7 then
add D,,» to the set S
WBS ((57 Dm*]v {(aﬂ% bm]}%:p 7, C)
WBS ((Dm* ) 6], {(am’ bm]}%zlv Ty C)
end if

OUTPUT: The set of estimated change-points S.

sparsity level s is a constant or the maximum variance of the response ; is upper bounded,
which is a rather mild condition. In such case, the localization error bound in Theorem 3
further implies

— 7 log(n
o e =] < max C g(z)
1<k<K n I<k<K — nkj,

)

where € is the localization error defined in (2) and ry, = ||3, — Bpe+1]|2 is the change size at
nk. Up to a log factor, this matches the well-known minimax optimal rate for change-point
estimation, see Wang et al. (2018) and references therein.

Theorem 3 requires maxi<m<n (bm —am) < CrA, which essentially implies that the ran-
dom intervals cannot contain too many change-points. See similar assumptions in Kaul et al.
(2019). Note that if A < n, the assumption becomes minimal as we can simply set CRA = n.
We remark that Theorem 3 still holds without the assumption maxj <y, < (bm—am) < CrA,
however, the localization error rate in (6) will be inflated to (n/A)% - (C(9 + 1)log(n)/k3)

12
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by a factor (n/A)2. This is a phenomenon commonly seen in the high-dimensional change-
point literature, see for example Wang and Samworth (2018), Wang et al. (2021) and Li
et al. (2021).

Discussion on tuning parameters (M, 7,(): By the probability bound (6) in
Theorem 3, for the consistency of VPWBS, it is necessary to choose the number of random
intervals M = n?log(n)/A2?. In particular, suppose that A =< n (i.e. there are finite number
of change-points), it suffices to choose M = (log(n))?. The tuning parameter X is needed in
the LGS algorithm and assumes the standard order C+/log(pn) of the group Lasso penalty
in the literature (see also Theorem 2). The parameter 7 is commonly seen in the change-
point literature, and is needed to threshold the maximum CUSUM statistics and controls
false positive detection. To derive 7, we need to study the order of the maximum CUSUM
statistics under the no change-point scenario. As for the tuning parameter ¢, intuitively, for
small subsamples, the estimation error of LGS and the CUSUM statistics become difficult
to control. The parameter ( is designed to handle such scenario and regulates the minimum
length required for a subsample (s,e] to be considered for change-point detection. See
similar tuning parameters in Leonardi and Biithlmann (2016) and Kaul et al. (2019). Note
that simple algebra gives that A = (. In practice, it suffices to set ¢ = log(n).

In general, VPWBS is highly robust to the choices of M and (, and the key tuning
parameters affecting the performance of VPWBS are A and 7. In Section 4, we propose a
cross-validation procedure to select A and 7 in a fully data-driven fashion.

4. Simulations

In this section, we conduct extensive numerical experiments to examine the performance
of VPWBS under various simulation settings and further compare it with two other state-
of-the-art methods in the literature, specifically, EBSA in Leonardi and Bithlmann (2016)
and SGL in Zhang et al. (2015b). Implementations of the numerical experiments can be
found at the GitHub link here. We discuss the implementation details such as settings for
each algorithm and estimation accuracy metrics in Section 4.1 and present the simulation
results in Section 4.2.

4.1 Implementation details

Given estimated change-point estimators {?]k}{(:l, we measure the estimation accuracy
via the scaled Hausdorff distance, a popular metric used in the change-point literature.
Specifically, denoting the true change-points as {nk}le, the scaled Hausdorff distance is
defined as

DA ) = dUT L I} ) /s

where d(-, ) denotes the Hausdorff distance between two compacts sets A, B in R, given by

d(A, B) = max {maxmin |a — b|, max min |a — b|} :
acA beB beB acA

Note that D({ﬁk}{{:l, {ne}E_ ) <1 when both K, K > 1. Therefore, following the conven-
tion in the change-point literature, we set D(2, {ng}5_ ) = 1.
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Implementation of VPWBS: As discussed in Section 3, there are four tuning pa-
rameters (M, A\, 7,¢) in VPWBS. Throughout the simulation section, we set M = 40 and
set ¢ = 5, which roughly corresponds to M = (log(n))? and ¢ = log(n) across all simulation
settings in Section 4.2. We remark that the performance of VPWBS is robust to the choices
of (M, (), and the key tuning parameters are (A, 7).

In the following, we provide a sample splitting based cross-validation procedure that
selects (A, 7) in a fully data-driven fashion. Specifically, given the original sample {z, v }7-;,

we set the training data to be the oddly-indexed observations {za;_1, yQt_l}: :/ ? and the test

data to be the evenly-indexed observations {xy, ygt}f:/ ?, where we assume, without loss of
generality, n is even. Note that the training data and test data share the same number and
locations of change-points (up to one time point difference).

Denote the candidate sets of A\, 7 as A, 7 C R*. For each pair of (A\,7) € Ax T, using the
training data, we compute the estimated change-points via VPWBS and further estimate
the (piecewise constant) regression coefficients { Et}?ﬁ conditional on the estimated change-

points as in Model (1). We then compute the prediction error of {Bt}?ﬁ using the test data
via R
€t:?/2t—33;tﬁta t:1525)n/2

The tuning parameters (A, 7) are then selected as the pair of (A\,7) € A x T that achieves

the minimum squared prediction error Z?ﬁ e on the test data. Note that in the cross-
validation procedure, the random intervals {(am,bm]}¥_; and the minimum length ¢ are
kept the same across all pairs of (A, 7). For all simulation experiments in Section 4.2, we
set A ={0.5,1,1.5,2} and 7 = {1,4,7,10,--- ,49}.

Implementation of competing methods: The EBSA algorithm is proposed in
Leonardi and Bithlmann (2016), which performs change-point detection for high-dimensional
regression via a model selection point of view. Specifically, a dynamic programming algo-
rithm is proposed to directly estimate the unknown change-points by minimizing an [y-
penalized goodness of fit function. In contrast, VPWBS utilizes a group Lasso based local
screening (LGS) algorithm for estimating an optimal projection direction and uses CUSUM
statistics for change-point estimation, where the LGS is an [;-penalized M-estimator. For
computational efficiency, a binary segmentation based algorithm is further proposed in
Leonardi and Bithlmann (2016) to find an approximate minimizer of the penalized function
with strong theoretical guarantees. We choose the tuning parameters of EBSA using its
default settings as specified in Leonardi and Biithlmann (2016). We note that EBSA gives
slightly worse performance when its tuning parameters are selected via the sample splitting
based cross-validation.

The sparse group Lasso (SGL) is first introduced by Simon et al. (2013) and is later
used by Zhang et al. (2015b) for change-point detection in the high-dimensional regression
setting. See also Harchaoui and Lévy-Leduc (2007, 2010), Bleakley and Vert (2011) and
references therein for earlier work along this line of research, where the classical fused Lasso
is used for change-point detection in mean for low-dimensional time series.

