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Abstract

We consider a general trace regression model with multiple structural changes and propose
a universal approach for simultaneous exact or near-low-rank matrix recovery and change-
point detection. It incorporates nuclear norm penalized least-squares minimization into a
grid search scheme that determines the potential structural break. Under a set of general
conditions, we establish the non-asymptotic error bounds with a nearly-oracle rate for the
matrix estimators as well as the super-consistency rate for the change-point localization.
We use concrete random design instances to justify the appropriateness of the proposed
conditions. Numerical results demonstrate the validity and effectiveness of the proposed
scheme.

Keywords: High-dimensional data, low-rank estimation, multiple change-point detection,
non-asymptotic bounds, rate-optimal estimators

1. Introduction

High-dimensional low-rank matrix recovery has witnessed rapid development as well as
tremendous success in both theoretical analysis and practical application. It appears in a
wide variety of real-life scenarios, including recommendation systems (Ramlatchan et al.,
2018), compressed sensing (Golbabaee and Vandergheynst, 2012), surveillance and environ-
mental monitoring (Nobre and Stroup, 1994), economics and finance (Espinosa-Vega and
Sole, 2010), and causal inference (Athey et al., 2021), to name a few. Suppose we have
N observations {(y;, X;)}¥,, where y; € R is a response variable and X; € R™*™2 is a
matrix of covariates. Consider the trace regression model

yi=(Xi, ) +¢, i=1,...,N,
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where ®* € R™1X™2 ig the unknown low-rank matrix to be estimated, and ¢; is some
unobserved noise. It is worth mentioning that a great number of interesting setups, such as
multivariate regression, matrix completion, compressed sensing and vector auto-regressive
processes can be encoded into this model (Negahban and Wainwright, 2011; Rohde and
Tsybakov, 2011; Koltchinskii et al., 2011).

In real-life high-dimensional or big data applications, the underlying data-generating
mechanism may encounter abrupt changes or transitions along time or some other variable.
For instance, in a recommendation system, user preference for some products and services
could change with time or vary with their age or income. In public health surveillance,
reported case occurrences from multiple sites (which often implies a low-rank structure)
may encounter sudden changes due to some policy interventions. To accommodate such
scenarios, we consider the framework of matrix estimation in the presence of change-points
or threshold effects, to wit,

yi = (X, 05 +e€, 75 <t; <7154, s=0,...,551=1,...,N, (1)

where t; € [0, 1] is some threshold variable (e.g., t; = i/N being the time index), s* and
0 <7y <--- <715 <1 denote respectively the number and locations of the change-points,
with the convention of 7§ = 0 and 7% ; = 1, and @7 is the unknown ezact or near low-rank
matrix in the data segment corresponding to t; € (77,7} ] for s = 0,1,...,5*. Of interest
is to simultaneously recover ®*’s and 72’s from the observations {(y;, X, t;)})*,. Below we
illustrate these definitions with some concrete examples.

Example 1 (Multivariate regression with change-points) Suppose we have n obser-
vations {(y,, Ta,ta)}n_1, where t, € [0, 1] is the threshold variable, x, € R™ is the variable
of covariates and y, € R™? is the multidimensional response variable. Each response-
covariates-threshold triple is linked via the model

* 1 * * *. —
Yo = O Tt w,, 77 <ty <74, 5=0,...,5,a=1,...,n,

where TX’s are the change-points, ©% € R"™*™2 qgre the corresponding low-rank matrices,
and w, € R™2 are the noises. This model can be formulated into Model (1) by setting

T T T :
ti=taq, Xi==Ta€p,Yi =€, Yy, €i = € W, i =1,...,N(=nmy),

where we use the map (a,b) — i = (a—1)ma+b, and e, € R™2 denotes the canonical basis
vector with a single one in position b, fora=1,...,n andb=1,...,mao.

Example 2 (Compressed sensing with change-points) Working with Model (1), sup-
pose that the design matrices X,; € R™>*™2 qre drawn i.i.d. from a standard Gaussian
ensemble, meaning that each entry is an i.i.d. draw from the N(0,1) distribution.

Example 3 (Vector auto-regressive (VAR) process with change-points) Suppose we
have n observations {(zq,ta) }r—,, where tq € [0,1] is the threshold variable, and z, € R™ are
generated by firstly choosing z, according to some initial distribution, and then recursively
setting

*

* * * . —
2, =05z, 1 +wg, 77 <ty <7, $=0,...,5 a=2,...,n,
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where 7} ’s are the change-points, % € R™*™ are the corresponding low-rank matrices, and
w,’s are the noises. This model can be formulated as a particular instance of Model (1)
with

ti=1tq, X; = ebz;l,yi = esza,ei = ebTwZ-_l, 1=2,...,N,

where i indexes the sample (a,b) and {e, € R™}Y | are the basis vectors.

For vector-valued covariates, Model (1) is reduced to the linear regression model with
structural breaks, and the goal here is to detect changes in the sparse regression coefficient,
which has attracted considerable attention recently, see, for example, Lee et al. (2016),
Leonardi and Bithlmann (2016), Kaul et al. (2019), Rinaldo et al. (2021) and Wang et al.
(2021b). Despite the popularity of huge volumes of data collected in matrix form nowadays,
there are only a limited number of estimation schemes designed for Model (1). For the VAR
change model in Example 3, if the regression matrices @}’s are assumed to be sparse in-
stead of low-rank, Safikhani and Shojaie (2022) and Safikhani et al. (2022) proposed a fused
LASSO method and Wang et al. (2019a) suggested a dynamic programming approach. Bai
et al. (2020) assumed that each regression matrix is a superposition of a stable low-rank
component and a time-varying sparse component, and proposed a fused LASSO type esti-
mation scheme. By allowing both the low-rank and sparse components to exhibit changes,
Bai et al. (2023) developed a rolling window detection strategy.

In this paper, we attempt to develop a theoretically guaranteed methodology for low-
rank matrix recovery in the presence of multiple change-points under the framework of
Model (1). We first propose a joint minimization procedure for simultaneous matrix es-
timation and change detection if there is at most one change-point occurring to the data
sequence. To be specific, we minimize the nuclear-norm-penalized least-squares over all
feasible choices of the regression matrices and change-point. The idea of joint minimization
is motivated by Lee et al. (2016), which studied the LASSO for high-dimensional linear
regression with a possible change-point. However, tackling the nuclear norm incurs more
technical difficulties due to its inseparability. Several conditions and techniques used in
Lee et al. (2016) rely heavily on the separability of the ¢;-norm, and thus appear restric-
tive and hard to generalize. Fortunately, our proposed scheme provably yields not only
desirable matrix estimators that match the optimal error rate of those obtained without
any changes (e.g., Negahban and Wainwright (2011)), but also super-consistent estimation
of the change-point (Chan, 1993; Lee et al., 2016). We further extend this scheme to the
scenario with multiple change-points by considering a two-stage procedure.

1.1 Our contributions

From the methodological aspect, we propose a universal approach for simultaneous low-rank
matrix estimation and multiple change-point detection for the general trace regression model
with threshold effects (i.e., Model (1)). It builds on a recovery scheme that incorporates
least-squares minimization with the nuclear norm penalty. To tailor for multiple change-
points scenarios, we provide a novel thresholding rule followed by additional refinements to
achieve desirable estimation and detection accuracy simultaneously.

From the theoretical aspect, we formulate general conditions under which our estimation
and detection procedure is valid. Those conditions stand as non-trial extensions compared
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with classical results in the literature of low-rank matrix recovery or change-point detection.
They are established under a fixed design setup and aim to incorporate a broad class of de-
signs. When those conditions hold, we have theoretical guarantee for both the change-point
localization and matrix estimation, that is, the convergence rate for the matrix estimators
provably achieves the optimal rate for high-dimensional low-rank recovery without thresh-
old effects, and the detected change-points have the super-consistency property. Moreover,
using multivariate regression (Example 1) as a running example, we establish concrete re-
sults to justify the appropriateness of the general conditions as well as the validity of the
proposed scheme.

1.2 Related literature

In the absence of change-points, a variety of powerful low-rank matrix estimation frame-
works have been developed during the past decades, which cover many real-life application
instances as well as different model setups. For example, Candeés and Recht (2009) and
Recht et al. (2010) studied a nuclear norm convex relaxation framework for noiseless matrix
completion under the sampling-without-replacement scheme and different bases. They also
explored reasonable conditions for successful recovery, like incoherence assumptions, which
built up the foundation of the theoretical guarantee. When noises are inevitable, Keshavan
et al. (2010) and Candes and Plan (2011) followed the thread of nuclear norm convex re-
laxation framework, while Negahban and Wainwright (2011) and Koltchinskii et al. (2011),
among others, developed the nuclear norm penalization least-squares estimation, which is
akin to LASSO in vector-based optimizations. These works also established the conver-
gence rates of the proposed estimator under general conditions such as restricted strong
convexity and (generalized) restricted isometry property. Following works made extensions
and adaptation to other aspects, such as robustness (Elsener and van de Geer, 2018), non-
Gaussian data (Fan et al., 2019), missingness quantification (Fithian and Mazumder, 2018),
nonconvex optimization (Chen and Chi, 2018) and so on.

On the other hand, change-point detection also constitutes a canonical problem with
numerous applications and has witnessed the development of many mature schemes. It
dates back to 1950s (Page, 1954), and has gained increasing attention recently for modeling
high-dimensional data, which is often exposed to some degree of heterogeneity in the form of
abrupt changes in the parameters of the underlying data generating process. In particular,
it has been used in the context of high-dimensional mean and covariance models (Cho and
Fryzlewicz, 2015; Wang and Samworth, 2018; Wang et al., 2018; Yu and Chen, 2021; Liu
et al., 2020; Dette et al., 2022), graphical models (Bybee and Atchadé, 2018; Londschien
et al., 2021; Liu et al., 2021), networks (Wang et al., 2021a), and regression models (Lee
et al., 2016; Leonardi and Biihlmann, 2016; Kaul et al., 2019; Wang et al., 2021b; Safikhani
and Shojaie, 2022; Bai et al., 2020, 2023), to name a few.

1.3 Structure of the paper

The remainder of our paper is structured as follows. In Section 2, we first introduce the
joint minimization scheme, together with its theoretical properties and implementation, if
there exists at most one change-point. Then this estimation and detection procedure is
extended to multiple change-points scenarios in Section 3. Numerical studies are presented
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in Section 4. Section 5 concludes the paper. All proofs regarding the theoretical results,
together with additional numerical supports, are deferred to Appendix.

1.4 Notations

For a matrix X, let X;; be its (4, j)-th entry. Likewise, for a vector x, let z; be its ith com-
ponent. For a matrix X € R™*™2 we use rank(X ) and pg(X) to denote respectively the
rank and the k-th singular value of a given matrix X for k = 1,...,m := min{my, ma}. The

1/q
1% X1 When g = 2,00,1,

the Schattern-¢ norm reduces to the commonly used Frobenius, operator and nuclear
norm, which are denoted as || X||p, [ X]||,, and [|X[|,, respectively. For two matrices
X1, X9 € R™*™M2 we denote their inner product as (X, Xg) = tr (XITXQ), where
tr(-) is the trace operator. For vectors, we use ||-||; and [|-||, for the ¢; and f5 norms, re-
spectively. The capital letter NV is used to denote the sample size under the general trace
regression model (2) and (12). The small letter n, on the contrary, denotes the sample size
in the specific multivariate regression model (Example 1).

Schattern-g norm of X is defined as || X||s, =

2. Matrix estimation with a possible change-point
2.1 Joint minimization scheme
2.1.1 MODEL AND REPARAMETERIZATION

We first confine attention to the at most one change-point (AMOC) scenario, i.e., Model
(1) with s* < 1. To be specific, suppose we have observations {(yi, X;,#;)}Y, such that

Yi = <Xi, ®6> l{ti < 7‘{} + <X¢, @D 1{ti > ’7’{} + €,

where y; € R is a response, X; € R™*™2 is a matrix of covariates, t; € [0, 1] represents a
threshold variable with an unknown change-point 7 splitting the sample into two segments,

0, ©7 € R™ ™2 gre unknown matrices to be estimated in both segments, and ¢; is a

noise. After reparameterizing ®* = 0g, A* = @] — ©; and 7" = 7{, and collecting

| (@*T, A*T)T, the AMOC model is equivalent to
Y; = <Xi, ®*> + <XZ', A*> l{ti > T*} + €5,
=(X;(m), I') + €, (2)
where we denote X;(7) = (X;-F,XZ-(T)T)T with X;(7) := X;1{t; > 7} for any 0 < 7 < 1.

2.1.2 LOW-RANK STRUCTURE

In many applications, the regression matrices ®%’s (s = 0 and 1) are either low-rank, or
well approximated by low-rank matrices. If we impose low-rank restriction on @%’s, then
A* and T'* are also of low-rank since

max{rank(A*), rank(I'*)} < 2 max {rank(©f), rank(©7) };

see Theorem 25. If ®%’s have a more generally near low-rank structure (Negahban and
Wainwright, 2011), i.e., their singular values fall within an /,-ball B,(R,) := {0 € R™ :
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Yoreq lok|? < Ry} for some ¢ € (0,1) and R, > 0, where m = min{mi, ma}, then the
transition matrix A* should belong to B, (2R, ) due to the additive property of the Schattern-
g norm; see Rohde and Tsybakov (2011) and the references therein. Note that, by taking
q — 0, By(R,) approaches the low-rank matrix space. Thus we can unify the exact and
near low-rank matrix spaces with the notion of ¢,-balls by setting ¢ € [0, 1).

2.1.3 PENALIZED LEAST-SQUARES ESTIMATION

The above fact suggests a natural nuclear norm penalized least-squares estimator for I'* if
the chang-point is known as 7 = 7 for some 0 < 7 < 1, that is,

[(r)= argmin {Sn(T;7) + An|T|+}, (3)
TeR(@m1)Xmg
where
N
Sn(T57) = (2N)™) (g — (Xi(r), )%, (4)
=1

and Ay > 0 is a regularization parameter that will be specified later. Then we can estimate
the change-point 7* by searching for the best 7 that yields the minimal value of penalized
least-squares, namely,
}
*

where T = [p,1 — p] C [0, 1] represents a parameter space for 7*, and p is some boundary
removal parameter that is frequently considered in the change-point detection literature
(Csorgd and Horvéth, 1997). At last, we obtain the estimator of I'* as I'(7). In fact, the
proposed estimator of (I'*, 7*) can be regarded as a joint minimization problem, i.e.,

7= argg,}lm {SN (f‘(T); T) + AN Hf(T)