Given {x¢,y: 71, SGL computes

n n—1 n—1
{Bi}i=q = arg (Bmin )Z(?Jt — XiBe)5 + A Z [Be+1 — Bellz + VZ 1Be+1 = Bell,  (7)
=1 =1 t=1

15--5Pn
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which can be seen as a variant of the classical fused Lasso with an extra group sparsity
penalty. Note that SGL is a global method as it estimates {Bt}?zl (and thus multiple
change-points) based on the entire sample. In comparison, the local group Lasso based
screening (LGS) algorithm in Stage 1 of the proposed VPWBS is a local method and is
designed to directly target single change-points.

Define the function f : {1,2,--- ,n — 1} — R where f(t) := ||Bt - 3t_1||2. Note that
{Bt}?zl estimated by SGL in (7) may not directly lead to accurate change-point estimation
as Z?;ll I(f(t) > 0) is generally a large number and leads to uncontrollable false positives,
where I denotes the indicator function. In practice, the SGL estimator {Bt}?:l typically
exhibits the so-called staircase pattern, a pattern commonly seen in fused Lasso based es-
timation (e.g. Rojas and Wahlberg, 2014; Owrang et al., 2017), where {f;}}_; contains
large-scale changes accompanied by many small-scale jumps. See Figure 5 of the supple-
mentary material for an illustration of such phenomenon. To avoid false positive estimation,
given knowledge of the true number of change-points K, a common practice in the liter-
ature, see e.g. Harchaoui and Lévy-Leduc (2010), is to estimate the change-points as the
locations where the function f achieves its K largest values.

However, in practice, K is typically unknown. Thus, to further improve the applicability
of SGL, in our experiments we consider a variant of the SGL algorithm combined with wild
binary segmentation in Fryzlewicz (2014), which we refer to as Wild Binary Segmentation
via SGL (WBSSGL). Specifically, WBSSGL further post-processes the estimated {Bt}?zl
by SGL on M random intervals {(am,bm|}¥_,. For a subsample {Bt}?gam 41 and a,, <
Sm <V < ep < by, WBSSGL computes the (p-dimensional) subsample CUSUM statistics
for {Et}fgsm 41 defined as

e [ em=t) s [ e s
B;, \/(em—sm)(y_sm) Z B \/(6m—8m)(6m—V) Z Bt (8)

t=sm+1 t=v+1

and further compares it with a suitable threshold. The detailed implementation of WBSSGL
is given in Algorithm 3. For all simulation experiments in Section 4.2, numerical results
indicate that WBSSGL outperforms the original SGL algorithm by a wide margin. Thus,
in the following we only present the results for WBSSGL.

There are five tuning parameters (M, A, ~, 7, () of WBSSGL, which are selected in the
same way as VPWBS. Specifically, we set the random intervals {(am,,bn] %[:1 and the
minimum length ¢ of WBSSGL to be the same as VPWBS. The key tuning parameters
(A, y,7) of WBSSGL are selected using the same cross-validation procedure as the one
implemented for VPWBS. For each combination of (\,~), we solve the original SGL in (7)
via the R package SGL.

4.2 Simulation results

In this section, we conduct extensive numerical experiments to examine the performance
of VPWBS, EBSA and WBSSGL in terms of estimation accuracy and computational cost.
We design a wide range of simulation settings by varying change size k, spacing between
change-points A, number of change-points K, sparsity level s, sample size n and dimension

p. The variance of noise O'Z is set at 1 for all settings. For each simulation setting, we repeat
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Algorithm 3 Wild Binary Segmentation via SGL. WBSSGL({(am, bm]}M_1, X\, 7,7, )

INPUT: data {x;,y:}7,, random intervals {(am, bm]}_;,
tuning parameters A > 0,y > 0,7 > 0,¢ > 0.

Initialize the set of estimated change-points as S = @ and set (s, €] = (0,n].

Stage 1: SGL
Compute {Bt}?zl via (7) with tuning parameters A, 7.
Stage 2: WBS((s, €], {(am, bm|}M_,,7,¢)
form=1,...,M do
(Smy €m) < (8, €] N (@, b
if e;, — s, > 2¢ then

Dy, < arg maxg,, y¢<t<e,,—¢ Hgfm’em |2 > Recall Equation (8)
A 4 maxXy,, c<i<e,,—¢ 1B |2
else
A, — —1
end if
end for

m* < argmax,,—1... v Am
if A, > 7 then
add D,,+ to the set S
WBS ((Sv Dm*]7 {(am, bm]}n]‘{:lv T, C)
WBS ((Dm* ) 6]’ {(amv bm]}%:lv 7, g)
end if

OUTPUT: The set of estimated change-points S.

the experiments 100 times. The detailed simulation setting is as follows. We further plot
typical realizations of {y;}"; for each setting in Figure 2, where it can be seen clearly that
information contained in {y;};; is not sufficient for change-point estimation.

Setting (i): two change-points with varying change size x. In this setting, we
fix n = 300, p = 100, K = 2 and set the covariance matrix ¥ of z; to be the Toeplitz matrix
with ¥; ; = 0.6/"=91 for i,7=1,---,p. The two change-points occur at 71 = n/3 = 100 and
n2 = 2n/3 = 200. The regression coefficients {§; };-, take the form

K - a//40, for 1 <t <n/3,
B =X —k-a/\/40, forn/3+1<t<2n/3,
K - a/+/40, for 2n/34+1 <t <n,

where o = (1,—-1,1,—-1...,-1,0,...,0) and we vary k € 40 -{1,1.2,1.4,1.6}. Simple
N——
10 p—10
calculation shows that the change size of 3} at both change-points equals «.
Setting (ii): three change-points with varying sample size n. In this setting,
we vary n € {480,560, 640, 720,800}, fix p = 100, K = 3 and set the covariance matrix X
of z; to be the identity matrix I,. The three change-points occur evenly at n; = in/4 for
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i =1,2,3. The regression coefficients {8} }}-; take the form

2/5a, for 1 <t <n/4,
—2/5a, forn/4+1<t<n/2,
2/5a, for n/2+1<t<3n/4,
—2/5a, for3n/4+1<t<n,

where o = (1,—1,1,—1,0,--- ,0). The change size of 3} at each change-point equals 8/5.

Setting (iii): two change-points with varying p and varying support of 5;. In
this setting, we fix n = 320, K = 2, vary p € {90,100,110,120} and set the covariance
matrix ¥ of z; to be I,. The two change-points occur unevenly at n; = 120 and 12 = 220.
The regression coefficients {3; }}_; take the form

2/3-(1,...,1,0,...,0), for 1 < ¢ < 120,
8
. )2/3.(0,...,0,1,...,1,0,...,0), for 121 <t < 220,
Bt = N—— N —
8 8
2/3-(0,...,0,1,...,1,0,...,0), for 221 <t < 320.
16 8

Simple calculation shows the change size of 5} at each change-point equals 8/3.