(P@).7) = argmin {Sy(Ti7) + An|ITIL} - (5)
reR@m1)xmg rcT

Remark 1 Since the nuclear norm is not separable, i.e., |T||« # ||O|« + ||All« for T =

CH AT)T, another form of penalization one might consider is ||®|« + ||All«. Theoret-
ically speaking, these two choices are equivalent to each other if we rescale the penaliza-
tion factor by some constant, which can be established via the fact (||®|, + ||All+)/vV2 <
(@7, ATl < [|O|« + |Allx, see Theorem 25. Alternatively, one might penalize ®F and

T instead of @ = OF and A* = O] — O, which leads to solutions with similar theo-
retical properties (more precisely, non-asymptotic bounds with the same rates up to some
constants). This is suggested by the fact that

(2)- (% 2)(E)

The transformation matriz is invertible and has only two distinct (but repeated) singular
values, i.e., 1 and /2. By Theorem 26, both the penalization factor of the objective function
and the non-asymptotic bounds can be rescaled up to some constants.
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2.1.4 MULTIVARIATE REGRESSION EXAMPLE

Regarding Example 1, let X (1) = (a::lr, ar:;rl{ta > T})T for some 7 € T. This change-point

. T
model can be rewritten as y, = I'*' X, (%) 4+ wa, where I'* = (@ST, e’ — (-)5T) . In
this case our procedure proceeds as

PR . 1 n 2
(F7).7) = argmin {%Z(ya ~ 2| +Anuru*},
a=1

I‘GR(277L1)XTH27T€’]I‘
for some A,, > 0.

2.2 Theoretical analysis
2.2.1 PREVIEW

In this section, we will perform a thorough analysis of the statistical properties of the
regularized estimator (f(?), 7) in (5). In case the discussion becomes too involved due to
its theoretical essence, we give a block of preview of the core results at the beginning as
well as a flow map to explain how the results are organized and guide the audience through
the reading process. Furthermore, we will employ the multivariate regression setting as a
special running example to make a short demonstration of the key results throughout the
process.

Preview of the core results. From a high level, the goal in this section is to establish
finite sample bounds on the estimation error of the estimator pair (f‘(?‘), 7) as well as the
in-sample prediction error under an appropriate set of assumptions. The whole analysis can
be dissected into several components:

o Main results. There are two main results that involve different conditions and tech-
niques for justification.

The first result (Theorem 4) targets the setting where there is no structural change
along the sequence of data points and provides the following finite sample rates on
estimation and prediction error with some conditions and an appropriate choice of
tuning parameter \y:

m m
IT =T[5 S AR Van Y or(T), T =T Savrv Y pe(T),
k=r+1 k=r+1
1 N R 9 m
D <xi(?) T - r*> SV Y ().
i=1 k=r+1

The results match those of an “oracle” estimator with the no-change prior knowledge.

The second result (Theorem 7) is tailored to the data-generating process containing
exactly one change-point. It establishes the following finite-sample rates for estimation
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and prediction error as well as change-point detection accuracy:

m

m
IT =T[5 S AR van Y o), T =T Sanvrv D pe(T),
k=r+1 k=r+1

% |x (07) - 20 m)

m

2
" Y )V,
k=r+1

m

F=r 1S Ay Y k(T VAR
k=r+1

The results give the same bounds (up to some constants) as those in Theorem 4 for
the matrix estimation error as well as the prediction error in the presence of threshold
effect. Moreover, Theorem 7 builds the error bound for change-point detection, which
can be viewed as a non-asymptotic version of the super-consistency of 7 to 7* for
general low-rank matrix recovery in the presence of a change-point.

Additionally, we provide Corollary 9 and 10, which are concrete statements of Theorem
7 under exact and approximate low-rank cases, respectively.

e Statement of conditions and assumptions. The results rely on some distributional and
structural assumptions on the model, regarding a unique restricted strong convexity
nature of the optimization program (Assumption 1), identifiability and smoothness
of the model with one change-point (Assumptions 2-3), tail of the noise (Assumption
4), etc.

o Intermediate results to complete the logic flow. Towards proving the main results, we
fully exploit the property of the minimization program and establish several interme-
diate lemmas and corollaries that facilitate understanding and discussion. To name a
few, Lemma 2 gives a deterministic inequality that provides instruction on choosing
the correct level of penalization. Corollary 3 establishes prediction consistency for
both settings. With a single change-point, Lemma 5 shows change-point detection
consistency. These results are crucial ingredients for the main theorems.

o [llustration under a concrete random design running example. Assumptions 1-5 shall
be verified under a multivariate regression example in Section 2.2.6. Under appropriate
assumptions on the design and noise (see Assumption 6) and the scenario that I'* has
exact low rank r, if we choose A, < \/(m1 4+ mg)/n, then with high probability,
< 1 n. A~ *. % 2 < 2

*Nr)\n, o X(I;7) — XI5 m) ZNT)\n,

- * 2 2 - *
r-r| smi |b-r

and

F— | S A2,

Discussion on these rates is deferred to Section 2.2.6, together with the rates derived
under near low-rank scenarios.
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Before moving to the formal presentation of the results, we further introduce some
quick notations. Let y = (y1,...,yn) and € = (e1,...,en)". Given 7 € T, define an
observation operator X(-;7) : RmUxm2 s RN with elements [X(T;7)]; = (X;(r), T') for
I' € R(2m)xm2Intuitively, this linear operator measures the noiseless output signal through
the AMOC model (2) with any given input I'. Therefore, with the operator X(-;7), we can
reformulate Model (2) as y = X(I'*; 7*)+€. The adjoint of the observation operator, denoted
by X*(-;7), is the linear mapping from RN to R(2™1)*™2 given by X*(v;7) = Zfil v X4(T)
for v € RV,

2.2.2 DECOMPOSABLE SUBSPACES AND PREDICTION CONSISTENCY

The crucial ingredient in our analysis is the specification of certain subspaces onto which
we can project the regression matrices and utilize the low-rank structure. To formalize
the idea, consider the singular value decomposition of the target matrix I'*. For each
integer r € {1,...,m}, let U" := [u1,...,u,] € R™*" and V" := [vyq,...,v,] € R™2*" be
the subspaces spanned by the top r left and right singular vectors of I'*. We introduce
the orthogonal decomposition R™*™2 = S" @ 8™, where S” is the linear space spanned
by the elements of the form uix' and yv;, k =1,...,r, where x and y are arbitrary,
and S"* is its orthogonal complement. The orthogonal projection II}.. onto &™ is given
by . (M) = PyrM + M Pyr — Pyr M Py for any matrix M € R™*2 where Pyr
and Pvyr are orthogonal projections onto U" and V". The orthogonal projection H;% onto
St is given by IIf (M) = (I, — Pyr)M(I,,, — Pyr). These projection operators have
appeared in many literature of low-rank matrix estimation, see, for example, Candes and
Recht (2009), Recht (2011) and Negahban and Wainwright (2011).

We start the formal theoretical discussion by providing a preliminary lemma, which is
an inequality that builds up the foundation of our theory.