Setting (iv): two change-points with uneven spacing and varying support
size s. In this setting, we fix n = 520, K = 2, p = 100 and set the covariance matrix of
z¢ to be ¥ = I,. The two change-points occur unevenly at 71 = 160 and 7o = 360. The
regression coefficients {3} }}-; take the form

V275 (1,...,1,3,...,3,0,...,0), for1<t< 160,
—— —
s/2 s/2

. ) Velsoe,2,1,..1,0,...,0),  for 161 <t < 360,
Bt: —— N —
s/2 s/2

V275 (1,...,1,3,...,3,0,...,0), for 361 < ¢ < 520,
/ /2
\ s/2 s

and we vary s € {16,20,24,28}. Simple calculation shows that the change sizes of 3} at
both change-points equal £ = /5.

Estimation accuracy: Table 2 reports the scaled Hausdorff distance (averaged over
100 repetitions) achieved by VPWBS, EBSA and WBSSGL across all simulation settings.
For better visualization, Figure 3 further provides the bar plots based on the results reported
in Table 2. First, as expected, the performance of all three algorithms improve with larger
sample size n (setting (ii)) and with larger change size k (setting (i)), and worsen with
higher dimension p (setting (iii)) and with higher sparsity (setting (iv)).

Overall, VPWBS offers robust and competitive performance for change-point estimation
across all simulation settings, and consistently outperforms its competitors under the low
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Figure 2: Typical realizations of {y;}}_; for Setting (i) with x = /40, Setting (ii) with
n = 480, Setting (iii) with p = 90 and Setting (iv) with £ = 0.35v/40.

SNR scenario where the sample size n or the change size £ is small. Compared to WBSSGL,
which conducts change-point estimation directly on the estimated {5;}}_; by a penalized
M-estimator (i.e. SGL), VPWBS in general gives more favorable performance, which could
be seen as numerical evidence confirming the importance of the projection step in VPWBS.
It is worth noting that when the SNR is large, EBSA becomes highly competitive. We
conjecture that EBSA is also minimax optimal when the signal strength Ax? is sufficiently
large, though rigorous proof of such result seems challenging.

Computational cost: It is straightforward to derive that the computational cost of
VPWBS is O(Mn - GroupLasso(n, p)), where M is the number of random intervals used
and recall that GroupLasso(n,p) denotes the computational cost of the group Lasso for a
p-dimensional regression with n samples. Since we set M = (log(n))?, the computational
complexity of VPWBS equals O(n(log(n))? - GroupLasso(n, p)). On the other hand, refer-

18




REGRESSION CHANGE POINT DETECTION IN HIGH-DIMENSION

VPWBS EBSA WBSSGL
k=+/40  0.011 (0.015) 0.090 (0.055) 0.151 (0.094)
Setting (1) k=1.2v40 0.009 (0.017) 0.060 (0.052) 0.118 (0.069)
K =1.4v/40 0.010 (0.024) 0.033 (0.044) 0.101 (0.058)
k= 1.6v/40 0.009 (0.016) 0.025 (0.039) 0.098 (0.061)
n =480  0.062 (0.080) 0.128 (0.177) 0.101 (0.052)
n=>560  0.044 (0.042) 0.064 (0.112) 0.098 (0.053)
Setting (ii) n =640  0.034 (0.060) 0.034 (0.084) 0.094 (0.055)
n=720  0.026 (0.054) 0.015 (0.023) 0.093 (0.075)
n=2800  0.022 (0.046) 0.009 (0.010) 0.091 (0.072)
p=80  0.025 (0.047) 0.052 (0.047) 0.103 (0.065)
p=190  0.039 (0.068) 0.068 (0.051) 0.109 (0.068)
Setting (iii) p=100  0.033 (0.056) 0.056 (0.050) 0.120 (0.072)
p=110  0.041 (0.063) 0.055 (0.046) 0.125 (0.072)
p=120  0.049 (0.078) 0.061 (0.048) 0.140 (0.079)
s=16  0.027 (0.072) 0.055 (0.023) 0.116 (0.059)
Setting (v) s=20  0.024 (0.060) 0.059 (0.024) 0.141 (0.033)
s=24  0.043 (0.089) 0.057 (0.020) 0.141 (0.032)
s=28  0.057 (0.106) 0.063 (0.022) 0.144 (0.023)

Table 2: Scaled Hausdorff distance for VPWBS, EBSA (Leonardi and Biithlmann (2016))
and WBSSGL (Zhang et al. (2015b)). For each cell, the experiment is repeated
100 times. The numbers in the brackets indicate the sample standard errors of
the scaled Hausdorff distance. Each highlighted number indicates the best perfor-
mance in the corresponding setting.

ring to Table 1, the complexity of EBSA and WBSSGL are O(nlog(n) - Lasso(n,p)) and
O(Lasso(n,np)) respectively.

Note that the computational cost of solving Lasso and group Lasso for a p-dimensional
linear regression with n observations is both O(np?), see for example Efron et al. (2004)

and Wright et al. (2009). Thus, it is easy to see that in terms of computational efficiency,
ESBA is the best, VPWBS comes second, and WBSSGL comes last. In practice, popular
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R packages typically implement gradient or coordinate descent to obtain an approximate
solution of Lasso and group Lasso and the computation can be much faster than O(np?).

We conduct further numerical experiments to exam the computational performance of
each algorithm in practice. Specifically, given (n,p), we generate the regression coefficients
{B;}7_, and observations {x,y;}7; using Setting (i) with x = 1.64/40. In the first set of
experiments, we fix n = 450 and vary p € {80, 100, 120, 140, 160, 180, 200, 220}; in the second
set of experiments, we fix p = 100 and vary n € {240,300, 360,420, 480, 540, 600, 660}.
For each simulation setting, we repeat the experiments 100 times and report the average
execution time of VPWBS, EBSA and WBSSGL in Figure 4.

As can be seen in Figure 4, the computational costs of VPWBS and EBSA increase
linearly with both the dimension p and the sample size n. On the other hand, while the
computational cost of WBSSGL grows linearly with p, it does not scale well with n. This
is not surprising, as the SGL approach (7) is essentially solving a Lasso with n samples and
np covariates.

2 | — VPWBS g2 | — VPWEBS
o — WBSSGL o — WBSSGL
— EBSA —— EBSA
(=] (=]
@ E N o £ ]
£ =
= =
5 5
& &
w w
8 - 8 -
(=T <=
T T T T T T T T T T T T
80 100 120 140 160 180 200 220 300 400 500 600
Dimension p Sample Size n

Figure 4: Average execution time of VPWBS, EBSA and WBSSGL across different simple
sizes n and dimensions p.