Lemma 2 (Basic inequality) If Ax > sup,cr 2| X*(€;7)|lop/N, then
1 N —~ = * * 2 )\N rl - *
v 2 (). F) = (). 1)+ St it (F 1)

+ 55 - (F- )

*

<2y HH’“F% (T

+ Ry(I*,7,77), (6)

where for given 7,7 € T, Ry(T™*,7,7') is defined as
N N
RN(F*>T7 7—,) = N_l Zei <Xl(7_) - Xi(T/) ) F*> = N_l Zei <Xl(7-) - XZ'(T,) ) A*> :
i=1 i=1

We add some remarks on Lemma 2. First, Lemma 2 is a deterministic result. The
left-hand side of (6) in Lemma 2 contains two terms. The first one corresponds to the

prediction error. The second term, (Ay/2) HH% (f‘ - I‘*) , combined with a direct pro-

*

jection term (Ay/2) HHT* (f‘ - 1"*) , measures the magnitude of matriz estimation error
*

in nuclear norm. (6) holds under the requirement Ay > sup, < 2||X*(€; 7)||op/IN, which puts

a restriction on the specification of the regularization parameter A\y. This is a generaliza-

tion of the no-threshold-effect result in Negahban and Wainwright (2011), where they used
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Av > 2| 2N € Xi|lop/N. Our choice here incorporates the change structure information.
We shall use the random multivariate regression example in Section 2.2.6 to show that with
choice A\ of the order O(y/(m1 + m2)/n), this requirement holds with high probability.
Second, the remainder term Ry plays an important role in our analysis. Its scale reflects
the noise level (e part), discontinuity of the design for the change-points (X(7) part), and
the size of the break A*. In the no-change-point setting, the remainder Ry is zero because
A* is zero so the term does not affect the analysis. In the presence of one single change-
point, in general, Ry will not vanish. However, we are able to control its scale under a
suitable set of conditions; see Lemma 6 later.

If we further assume that the operator norms of I'* and T have an upper bound, say
Ymaz/2, then Lemma 2 provides the following upper bound on the prediction error.

Corollary 3 (Prediction consistency) If Ax > sup,cr 2||X*(€;7)|lop/N, then

N m
1 A~ 0\ 2
— (<XZ-(T), r> (), T >) <2y > (T + AN Ymar + Al A..
i=1 k=r+1

Corollary 3 can be translated into the prediction consistency property under a wide range
of asymptotic regimes. For example, if we consider the scaling

m

AN Z Pk(r*) =0, ANTYmaz — 0, )\N”A*”* — 0, (7)
k=r+1

then the prediction error vanishes asymptotically. Such scaling can be validated in many
concrete examples. For example, in the random multivariate regression study in Section
2.3, with penalization level Ay =< /(m1 + mz2)/n, a constant order for yyax, and the exact
low-rank assumption, the results in (7) will hold when n — oo and max{mi, ma} = o(n).

2.2.3 RESTRICTED STRONG CONVEXITY

To control over the certain norm of the matrix estimation error T' — I'*, we introduce the
second ingredient in our analysis, viz., restricted strong convexity of the loss function while
taking into account the possible existence of one single change-point.

Assumption 1 (Restricted strong convexity, RSC) The restricted strong convezxity con-
dition holds with curvature k(X) > 0 if

1
ﬁ\|3€(M; %> &(X)|M|%, forall M € C(r,5,T*,T), 7 €T, (8)

where for some § > 0,

C(r,6,T*T) = {M c R2m1)xma

|M || > 6, | (M), < 3T (M)[ls +4 > p(T) +2!A*!F}- 9)
k=r+1

10
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We add some elaboration on Assumption 1. First, the present RSC condition follows
the spirit of that in the context of regularized matrix estimation without any change-point
(Negahban and Wainwright, 2011), to wit, in our notation, there exists some curvature
constant & > 0 such that (2N)"'S2N (X;, M)?> > k| M]|?%, for all M € C(r,5,0%),

where

C(r,6,0") = {M ER™X™ || M5 > 6, [Tlgs (M), < 3| (M), +4 5 pk<@*>}.
k=r+1

Nevertheless, due to the presence of a change-point, it demands that the curvature condition
holds in a unified manner, i.e., for every possible position of the change-point 7 € T. This
unification guarantees a local strong convexity property and eliminates the scenario where
the “bad” positioning of the change-point ruins the behavior of the estimator. It’s worthy of
noticing that (8) serves as an analog of the unified restricted eigenvalue condition proposed
as in Assumption 2 of Lee et al. (2016), which studied the LASSO for high-dimensional linear
regression with a possible change-point. Second, for the specification of the particular set
where the RSC should hold, (9) has an additional term in the right-hand side of the second
inequality, i.e., 2||A*||p, which accounts for the uncertainty of the change-point positioning
as well as the change magnitude. When there’s no change, A* = 0 and thus (9) is reduced
to the classic C(r,d, ®*). Moreover, it is remarkable to point out that the J in the set (9)
is used to account for the term » ;" px(T'™) in the near low-rank situation. This means
that for the exact low-rank cases, we can safely set 4 = 0. We shall show in the random
multivariate regression example in Section 2.2.6 that this RSC holds with high probability
(see Section 2.2.6 and Proposition 20).

2.2.4 ERROR RATES WITHOUT THRESHOLD EFFECT

With Assumption 1 and the basic inequality (6) in Lemma 2, we can readily obtain some
interesting bounds on the matrix estimation and change-point detection error. A natural
question is whether the proposed scheme still behaves satisfactorily if no threshold effect
exists. If one has the prior information that there’s no change, the ®* can be optimally
recovered by using a direct trace norm penalized least-squares minimization. If this prior
information is unavailable, it is of great interest whether the proposed scheme can adapt to
such a situation. The answer is actually positive as summarized below.

Theorem 4 (Matrix estimation without threshold effect) Assume A* =0, and that
Assumption 1 holds for some k(X) > 0. If Ay > sup,c7 2||X*(€;7)|op/N, then

R A\ m T 1/2
B - < 5 v ANV < ¥ Limrs P >> ,

K(X) K(X)
~ 128 \NT i
L-T*| <16yréVv —"v r*
k=r+1
1 ~ 2 3672, i
— X;,(7), T —=T*) <6 SV N 4N ™).
o “< @), ) < 6oV e Nk§r+jlpk< )
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Theorem 4 gives compelling non-asymptotic bounds on the matrix estimation error (in
the Frobenius and nuclear norms) and prediction error when no threshold effect or change-
point exists. These bounds have a natural interpretation. Firstly the terms involving  are
admissible errors. In the exact low-rank scenarios it would no longer be necessary. The
terms containing Y " | px(T*) are known as approzimation errors, which account for the
expense to approximate the true matrix using a low-rank estimate. Then the remaining
terms correspond to estimation errors, which measure the accuracy of our estimator for the
low-rank approximation. In particular, comparing the Frobenius bound with the one given
in Theorem 1 of Negahban and Wainwright (2011), i.e.,

m 1/2
<5y 32AN/T v <16)‘N Dbl Pk(@*)> / 7
K

- K

H(?)—@*

which can be regarded as a result of an “oracle” estimator with the no-change prior knowl-
edge, we find that these two bounds coincide with each other up to some constants.

2.2.5 ERROR RATES WITH THRESHOLD EFFECT

Next, we turn to the scenario where there indeed exists a change-point in the threshold
variables {t;} with A* # 0. We need the following assumption to depict the identifiability
under low-rank and discontinuity of the model structure.

Assumption 2 (Identifiability and discontinuity) AssumeI™ € B,(R,) for some Ry >
0 with ¢ € [0,1), and A* # 0. For a given R, > Ry and some n(N,m1,ma) > 0, there
exists some constant ¢ > 0 such that for any T € T with |t — 7] > (N, m1,m2) and
re{r: ||I‘||%q < Ry} with T —T* € C(r,6,T*,T), it holds that

1 *
SR ) = (T > oA -7,

where ¢(A*) > 0 is some monotonically increasing function in certain norm of A*.

Assumption 2 implies that there is no low-rank representation that is equivalent to
X(I'™;7*) when the sample is split by 7 # 7*. That is to say, when considering a splitting
point 7 located around the true change-point 7*, the resulting prediction difference should be
bounded strictly away from zero, thus rendering 7* identifiable. Furthermore, Assumption 2
specifies a linear growth rate in the prediction error as 7 deviates from 7*. The function
¢(A*) is some curvature function that measures the effect of the change on detection ability,
to wit, a change with a larger value of a certain norm of A* corresponds to a higher level
of detection performance. In many cases, it suffices to choose ¢(A*) = ||A*||p. One thing
to note is that we only require this rate to hold for 7 locating from 7* farther than a factor
(N, m1,msz), which measures the change-point detection ability of the current scheme;
more interpretation on n(NV,mi, mg) is provided in Remark 8. Lastly, Assumption 2 is also
justifiable under the random multivariate regression example; see Section 2.2.6 as well as
Proposition 22.

With Assumption 2, we can establish the following Lemma 5 to depict the consistency
of the change-point detection scheme.

12
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Lemma 5 (Change detection consistency with threshold effect) Suppose Assump-
tion 2 holds. If An > sup,cr 2||X*(€;7)||op/N, then |7 — 7| < n*, where

m

n* = max {n(N, my,ms), {CQS(A*)}*l (2)\]\/ Z Pk (T*) + 6ANTYimaz + )\NHA*H*)}
k=r+1

Lemma 5 is sufficient to establish the estimation consistency of 7 if

m

(A TAN Y pe(T) = 0, $(AY) T ANTYmar — 0, S(A%) T AN AY. = 0.
k=r+1

However, we assert here that this is not the best bound we can expect, but will serve
as an initialization step in tightening the detection rate via iteration in further theoretical
analysis. To this end, we need another assumption to guarantee a certain type of smoothness
in the design.

Assumption 3 (Smoothness of design) There exists some constant C > 0, such that
for any 7 € T with |7 —7*| > n(N, m1,me) and for any T satisfying T —T™* € C(r,6,T*,T),
it holds that

T (D, T, 7,79 < Clr = 7] I = T - [ A%,
where T (T, T%,7,7) = N=1 (X(D — T*;7), X(T*7) — X(T% 7).

Intuitively speaking, by controlling Ty we are enforcing some smoothness on the thresh-
old variables {t;} such that no extreme cases like point masses take place. This is suggested
by the second element, X(I'*;7*) — X(I'"; 7), in the inner product we used to define Ty, for
which we wish a Lipchitz type of bound with respect to 7. Besides, through this condition,
we can also control the smoothness over I, when we consider the first element, X(I' —T"; 1),
in the inner product. These bounds implicitly restrict the magnitude of the design matrix
X ;. While mathematically complicated, this assumption is proved to be valid with high
probability under certain random design circumstances; see Section 2.2.6 and Proposition
23.

Assumption 4 (Sub-Gaussian noises) The noises €; are i.i.d. copies of a mean zero
sub-Gaussian random variable €, i.e., there exists some K > 0, such that E{exp (62/K2)} <
e.

Starting from this assumption we begin to introduce a probabilistic structure for the
noise. Now our choice of Ay, i.e. Ax > sup,c72||X*(€;7)||op/N, becomes a random event.
We will hereafter perform our analysis on this event, which bears a probability greater than
1 — ay for some ay < 1. For many concrete designs X ;, either deterministic or random,
it is often possible to show that ap vanishes as N — oo, leading to a high probability
guarantee for our analysis over the randomness; see, for example, Section 2.2.6.

The next lemma demonstrates a high probability control over the stochastic remainder
Ry (I, 1,7%).

13
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Lemma 6 Let hy(c;) = (2¢,N)~! Difti—rr|<er (X A% for some ¢ > 0. Suppose As-
sumption 4 holds. Then, with probability greater than 1—2e-exp (—c' NA%, /{K? |A*| 22 hy (cr)})
for some constant ¢ > 0, we have

sup Ry (T™*,7,77)| < Ane||A*|F.

T T—T*|<cr

Note the quantity || A*||z*hn(c,) in Lemma 6 is in the style of a sample mean. Under some
structure conditions for X; and A*, this term is bounded or grows rather slowly compared
to N )\?V. For example, if we consider fixed design X; with bounded operator norm, say
[ Xillop < Vhpas for some /., > 0, then |A*||z2hn(c;) < rank(A*)y/2,., while in low-
rank matrix recovery literature we can usually set N )\?V = m. Hence it results in a high
probability guarantee. Similar results can be derived for large N under certain random
designs, see, for example, Section 2.2.6.

Now based on Lemma 6 and the comment about the choice of Ay, we can condition our
analysis on a high-probability event where several stochastic terms of interest are well con-
trolled. Before presenting our main result, we further impose one more technical assumption
for the involved parameters.

Assumption 5 (Interplay between parameters) The following conditions hold:

120C {eg(A™)}H|A* ||| T (T9) || < 1,
5{co(AN)} A |pr(X)/16 <,
1728{cp(A*)}LOANT|| A%, -

k(%) 7
{ep(A")} 2k (X)[|A™]F
320[1 — 1728{cop(A*)}LCANT|| A* || /K(X)]?
{ca(A)}2ANC A" A*|I%
96[1 — 1728{cd(A*)}1CANT|| A || /K(X)]

<r,

;<L

Basically Assumption 5 guarantees small magnitudes for several key quantities in our
analysis, such as Ay, [Tl (I*)]]«, etc. We have commented before that proper scaling of
these quantities can contribute significantly to controlling the errors of interest. These
inequalities can hold simultaneously in many regimes. As one example, consider the regime
where ||A*||F is fixed and I'* has an exact low rank r. This regime implies that [|A*|, <
V7| A*||F has the same order as /7, and ||IIf ()| = 0. The parameter #(X) is also a
bounded constant when evaluated in many concrete examples (such as the random design
example in Section 2.2.6). The tuning parameter, Ay, usually scales with O(N~*) for some
s > 0 thus converges to zero as N — oo. Therefore, we can check that Assumption 5 is
satisfied under such scaling. More details are explained in Section A.2.

Theorem 7 (Recovery accuracy with threshold effect) Suppose that Assumption 1-
Assumption 5 hold. If \n > sup,cr % X* (& 7)||op holds with probability greater than 1—ay,

then there is some integer m* > 0 and a decreasing sequence {csk)}znz*l such that the following
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bounds hold with probability greater than 1—an—2e ZZL exp (fc’N)\?\,/{K2 HA*H;ZhN(CS-k))}> :

[For|f <ty W Dk i) 1283
P k(%) k(X)2
= G 192\
_T* < *
Hr | <i2varsviz Y P v = o
k=r+1
1 N~ * . _* 2 - * 96)\?\[7‘
o Hae(rT) X(T%;7%) 2_6AN\/§5V6ANk;1pk(r)v MEIR
m *\1—1)2
7 ] < 20{e0(A") IAn VSV 20[eo( AN}y Y () v EAATIE T

k=r+1

Theorem 7 gives the same bounds (up to some constants) as those in Theorem 4 for the
matrix estimation error as well as the prediction error in the presence of threshold effect.
In addition, Theorem 7 builds the error bound for change-point detection, which generally
refines that obtained in Lemma 5. To see this, consider the exact low-rank scenario where
we conclude that |7 — 7*| < M%7 for fixed x(X) and ¢(A*). Hence an improvement occurs
by noticing that Lemma 5 gives |7 — 7*| < Ay under such scaling. In fact, this result
can be viewed as a non-asymptotic version of the super-consistency of 7 to 7* for general
low-rank matrix recovery in the presence of a change-point.