5. Discussion

In this paper, we study the problem of multiple change-point estimation in high-dimensional
linear regression model. We propose a novel projection-based algorithm, VPWBS, which
performs change-point detection from a dimension reduction angle. Based on an esti-
mated (optimal) projection direction, VPWBS transforms the original (difficult) problem of
change-point detection in p-dimensional regression to a simpler problem of change-point de-
tection in mean of a one-dimensional time series. VPWBS is shown to achieve the minimax
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optimal localization rate Op(1/n) up to a log factor, a significant improvement from the best
rate Op(1/y/n) known in the existing literature. In addition, VPWBS is computationally
efficient with a complexity of O(n(log(n))?-GroupLasso(n, p)). Extensive numerical experi-
ments are conducted to demonstrate the robust and favorable performance of VPWBS over
two state-of-the-art algorithms in a wide range of simulation settings.

Besides the high-dimensional regression problem, we believe the projection based change-
point estimation framework can be useful under other important contexts as well, such as
change in covariance matrices and tensors. The key is to design an algorithm that utilizes
the structure of the specific problem (such as sparsity or low rank) and provides a provably
accurate estimation of the (optimal) projection direction.
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Appendix A. Proofs Related to Theorem 2

In this section, we provide all the technical details for the proof of Theorem 2
Proof [Proof of Theorem 2 | Denote

K =118y — Bralle-

Since (@i, @z, V) be the output of LGS ({y;, zi}~ 1, (s, €], ), it holds that

v e
~ o~ . 2
(1. 20) = gm{ S (— ol + 3 (i o7

R i=D+1

AN @ - s )2 + (e - ﬁ)(042,j)2} :
=1

and that by Theorem 4,
s log(pn)
(r')?

Without loss of generality, assume that s < n < 7 < e. Then by Theorem 5,

In—-v<C

s log(pn) < Cslog(pn) < Ck? < C(x')?

o~ * 2
lar = Bisally < C—x— < Conrslog(pn)w=2 = Cr = C

r

For sufficient large constant Cl,,, it holds that

~ “ c . . c
|81 =Bl < g’ and 182 = AGqll, < g
Since BE},@] = Bp41, it follows that
~ c
|62 = Byl < ﬁ“/‘ (9)
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Note that
. o (s=mB+ @ —nB
8 = B zll, = (1@ — g ,
. (s =mBy+ (V —n)Br
>lar = Bylla — ||By — o i
vV —S 2
. . v— «
zller = Byllz = 5— Hﬁn Brell2

Cslog(pn)/(k)?

K
%Csms log(pn)/K?
2

>[jar = Byll2 —

~ C K
>||ar — 5;“2 - ﬁ?
x
~ * &
ZHal - 577“2 - 128% K’/v
x

where the third inequality follows from the fact that v —s > 45° > 3 0 > 50 Lk 28 log(pn)

and the fourth inequality holds if Cy,, is sufficiently large. As a result

&= Byl < Grerr (10)

The desired result is an immediate consequence of Equation (9) and Equation (10). [ |

Lemma 4 Suppose that [s + 1,e] C [1,n] is any interval such that e — s > % and that
[s + 1, €] contains exactly one change point n which satisfies

e—s
10 °

Suppose Assumptions 1-2 hold and A = Cx+/log(pn) for a sufficiently large constant C).
Let (ay, s, V) be the output of LGS ({yi, i}, (s, €], \). Denote

k' =18, — Bryalle-
Then with probability at least 1 — (pn)~*, it holds that

mln{n —$,e— 77} >

slog(pn)
(r)?

Proof [Proof of Theorem 4] Let S; be the support of 3 when i € (s,n] and S be the
support of 8 when i € (1, e]. Denote

In—v|<C

S =51U5s.

Note that |S| < 2s and that S is the common support for 5 for i € (s,e]. Without loss of
generality, we assume that s <n < U < e. Denote
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Ifv—n< C’lslo,g{# for some sufficiently large constant C', then the desired result holds.

So suppose that

slog(pn)

R e (11)

Note that since k < Cj;, < oo, Equation (11) implies that

v —n > C1C; *slog(pn). (12)
By assumption,
— A 1
min{n — s,e — U} > 6108 > 20 2 —OC’SWC 25 log(pn). (13)

Step 1. In this step, it is shown that with probability at least 1 — C(np)~>,

STIB - B3 < Casa?.

i=s+1

From Equation (4), it holds that

2 (yi—e

i=s+1

Let &; = ; — 7. It holds that

e—1

D 1{si#bi} =2

i=s+1

Equation (14) implies that

i=s+1 j=1

Note that since S is the common support for 37 for i € (s, €], it holds that

P e D e
PINDICHEDIND IO
7j=1 \ i=s+1 7j=1 i=s+1
- Z 6*7] Z Z /BZJ Z Z ﬁzy
JES \ i=s+1 J€S \ i=s+1 jese \ i=s+1
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(16)

Note that for any j € [1,...,p], from Equation (12), Equation (13) and Theorem 8, it holds
that

sup Oi <C !
S .
N TR T

-5

(17)

As a result, with probability at least 1 — (np)

e
D imst1 €i0ijTi g

2
i=s5+1 Zf:S—H (5i7j)
e 8 s p
o Zz—z+1 0 z,; log(pn) ) | D (4i5)°
I=he 3 (0ig) "~

where the second inequality follows from Theorem 7 and Equation (17) if Cj is a sufficiently
large constant, and the last inequality follows from A\ = C\+/log(pn).
Combining (14), (15), (16) and (18) yields

(19)

Step 2. To apply restricted eigenvalue conditions, let

I:(Sae]a 112(5777]: 12:(777]/)]7 I3:(/1/\76]'

log(p) 112
, E ; > o' Sv—C, .
Er { (m Tix )v 2 769 Yv—-C 7] l|lvl|1

el

Denote

If C; in Equation (12) and C,, in Equation (13) are sufficiently large constants, it holds
that

min{[I1], |I2|, [I3]} = Ceslog(np) (20)

for some sufficiently large Cg. For h = 1,2,3, denote &, the same way as £. So by
Theorem 9, P(£1,) > 1 — (np)~° for h = 1,2,3. Denote 65, = §&; for any i € I;,. With
probability at least 1 — 3(np)~>, on the event ﬂh:1,2,3 &,

Z 5Ta:z Z Z 5lhxz

i=s+1 h=1,2,3 i€}
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| 11|

> 3 T s, — Crlog(w)lon, I}
h=1,2,3
= Ml 57 55, — ¢ 01, (S 81, (5%)1)”
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> 37 Sl 12— 20,1810 (w191, 13 — 20, lore) 6, (5917
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Cz Ih C
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where the last inequality follows from (20) and |S| < 2s and |67, (S)[1 = X ;e5101,,5-

Step 3. Note that

2 2

S lnsol= 3 (Sl = O :Z:szh,ﬂ

h=1,2,3 h=123 \jesc h=1,2,3 jese

2
e
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< G
—\/ 200C; log(p)

e

> lal3
1=s+1

where the second inequality follows from the generalized Minkowski’s inequality, the third

inequality follows from Equation (19), which implies that

3 1R <\ 56 o 22
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Therefore, for any

Ce |1 .
ey =3 =5 12— a0 108w, (5912

20
h=1,2,3
e Cy c
= 3" S0 — 20, Log(p) 61, (5°) I}
1=s+1
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> 2118112 = 20,1 0i
> D 5glldills =26, log(p )2000 log(p Z I
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where the second last inequality follows from Equation (22).

Step 4. Putting the previous steps together, it holds that

INDIC

e
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jeS i=s+1

e
<BE| 3 13
1=s+1
Therefore,
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Step 5. From Equation (23) and the definition of Bi, it holds that

e
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By Equation (13)

A
. -y
min{|f1], 5[} > o5
Therefore it holds that
2 2 9
Hﬁ; — &1”% < C7\’s < CrAs < C7C5 log(pn)s . i[ﬁ;27

|11 QLOA - %Csm log(pn)s/k2 ~ 16

where the first inequality follows from Equation (24), the third inequality follows from
Assumption 2 b and the last inequality holds for sufficiently large Cs,,-. Similarly

N 1
18741 — a3 < 176’&

So
1851 —ulla > 1841 = Brlla = 18y — @ulla > &' — %n > K /2.
Equation (24) further implies that
(U —n)(w)?/4 < |B[||By — an 3 < CrA%s,

which implies that

5 < 407)\25
NI

as desired. [ |

Lemma 5 Suppose that [s + 1,e] C [1,n] is any interval such that e — s > % and that
[s + 1, €] contains exactly one change point n which satisfies

e—s
10

min{n — s,e —n} >

Suppose

v e
PN : 2
(a1, Q) = arg min { E (yi —xj 1) + E (yi — z] ag)?
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If in addition, Assumptions 1-2 hold and that A = Cx+/log(pn) for sufficiently large C\,
then with probability at least 1 — (pn)~*, it holds that
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Proof [Proof of Theorem 5] Let S be the support of B, and Sp be the support of 5.
Denote
S =S51USs.

Note that |S| < 2s and that S is the common support for 5 for i € (s,e]. Without loss of
generality, assume that s <n < v < e. Note that

A

snr 1 2
55 = 2OC C. 25 og(pn). (25)

min{v —s,e —v} > —

For brevity, denote

L= (s,v], Ir=(ve, of=p, and a3=p0;, .

Step 1. From Equation (4), it holds that
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Note that S is the common support for af and o3 for i € (s,e]. So
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=3 116152 + [Bl(629)2 = 3 /11116102 + 112](62,5)2.

jES jJjES°e

Step 2. Note that for any h = 1,2 and j € [1,p], from Equation (25), it holds that

¢h,] 1
VI(015)2 + [L2[(925)2 ~ v \Ih 4\/510g(pn)'

As a result, with probability at least 1 — C(np)~>

p Z €id1.iT; '+E‘ £ibo iTi i
28)| = i€l 1 5] ] i€ly < ] T ‘2_'_ T N2
(28)] g{ o (V61 + )
Dicn Ei%15Ti 2 icr, €i02,iTi -
< sup = L I¢,-2+I ¢7.2
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7=1
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1

where the second inequality follows from Theorem 7 and Equation (29), and the last in-

equality follows from A = C\/log(pn).
In addition, since s < n < v < e, it holds that

n+1'
1=v-+1
As a result
27) =8 — o) Twiz] o1 + D (B — 03) T/ 6o
i€l i€ls
—z( |z/a) zia]
el el
< sup z( - Zﬁ) i |l
1<j<p iel ‘ | el
~ sup Z( Ly ) N
1<i<p | VI 57 L] &
=y
< sup ( ﬁ) w1 610)2 + |2l (62,)?
1<5<p \/!h ZEZI: |1 |@; ;

For any j € [1,p], denote X[, j] to be the j-th column of 3. Then

> (5~ £ ) st =o

i€l el
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In addition, it is straightforward to see that

sup
i€h el
-
So | B ~ T I I Y e r, B | @izi; is a sub-exponential random variable with parameter C;Cj,

for any ¢ € I;. As a result

P(ﬁzf@ |f|§ﬁ> it
:P< Z< P RENELE

i'elh

25f0ra111§j§p>

25\/Wfora111§j§p>

62 6/In|
<pexp ( — cmin{ 1020, 20, \‘/L ) < pexp ( — c/min{52’§\/|ll|}>,
where the second to the last inequality follows from standard sub-exponential tail bounds.
Since |I1]| > % > %CSWC;% log(pn), letting 0 = Cjs+/log(p) for sufficiently large constant
Cs, it holds that with probability at least 1 — (pn)~5,

1
sup B — By > zixij| < Csy/log(p) < 2.
1<i<p | /|11 ;( 17 IZ%: ’ 8
Therefore (30) gives
P
(27) < (\/8) Y \/111(61,3)2 + Tal (62,)%
j=1
Step 3. Combing the previous two steps gives
2 2
S @ o)+ (@ d2)" + A D \/|11\(¢1,j)2 + |L2](¢2,5)?
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AN I01619)2 + 1Bl (92,2 + 5 Z VT (015)% + |Bl(62,)2.
jES
This gives
A
S @)+ (2] ¢2)" + 5 > \/Ul\(qﬁl,j)Z + [ I2|(¢2,5)? <% \/\11 [(¢1,5)% + [I2|(2,5)*.
i€l i€l Jjese ]eS

(31)

Using exactly the same argument as in Step 4 and Step 5 in the proof of Theorem 4, it
can be shown that

S @l 61)® + (@l 62)” = (1Ll 6all3 + T2l 62]13)- (32)

‘ “ 25
i€y i€l
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Therefore

11lll61]3 + Lol g2]13 <CoA Y \/\11|(¢1,j)2 + || (¢2,5)°

JjES

<o) 1513 {10l (010)? + | R (62,2}

jes
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where the first inequality follows from (31) and (32). This directly gives
L0113 + 12l ¢2]13 < 8CEA?s.

The desired result follows from the assumption that

1
in{|I], |I —A.
min{|1], B} > o

A.1 Additional Technical Lemmas

Lemma 6 Let R be any linear subspace in R™ and Ny 4 be a 1/4-net of RN B(0,1), where
B(0,1) is the unit ball in R™. For any u € R™, it holds that

sup  (v,u) <2 sup (v,u),
veERNB(0,1) vEN] /4

where (-,-) denotes the inner product in R™.