The most technical part of the proof of Theorem 7 is to entangle the Frobenius and
nuclear norm-based estimation error bounds and the prediction error bound, as well as the
change detection error bound, to push forward the tightening iteration using Theorem 18
and Theorem 19. This procedure requires more techniques due to the complexity of matrix
formulation (especially that based on near-low-rank matrices).

Remark 8 Theorem 7 is proven in an iteration scheme based on nonlinear system analysis
(Vidyasagar, 2002), which accounts for the introduction of m* and decreasing sequence

m
(CS—k))k v These quantities are generally dependent on N, mi1,ma as well as some model
parameters. To ensure a high probability guarantee on the error bounds, it is remarkable

to point out the term ZZLZ*I exp (—C/N)\?V/{KQHA*HEQhN(CS-k))}) should not be too large.
We consider the exact low-rank case with fized r and k(X). By the comment following

Lemma 6, N)\?V/{HA*H;QhN(cS-k))} generally grows linearly with m. Suppose the iteration is
terminated at step m*+1 (meaning that we have the rate = N4 at the m*-th iteration). Now
we choose n(N,m1,ma) < \r/k(X)%. It can be checked that the nonlinear systems involved
have a linear convergence rate, which entails the number of iterations m* < log(A]QQT*l).
In many concrete examples \i°r~! =< N/m (see Section 2.2.6), so that m* < log(N/m).

Hence it renders a high probability result if m 2 loglog N.

To better appreciate Theorem 7, we restate it in two concrete scenarios, namely, the
exact and near low-rank matrix recovery.

Corollary 9 (Exact low-rank matrix recovery) Suppose the conditions in Theorem 7
hold. In particular, assume I'* is an exact low-rank matriz with rank r and Assumption 1

15



SHI, WANG AND ZOU

holds with C(r,0,T*,T) and some x(X) > 0. Then there is some integer m* > 0 and a
decreasing sequence {C(Tk)}znz*1 such that the following bounds hold with probability greater

than 1 — oy — 2e "7 exp (—c’N)\?V /{K%;A*H;%N(CS’“))}) :
2 _ 128)\%r

r-r* —ON
H F~ k(%)
2 _ 9637

%H%@?) — XIS, S m)
320{cH(A*)}INEr
- K(X) '

< 192)\]\[7“’
* /‘i(%)

Hf—r*

7]

Corollary 10 (Near low-rank matrix recovery) Suppose the conditions in Theorem 7
hold. In particular, assume I'* € By(R,) for some q € [0,1) and Assumption 1 holds
with C(RgA N, 6, T*,T) and some k(X) € (0,1]. Then there is some integer m* > 0 and a
decreasing sequence {c(Tk)}ZL*1 such that the following bounds hold with probability greater
than 1 — ay — 2e 7 exp (-dNA%V/{W”A*HF?hN( ““)}).

192R, )\

2 128)\
K(X)1me 7

< §%v
F m(%)

% Hf{ <f‘;?) — X r%)

7 — 7% < 20{cp(AN)} AN 2 V2Re6 v

< 12/2RA25 v

Hr T

96)\2 qR

<6)\1 W\/ﬁév :

320{cp(A )} 2A?v "R
k(X)2-

Proof of Corollary 9 is quite straightforward by noticing that § = 0 and || (T*)« = 0
under the exact low-rank assumption. The error bounds in Corollary 10 reduces to those
in Corollary 9 when ¢ = 0 and § = 0. The quantity RgA? acts as the “effective rank”
(Negahban and Wainwright, 2011), which is selected to achieve a trade-off between the
estimation error and approximation error.

2.2.6 A RANDOM DESIGN STUDY: MULTIVARIATE REGRESSION WITH A POSSIBLE
CHANGE-POINT

Up to now, we are mainly investing our efforts in fixed design cases for general estimation
and detection results. The assumptions we proposed have natural theoretical and practical
interpretations, which serve as indispensable foundations for our main theorems. However,
some of them involve complex data structure and mathematical formulation, thus raising an
interesting question: whether these assumptions are realistic and verifiable in practice? In
this section, we use multivariate regression to show how those assumptions can be justified
with high probability. We introduce the following assumption on the random design and
noise.

Assumption 6 (Random design and noise) Suppose {(€q, Tq,ta)}n_; are independent
random elements satisfying t, ~ U(0,1), x, are i.i.d. sub-gaussian random vectors with
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parameter 52 and covariance spectral conditions 02 < pmin(E) < pmax(X) < 72, and €, are

i.i.d. sub-gaussian random vectors with parameter o2.

Theorem 11 Assume I'* € B, (R,) for some q € [0,1). If the regularization parameter
An is chosen such that A\, = 200G+/(m1 + ma)/n, then there are a sequence of positive
constants C, {Cy};_, and an integer m* < (1 — q/2)log {n/(m1 + ma)} such that, for n >
Cmy, with probability at least

1 — 3C) exp{—Ca(my + m2)} — Cexp(—Cyn) — 2em* exp { —Cs||A*|| > (m1 + m2) }

we have
- 2 oo 2—q mi + mo (1-q/2)
—_T* < - - 4
Hr | <R, UQ) < - ) :
—\ 1—¢ (1/2—q/2)
-~ o mi1 + ms
el e () (2m)
1 R NI A mi + ms (1-a/2)
- Hae(rr> - X)) < CoRy <02> (n ) ,

—\ 2—¢ (1-q/2)

n

Theorem 11 establishes the non-asymptotic bounds on the matrix estimation error and
prediction error for both exact and near low-rank scenarios. These bounds align perfectly
with classical results in low-rank multivariate regression (Negahban and Wainwright, 2011).
Besides, it also gives the change-point detection error bound, which is reduced to r(m +
ma)/n for the exact low-rank circumstances (i.e., ¢ = 0). This rate entails the super-
consistency phenomenon for change-point estimation in low-rank multivariate regression,
extending the well-known results for linear regression under both low dimension (Chan,
1993) and high dimension (Lee et al., 2016); see Table 1.

Table 1: Convergence rates for change-point detection in existing literature

Model Convergence Rate Literature
Linear regression, low dimension O(1/n) Chan (1993)
Linear regression, high dimension O(slog(p)/n), s: exact sparsity Lee et al. (2016)
Reduced rank VAR O(rm/n), r: exact rank Bai et al. (2023)

Low-rank multivariate regression ~ O(R,{(m1 +ma)/n}'=%/2), ¢ €[0,1)  Current work

2.3 Implementation: proximal gradient descent

The implementation of the proposed method involves solving a sequence of optimization
problems (3) at all feasible values of change-point 7 € T, each of which is composed of a
smooth loss function (i.e., the least-squares loss) and a non-smooth penalty term (i.e., the
nuclear norm penalty). The solution of (3) has been widely discussed in the literature and
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one can typically apply the proximal gradient descent method, see, for example, Nesterov
(2013), Ji and Ye (2009) and Toh and Yun (2010).