Proof Due to the definition of A4, it holds that for any v € R N B(0, 1), there exists a
v € Ny, such that [|v —vglla < 1/4. Therefore,

(v,u) = (v — v + Vg, u) = (T, u) + (Vg u) < (v, u) + (v, u),

where the inequality follows from zy = v — vy = (g, v)v + (21, v )vt. Then we have
3 1
Z<U7u> < Z(UJ_?u) + <Uk7u>
It follows from the same argument that
3 1
1<UL,U> < Z</U7u> + <Ulau>v

where v € N4 satisfies |[v- — vj]|2 < 1/4. Combining the previous two equation displays
yields

(vy,u) <2 sup (v,u).
UEN1/4
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|
For any vector v € R™, denote D(v) to be the number of change point of v. That is,
m
D(v) =Y 1{v;i # vip}.
i=1
Lemma 7 For data generated according to Model 1, for any interval I = (s,e] C {1,...,n},

it holds that for any 6 > 0 and any j € {1,...,p},

e
4]
P sup Z vigixi[g]| > 0 p < Cnexp {cmin {52, }} .
veR(e—s) i=s+1 ||U||OO
[vll2=1,D(v)=2

Proof This is a standard covering lemma. We provide a proof for completeness. For any
v € R(¢=9) satisfying D(v) = 2 and |[v|| = 1, let 7 < 17’ be the change points of v. Then
there are (e — s)(e — s — 1)/2 possible choice of n,n’. For any n,7n’, denote

R(T],’I’]/) = {w S R(e—s)’wl =...=1Wy ;é Wp+1 = ... = Wy 7& Wy 41 = - = w(e—s)}

Then R(n,7’) is a 3-dimensional subspace. Denote N7 4(1,7) to be the covering number a
the unit ball in R(n,7'). Then N /4(n, ) < 9%. Therefore we have,

(&
P sup Z vieizi[j]| > 9
R(e—s) .
lolla=1,D(w)=2 "=
_ —_s—1 €
S(e 8)(62 i )92 sup IP’{ Z vigiTi[j] >5/2}
n€(s,el, vENy 4(nm’) i=s+1

<Cn?exp { —c min o 0
- 4C2° 2C,||v|loo

§0n2exp{—cmin{52, || (i }},
Vl|oo

where the first inequality follows from Theorem 6 and union bounds, the second last in-
equality holds because for any fixed v, vig;x;; is a sub-Exponential random variable with
parameter bounded by C;. |

Lemma 8 Suppose

and that v # 0. Then
v

[[0]]2

< .
o /min{Kj, Ko, K3}
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Proof It suffices to show a/|[v|]s < ———L———. If @ = 0, then this trivially holds.
v/ min{K1,K2,K3}
Otherwise
a a 1

_ < )
lvll2 Va2K; + 02Ky + 2Ks ~ VEK)

Theorem 9 Suppose {z;}1<i<n N »(0,X). Let S = LS L wx]. Then there exists

constants ¢ and C' such that for all v € RP,

MU

= 1
v S > EUTZU

ol

with probability at least 1 — exp(—cn).

Proof This is the well known restricted eigenvalue condition. The proof cam be found in
Raskutti et al. (2010). [ |

Appendix B. Proofs Related to Theorem 3

For any univariate time series {z;}} ; and any 1 < s <t < e < n, denote the CUSUM
statistics as

= e—t t—s
75 _ _
t (e—s)(t—s) ZZZ (e—s)(e—1t) ZZZ

=s+1 i=t+1

Proof [Proof of Theorem 3| Throughout the proof assume that event A({y , Z moAun M =

C1+y/ (9 + 1) log(n)) in Equation (44), event B({y , E noAum M € = Ci/(M+ 1) log(n))

in Equation (45), event M in Equation (39) and the good event in Theorem 2 (with data
{yl 2V 7 ;) hold. Denote

) 2

1)1
5, = SO Dlog(n) 5 =
K/k_ K

Ct+1)log(n)
5 .

Since dy is the desired localization rate, by induction, it suffices to consider any generic
(s,e] C (0,n] that satisfies the following three conditions:

N1 <8< < ... <pryg < €< Mpygr1, q=-—1;
either n, —s <4, or s—1n._1<0d,_1;
either Ny4g+1 —€ < Orygr1 OF € —Nppgq < Oppq.
Here ¢ = —1 indicates that there is no change point contained in (s, €].
Observe that under Assumption 2, for sufficiently large constant C,,., it holds that

dmax < A/4. Therefore, it has to be the case that for any true change point 7, € (0,n],
either |9, —s| < 4, or |, —s| > A—0max > A/4. This means that min{|n, —e|, |n, —s|} < o
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indicates that 7, is a detected change point in the previous induction step, even if 7, € (s, e].
We refer to n, € (s,e] as an undetected change point if min{n, — s,n, — e} > A/4.

To complete the induction step, it suffices to show that VPWBS((s, €], { (am, b)) }M_1, A, 7, ¢)
(i) will not detect any new change point in (s,e] if all the change points in that interval
have been previous detected, and
(ii) will find a point Dy, in (s, e] such that |n, — Dp,.| < 6, if there exists at least one
undetected change point in (s, e).
Let {a7, a7, 7™} be the output of LGS ({y", 217, (am,bm), A), and

A =1

ay' — oy’

U e RP

~ llag - aple

for all 1 < m < M . Since the intervals {(am, by )}Y_, are sampled independently from the
data, the rest of the argument is made on the event M, which is defined in Equation (39)
and this event has no effects on the distribution of the data.

Step 1. Denote
filum) = E{2i(uy)} and ﬁsm,em(um) = E{mebm (um)}-

Note that
fi(um) = unX6;.

On the event M, for any 7 € (0,n], without loss of generality, there exists
ak € [k — 3A/4,m, — A/2] and by, € [ + A/2,m;, + 3A/4]. (33)

In this step, it is shown that for each k € [1,..., K|, it holds that

rag,bg > & A 34
ordbax | f ()l 2 5oV Ay, (34)
where SO
= Qg — O
k= 1=k A~k
a5 —afll2
and

{ak,ak, oy = 1GS (", 231, (ak, bi), A).

]

By Equation (33), [ag, bx] contains exactly one change point 7. Since f;(ug) is a one
dimensional population time series, it holds that

t—ag _ T * Q%
}';akabk (uk;) _ (bg—ag)(br—t) (bk nk)uk E( Nk nk—1)7 am <t S ks

b—t

(35)
eyt (e — a)ug BBy, = By )y i <t < i

Let
{ak,ak, 0%} LGS (M, 2V, (ak, bi), A).
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From Theorem 2, with probability at least 1 — n >, it holds that

~k ~k * * Cy * *
H(al B 042) (/Bnk B ’Brikfl)HQ < ﬁ”ﬁnk B 5771@71”2'
Since ¢, < C, by definition, it holds that

94 HBT*Ik B ;k—l”Q < %
33 — H&l — &QHQ - 31

As a result,

u;—Z(,@;k - 6;1@—1)
(@ —ag)' o . .
TR sgr
e (5?71@ Bnkq)
* T ~ ~ T
_< ;k B 771@71) (a1 _0‘2)—r ( ;k B ;kq) >

R AR e T
18, B e ) Gl T Ty, BT

2(5;1@ B ’B;k—l)

N [ T O O -
SN PR a1 — @all2 155, — By, 2
7
o8y, = By lle = 3o 18, = B ll2 = gesl By, = Byl (36)

Therefore Equation (35) gives

ok >|—\/ e = O =)y, — g, )| 2 VBl — Bl = 5o B,

br — ag Nk Me—17| = 4 Nk—1

where the last inequality follows from Equation (33) and Equation (36). Under Assumption
1 and Assumption 2, for sufficiently large constant Cly,,, it holds that ¢ < A/4. Therefore
Equation (33) also implies that ny € [ag + ¢, bx — (]

~ e
max f70 ()| 2 | f P (w)| 2 VB

ap+C<t<bp—(

This directly gives Equation (34).
Step 2. In this step, we will show that VPWBS((s, €], {(am, bm)}M_;, A, 7,¢) consistently
detect or reject the existence of undetected change points within (s, €].

Let @, by, and m* be defined as in VPWBS((s, €], {(am, bm) }M_1, A, 7,¢). Denote 2;(uy,) =
(um)Txl@)yi(z) and fi(um) = E{z(um)} = umDB5. Let ZP(up) and f¢(upm) be the
CUSUM statistics of the time series z;(u,,) and f;(u.,), respectively.

Suppose there exists a change point 7, € (s,e| such that min{n, — s,e — n,} > 3A/4.
Then, on the event M, there exists an interval (ag,bg] selected by VPWBS such that
a € [nr —3A/4,m, — A/2] and b, € [ + A/2,n, + 3A/4]. Then [ag, bi] C [s, e] and so

(Sk, ek] = (ak, bk] N (8, 6] = (ak, bk]
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Since Equation (34) in Step 1 holds for (ag, by], we have that

A, — 7%k:bk
b ak+CH§1ta§bk*C| t (i)

> rak,bi B
> s ()] - O/ 1 Toghn)

> %\/&T — C1v/ (M +1)log(n)

TCy
> 2
> 64VAHT,

where the first inequality holds on the event A({yi(z), 2@y {up YM_, € = C1/(M + 1) 1og(n)),

i Ji=1
the second inequality follows from Equation (34), and the last inequality follows from As-
sumption 2 with sufficiently large constant Cs,,. Thus for any undetected change point 7,
within (s, e], it holds that

Apr = sup A > Ap > IVAK,. (37)
1<m<M

By Assumption 2 with sufficiently large constant Cs,,, Equation (37) gives

Ape > VAR, > Co/ M+ 1) log(n) = 7.

As a result, VPWBS((s, €], {(am, bm)}M_,, A\, 7,¢) correctly accepts the existence of unde-
tected change points.

Suppose there does not exist any undetected change points in (s, e]. Then for any (s, ] =
(am, bm] N (s, €], one of the following situations must hold.

(a) There is no change point within (S, €m];
(b) there exists only one change point 7, within (s, e;,] and min{n, — sy, em — 0} < Oy
(c) there exist two change points 7, 7,41 within (S, €,,] and

MNr — Sm < 57“ and e, — Mr+1 < 5r+1'

The calculations of (¢) is provided as the other two cases are similar and simpler. Note that
for any ||up,||2 = 1, it holds that

T
| o (m) = fega1 ()| = [ 2085, =By, 1 11)] < lumll2lEllopll 85, 1 =B, 411l € Carirpa

and similarly
| fo (m) = Frp1(um)| < Cokir.

By Theorem 12 and the assumption that (s,,, e,,] contains only two change points, it holds
that

max ’ﬁsmem(um)‘ <vem — 77r+1’fnr+1(um) - fnr+1+1(um)| TV = Sm’fnr (um) — fnr+1(um)|

sm<t<em
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<Cov/ 57‘-1—157’—&-1 + CQ\/EK)T < Csv/ (‘ﬁ + 1) log(n).

Therefore under event A({y;, 7}, {um }M_1, &€ = C1/(MN + 1) log(n)),

= Z8m,em < T8m,em < )
Ani= w7 S U () 4O 1) Tog(r) < Ca/(F 1) Tog(n)

So if 7 = Cr/(M + 1) log(n) for sufficiently large C, it holds that

A, <71 foralll <m <M.

As a result, VPWBS((s, €], {(am, bm) }M_,, \, 7, ¢) correctly reject if (s, e] contains no unde-
tected change points.
Step 3. Assume that there exists a change point 7, € (s, e] such that

min{n, — s,n, —e} > 3A/4.

Let am, by, and m* be defined as in VPWBS((s, €], {(am, bm) M1, A, 7, C).

To complete the induction, it suffices to show that, there exists a change point 7, €
(Smks €ms) such that min{ng — s, mx — e} > 3A/4 and |Dyps — nie| < g

Consider the univariate time series
Zi(tms) = (u,), 52))3/1( ), fi(ums) = E{zi(um«)} forall 1 <i<n.

Since the collection of the change points of the time series {f;(um«)}i™: ., is a subset of

1=Smx+
that of {nk}KH N [s, €], we may apply Theorem 11 to the time series {z;(um+)}i™s ., and
{filums«) ;s 1. Therefore, it suffices to justify that all the assumptions of Theorem 11
hold.

Let ¢ = C¢(91+ 1)log(n) and £ = C1/(M+ 1)log(n). Observe that from Step 2 Equa-
tion (37), it holds that

Apr > VAR,

for all r such that min{n, — s,e —n,} > 3A/4. So Equation (40) holds. Equation (41) and
Equation (42) are direct consequences of .A({y( ) 2 o Aum M €= Cr/(M+ 1) log(n))

z’z

and B({yZ 22 m oM € = O1 /(M + 1) log(n)). Equation (43) is a direct conse-

’ z
quence of Assumptions 1 and 2.

Thus, all the conditions in Theorem 11 are met, and we therefore conclude that there
exists a change point 7 of { fz(um*)}f’:";m 41, satisfying

min{em* — Nk, Mk — Sm*} > A/47 (38)

and
| Dins — | < max{C3&%k; %, ¢} < C(M + 1) log(n)ry, %,
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where the last inequality holds because
C(M+ 1) log(n)k; 2 > C(M+1)log(n)Cr? > Ce(M+ 1) log(n) = ¢

for sufficiently large C'. Observe that
i) The change points of {f;(wm=)}¢_, , belong to (s,e] N {nk}_;; and
ii) Equation (38) and (sp*, em+] C (s, €] imply that

1)1
min{e — ng, Nk — s} > A/4 > cm +/£2) og(n) = Omax-

As discussed in the argument before Step 1, this implies that 7, must be an undetected
change point of {5/} ;. [ |

B.1 Additional Technical Lemmas
Let {am }M_,, {bm}*_, be two sequences independently selected at random from {1,...,n},

m=1>
and

M= {For each k € {1,..., K}, there exist one m € {1,..., M} such that a,, € Sk, by, € Ek},

(39)
where Si, = [nr — 3A/4,n, — A/2] and & = [nr + A/2, n, + 3A/4]. In the following lemma
below, we give a lower bound on the probability of M.