To wit, for any I, we introduce the majorization quadratic approximation of Sy (I) :=
Sn(T;7) at TV, ie.,

L
SMajor(]-‘; F/) = SN(F/) + <VSN(F/) , I'— F/> + §||F - F/H%' (10)

for some L > 0. Then solving (3) can be done in an iterative way, where at each itera-
tion, we update I by I' := argminp {Smajor(T; V) + A|T'[|+}. In fact, the minimizer I'”
can be expressed using the singular value soft-thresholding operator (Toh and Yun, 2010),
namely, I' = Soft (I — L™!VSy(I"); L~'X), where for any matrix G with singular value
decomposition G = Udiag{(p:(G))}Va,

Soft(G; €) = Ug diag{((e:(G) — £)+)} Ve (11)
x4 = max{z,0}.

Remark 12 (Algorithmic convergence) In the current manuscript, we are focusing on
the statistical properties of the estimators obtained from the joint minimization program. In
general cases, the algorithmic behavior of the proximal gradient descent is not covered by
the current manuscript. Nevertheless, in Proposition 32, we provide rigorous algorithmic
justification for the random multivariate regression example studied in Section 2.2.6. Con-
cretely, Proposition 32 states that, for the random design setting, for each given grid point
Tk, it takes O(log (~2) steps to reach the tolerance (2, which demonstrates a fast exponen-
tial convergence to the global minimum. When (? is set to be properly small, the detected
change-point coincides with the global optimum too. See Section D.1 for a more detailed
exposition.

In practice, the regularization parameter Ay is chosen through cross-validation. See
Section D.2 for more details.

3. Extension to multiple change-points scenario

In this section, we extend the proposed procedure to the scenario with multiple change-
points, to wit, y; = (X, ©;) + €;, where

0;,=0%, 7 <t;<715, s=0,...,55i=1,...,N. (12)

Of interest is to simultaneously recover the low-rank matrices ®%’s and change-points 7;’s
(with the convention of 7§ = 0 and 7%, = 1), together with the number of change-points
s*, from the response-covariates-threshold triple observations {(y;, X, t;)}Y,.

To handle multiple change-points, we shall first find some rough estimators of change-
points, and then refine them to deliver a desirable error rate. The spirit of refinements
over inefficient or sub-optimal initial change-point estimators is popular in the literature
of multiple change-point detection (Harchaoui and Lévy-Leduc, 2010; Zou et al., 2014),
and has been further explored for high-dimensional change detection, see, for example,
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Wang et al. (2021a) and Bai et al. (2023). However, to obtain consistent and (near) rate-
optimal estimators of the regression matrices, existing methods typically need the removal
of the detected change-points together with large enough neighborhoods (Safikhani and
Shojaie, 2022; Safikhani et al., 2022; Bai et al., 2023). In other words, change detection and
parameter estimation are performed separately, which may be inefficient in practice.

3.1 Preview of the results

The primary results in this section are two-fold:

e Algorithm development: we attempt to fulfill the refinements of both the change-point
and regression matrix estimators in a joint manner in the proposed Algorithm 1. In
the first stage, we obtain some initial change-point estimators based on a sequence
of maximally selected change differences in conjunction with a novel thresholding
rule, which are built on the consistency results on estimated low-rank matrices as
developed in Section 2. It does not necessarily produce consistent change-point esti-
mators (in their locations) but should identify the correct number of change-points
with high probability. In the second stage, we suggest a joint refinement procedure
for both change-point and regression matrix estimators with desirable error bounds
by recasting the original problem into a sequence of sub-problems each with a sin-
gle change-point, thus making the proposed joint minimization scheme in Section 2.1
applicable.

e Theoretical investigation: Theorem 14 provides theoretical justification of the pro-
posed Algorithm 1. It establishes the estimation error bounds for matrix recovery
and change-point detection:

ITs = T3 S A% 1R — [ SA%r, s=1,....s"

The error rates for matrix recovery again match the oracle rates, and the bound
for change-point detection demonstrates the super consistency phenomenon as in the
single change-point setting.

Corollary 15 further applies Theorem 14 to the multivariate regression setting and
establishes the following error rates:
~ r(mi + mo ~ r(mi + ma
IF, -3 g Lt ™) ey g T ),
n n
3.2 An algorithm for joint multiple change-point detection and matrix

estimation

Algorithm 1 previews the two-stage procedure for joint multiple change-point detection
and matrix estimation. Stage I is composed of two steps, by which we shall find § initial
change-point estimators, i.e., 71,...,7z In Step (i), it collects a set of rough change-point
estimators by using a moving-window strategy. Each window 7; = [t; —w, t; +w] is of length
2w. If w is selected not too large, we can expect that there is at most one change-point
occurring in 7;. Hence we can apply the joint minimization scheme proposed in Section 2.1
to the data set corresponding to threshold variables in 7;. The resulting estimator of the
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Algorithm 1: Joint multiple change-point detection and matrix estimation

Input: Response-covariates-threshold triple observations D = {(yi, X, )},
moving-window parameter 0 < w < 1, regularization parameter Ay > 0 and
stopping threshold (ny > 0

Output: Estimated change-points {7;}3_; and the associated low-rank matrices

{©:}im)
/* Stage I: Rough change-point estimators */
/* Step (i): Change-point indicators */

Set the searching grid G = {t;}%, N [w, 1 — w] such that

1—2w

“=1"r

w
I to=w, ta =1—w; ti:w+§-i, fori=1,...,G.

2 for t; € G do

© 0w N o

10

11
12
1

w

14

(1) Set T; := [tz‘ —w,t; —|—w] and 'D'];. = {(yj,Xj,tj) eD: t; € 7;}

(2) Apply the joint minimization scheme in Section 2.1 to D7; with the
regularization parameter Ao, N

(3) Record the resulting estimator of the change magnitude by A,

/* Step (ii): Sequential maximizers */
Set s =1 and 71 := arg maxtiegHAiHF
while HA?;HF > CN do

s+ s+1

Ty 1= arg MaXy, e G\UIZ 7 —2w,7;+2u] 1Al 7

Record the resulting change-points until stopping as {7s}5_,
/* Stage II: Local refinements */
fors=1,...,5do
(1) Set Zy = [(Ts—1 + Ts5) /2, (Ts + Ts41) /2]
(2) Apply the joint minimization scheme in Section 2.1 to {(y;, X;,t;) : t; € I}
with the regularization parameter Az, |n
(3) Record the detected change-point as 7y and the estimated low-rank matrices

as O
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change magnitude is denoted by A, According to Theorem 4, if 7; contains no change-
point, then 3, would in general be small in either the Frobenius or nuclear norm. On
the other hand, by Theorem 7, a large value of 31 may indicate that ¢; is located around
some change-point, provided that the change signal is not too weak. Hence 31 serves as
a very good indicator of whether there exists certain change. To fix ideas, here we adopt
H&,H r. However, we cannot select all ¢;’s corresponding to large values in H&ZH r’s, which
could generally result in redundant change-point estimates; that is why Step (ii) comes
in. In Step (ii), we propose searching for a sequence of maximizers in conjunction with a
thresholding rule to avoid overestimation. It is obvious that 71 = arg maxtiegHAiH F can be
set as the most “significant” change-point. Upon the determination of the first s—1 (s > 2)
change-point candidates, we identify the next one as
Ts = AEMAK, g\ 2 0 75+ | Al

where in each step some neighborhoods (of length 4w) of previously detected change-points
have been removed to screen out redundant change-points. This is essentially a “forward”
detection procedure, and similar to the binary segmentation algorithm in the change-point
literature. To consistently recover the number of change-points, after each recursive, we
stop if H&;S ||F < (v for some threshold (y that will be specified later.