Lemma 10 For the event M defined in (39), we have

n MA?

Proof Since the number of change points are bounded by n/A,

P(M°) <§K: ﬁ {1—P(am € Sk,bm € &)}

k=1m=1
<K(1-A?/(16n%)M < (n/A)(1 - A%/(16n2)M

e s () - {5

B.1.1 UNIVARIATE CUSUM STATISTICS

We introduce some notations for one dimensional change point detection and the corre-
sponding CUSUM statistics. Let {z;} ;,{fi}’_; C R be two univariate sequences. We will
make the following assumptions.
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Assumption 3 (Univariate mean change points) Let {nk}K+1 c {0,...,n}, where
no =0 and ng+1 =n, and

foo a1 =fopi42=-..=fy, forall 1<k<K+1,
Assume
i —p_1) > A >0,
i +1(m Mh—1) >

0 <|for — Joul = kg forallk=1,... K.

We also have the corresponding CUSUM statistics over any generic interval [s,e] C [1,T]

defined as
t—s
%
\/ (e—s)(e—1t) Z v
=t+1

t
TP
~ e—t t—s
= (e—s)(t—s) 2_ (e—s)(e—1t) Zfz

=t+1

~s7e p—
Zy =

Throughout this section, all of our results are proven by regarding {ZYE | and {fi}L, as
two_ determlmstlc sequences. We will frequently assume that ft is a good approximation
of Z in ways that we will specify through appropriate assumptions.

Lemma 11 Suppose Assumption 3 holds. Let [so,ep] be an interval with eg — so < CrA
and contain at lest one change point n, such that

77r—1SSOSWS---§77r+q§€0§77r+q+1, q > 0.

Suppose that min{n, — so,eg — Ny } > A/16 for some p' and let kyax = max{x, : min{n, —
s0,€0 — Mp} > A/16}. Let [s,e] C [so, 0] be any generic intervals. and

b€ arg max |Z “.
S e

For some ¢c1 >0, A >0 and 6 > 0, suppose that

271 > e VA, “o
wp (ZC- < e and ()
s+(<t<e—(
1 -
) S — Z (zt — fo)| <& for every e —s1 > (. (42)
s1<t<er V€1 = 81 |, T

If there exists a sufficiently small co > 0 such that
£ <erSE VA and ¢ < oA, (43)
then there exists a change point ny € (s,e) such that

min{e — ng, Nk — s} > A/4 and |np —b| < min{03§2n,;2, ¢}
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Proof This is Lemma 22 in Wang et al. (2017). [ ]

Lemma 12 If [s,e| contain two and only two change points n, and 1,41, then

sup fs’e‘ < Ve —pikrg1 + Vi — Skr.
s<t<e
Proof This is Lemma 24 in Wang et al. (2021). [ |

B.1.2 PrROJECTED CUSUM STATISTICS

Given a collection of deterministic vectors {u,, }}_, € RP, denote
zi(um):u;xiyieR forl<m<Mand1<i<n.

Let Zf *“(usm) denote the corresponding one-dimensional CUSUM statistics. That is

t

75 () = 6—75) S ziliim) — s Z 2i(tum)-

(e —s)(t—s (e—s)e—1t)

i=s+1 i=t+1
Consider the following events
Ay, wiY iy {um -1, €) (44)
—{ sup sup | Z5(um) — E(Z5(up))| > €, min{t — s,e — t} > (N +1) log(n)};
1<m<M 0<s<t<e<ln
B({yi, wi} izt {um Y m-1,€) (45)
o i(um) — E(zi(um
:{ sup sup Lizst1 Zi(tim) zium))} > ¢, min{e — s} > (MN+1) log(n)}.
1<m<M 0<s<t<e<n €—S

Lemma 13 (Deviation Bounds for Variance-Projected CUSUM statistics) Suppose
Assumption 1 a holds. Let {u,}M_, be a collection of vectors in RP such that ||tz = 1
for all m. Then there exists an absolute constants C1 and Cy such that

P[A({yul‘z}? L {um M Oy (’ﬂ—l—l)log(n))] >1-—CMn™3, and
P[B({ys xi}—y, {um}m—1, C1v/ (M + 1) log(n))] > 1 - CMn~?

Proof The deviation bounds can be established by standard sub-Exponential tail bounds.
The analysis for the event A will be provided, as the analysis for event B is exactly the same.

Step 1. Note that

e
79 (um) = B(Z () = 3 bilumaiys — Bluvivi}] |
1=s+1
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where
% Whens+1§i§t,
b; =
! tos whent +1 < <e.

(e—s)(e—1)
Note that u:nxiyi = u;xz(xj BF + €;) where xlTBz* + ¢; is centered Gaussian with
Var(z! B + &) = (8)) ' 28] + 02 <NC; + 02,
and u,,x; is centered Gaussian with with
Var(u;xi) = uTTnEum < Cy,

where ||u,||3 = 1is used in the last inequality. So u,),z;y; is sub-Exponential with parameter
NC? + 02C,. In addition, note that

Z b? =1 and |b] < (‘)’tlog(n))_l/2-
i=s+1

So by sub-Exponential tail bound, it holds that

- 52 51/ + 1) log(n)
P E i\umziyi—E{uhziyi}|| >0 ) <2 —cmi .
< Z.:Sﬂb [umx Y {umx Y }} ’ = 5) < 2Z2exp ( cmm{mc% n Czag’ ‘JTC% n ngg })

So by picking § = Cs5./(91+ 1) log(n) for sufficiently large constant Cs, it holds that with

probability at most 1 — n =5,

Z5 (um) — E(Zfﬂ(um)] _

26: bi [U;%yz - E{anfﬂiyi}] ' > G5/ (91 +1) log(n).

1=s+1

Since there are at most n? possible choice for (s, e] C (0,n], a straightforward union bound
argument shows that

P[A({yia Titieq, {um}%:17 Civ/ (N +1) log(n))] >1—CMn3.
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Bar plots for estimation results reported in Table 2. Plots 1-4 correspond to
Setting (i) with x € /40 - {1,1.2,1.4,1.6}. Plots 5-9 correspond to Setting
(ii) with n € {480,560, 640,720,800}. Plots 10-14 correspond to Setting (iii)
with p € {80,90,100,110,120}. Plots 15-18 correspond to Setting (iv) with

s € {16,20, 24, 28}.
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Estimation of B; Based on SGL First Coordinate of SGL Estimation of B;
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Figure 5: Plots of SGL estimator {Bt}?:l in (7). The data {x¢,y:};~ is the same as the
one used to generate the illustration of VPWBS in Figure 1, where we have
n = 300,p = 100 and that two change-points are at 71 = 100 and 7y = 200
with change size k = 1.64/40. For better comparison with Figure 1, we plot the
estimated f3; for t = 105, - -+ ,290. The true coefficient {B; 122 )5 contains a single

change-point at 12 = 200.
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