In Stage II, we perform local refinements over the change-points {7’5}521 detected pre-
viously. For this purpose, let Z, = [(Ts—1 + 7s)/2, (Ts + To41)/2] for s = 1,...,s, with the
convention of 7p = 0 and 73,1 = 1. Then, for each s, we again apply the joint minimization
scheme (cf. Section 2.1) to the data set corresponding to threshold variables in Z;. The
proposed refinement scheme simultaneously results in a new change-point estimator (i.e.,

7s) and an estimator of the associated low-rank matrices (i.e., @), for s =1,...,5.

Remark 13 (Computational cost of Algorithm 1) Algorithm 1 requires O(N) times
to solve the nuclear-norm penalized least-squares minimization, even when multiple change-
points are present. In Step (i) in Stage I, each moving-window T; is of length 2w, thus
requiring solving O(2wN) rounds of minimization. In total there are O(w™') running win-
dows. Hence the total number of minimization programs becomes O(N). Step (ii) requires
searching for the maximums of a sequence of values, which does not involve solving the
optimization program. Similarly, Stage II amounts to O(N) rounds of minimization.

3.3 Theoretical inverstigation of Algorithm 1

To facilitate theoretical analysis, we confine attention to the exact low-rank circumstances.
Let dpin = ming—y,  g41{77 — 7,_,} be the minimal distance between two consecutive
change-points, and A, = ming_; o [|A%]% and Apey = maxs—1 s [|AY[|% be the
minimal and maximal change magnitude in the Frobenius norm, respectively. We define an
event

En ={s=s"and max |75 — 77| < dpnin/6}. (13)

s=1,...,

By the construction of our procedure, it can be shown that, on En, |Zs| > 2din/3.
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Theorem 14 Suppose Assumption 7-Assumption 12 in Appendixz (parallel to those in
Corollary 9) hold. Assume there exists some Ay > 0 such that Aoyn = (Qw)_l/ZAN,
)‘\IS|N S (Qdmin/?))il/QAN, and

2
Avz s oswpommeesll ) ()l
0<t(i)<t(j)<1 Te[t(i),t(j)] (j) (Z) ktke[t(l),t(])]

holds with probability greater than 1 — ay for some an > 0. If the threshold (n is selected
such that (y = C'\ir/k(X)? for large enough C' > 0 and the minimal change magnitude
Amin > CN; then

(i) the event Ex holds with probability greater than 1—ay—2em*N? exp{—cN A3, /(K?Apaz)}
for some constant ¢ > 0 and m* > 0;

(i1) there exist some constants C1,Co > 0 such that

Ci)ir .
2 IR =T <

Co{g(A")}"ARr
K(X)

~ 2
r,-1r;
H ST T R(X)2

hold uniformly for s = 1,..., 3 with probability greater than 1—ay —2em* N2 exp{—¢N A3,/ (K?Apmaz) }
for some constant ¢ > 0 and m* > 0.

Theorem 14 implies that the estimation rate dpy,,/6 for event Ey is the guarantee with high
probability for Stage I of Algorithm 1, which we do not require to decrease as N — co. The
goal of Stage I is to construct a sequence of non-overlapping windows, each of which covers
a true change-point. Then in Stage II, Algorithm 1 performs local refinement based on the
sequence of intervals {Zs},c[5 and gives the estimation rates that decrease with the sample
size N. Further, if we consider the multivariate regression model with multiple change
points and a data generating process under Assumption 6, we can prove the following result:

Corollary 15 If the reqularization parameter \,, is chosen such that A,, = Coog/(m1 +ma)/n
for some C > 0, then there are a sequence of positive constants {C’k}zzo and an integer
m* < (1 —q/2)log {n/(m1 + ma)} such that, for n > Comy, with probability at least

1—-3C1n? exp{—Ca(m1 +ma)} —C3n? exp(—Cyn) —2Csm*n? exp {—C’G||A*||I§2(m1 +ma)},
we have

and |75 — 7| < CSM.
n

i < C7r(m1 + msa)

S

o

Remark 16 (Alternative choices in Stage I) The thresholding rule-based procedure pro-
vides a consistent selection of the number of change-points by exploiting the low-rank struc-
ture of the underlying regression matrices. Other choices that ensure a high probability result
for the event En in (13) are also possible. For example, we may consider a score method by
transferring the target problem into high-dimensional mean change detection, upon which
state-of-the-art mean change detection methods (Cho and Fryzlewicz, 2015; Wang and Sam-
worth, 2018; Wang et al., 2019b; Yu and Chen, 2021) can be leveraged to obtain initial
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change-point estimators. Let {Zi}f\il be the scores such that detecting changes in @;’s can
be framed into detecting changes in B(Z;)’s. In some scenarios such as compressed sensing
or phase retrieval, the scores can be directly set as Z; = y;vec(X;) if X;’s are i.i.d.. To see
this, we observe that E(Z;) = Bvec(©;), where & = E {vec(X;)vec(X;)" }. In certain cases

X’s are not i.i.d.; for example, in multivariate regression (cf. Example 1), X; = a:aebT,
whose distribution varies with the position b € {1,...,ma}. Fortunately, we can directly
deal with {(Y,, Ta)}"—; and define scores as Z, = vec(xay, ) fora=1,...,n. Observe that

E(Z,) = Evec(®,) where E = I,,,  E(X,X ). As a consequence, detecting changes in
®, s amounts to detecting changes in B(Z,)’s. Let A be a prescribed mean change detection
algorithm which will be applied to {Z;}X.,. The output of A({Z;}N.|) can be used as the
initializers in Stage 1. However, existing theories could not be directly applied to provide a
high-probability guarantee over En, since the underlying covariance matriz of Z; also shifts.
It is of independent interest to study the high-dimensional mean change detection problem
in the presence of heterogeneous covariances.

Remark 17 (Number of change-points) In Theorem 14 and Corollary 15, we assume
a fixed number of change-points s* to ease the presentation of theoretical results. However,
we highlight that this is not required to prove the estimation consistency of the change-
points and low-rank matriz signals. Take Corollary 15 as an example. When the number
of change-points s* grows, the moving window detection approach adopted in Algorithm 1
Stage I will give a sequence of data segments {Zs} ¢+ around each true change-point, with
high probability. Each Is has a size of order O(n/s*), which results in the following local
estimation rates with high probability:

*
and |7 — 7¥] < STt ma). (14)
n

*r(my + ms)

~ 2 S
HI‘S_F: §C7
F

To guarantee consistency, (14) requires s*r(mi +me)/n — 0. This suggests a trade-off
among sample size n, number of change-points s*, rank r and dimension mi +msy. Asymp-
totically, if s* =< n®, r =< nb, my + mg < n°, where a,b > 0 and ¢ > 0, then (14) requires
a+b+c<1 for consistency.

4. Numerical study

In this section, we run several synthetic experiments to show the validity and effective-
ness of the proposed scheme in change-point detection as well as low-rank matrix recovery.
A real-data example is also investigated, which reveals the benefit of incorporating struc-
tural changes for matrix estimation. The algorithm is implemented in MATLAB and the
source code can be accessed through the public GitHub repository: https://github.com/
LeiShi-rocks/LowRank_ChangePoints.

4.1 Single change-point scenario

We consider two simulation settings for low-rank matrix recovery with a single change-point,
i.e., multivariate regression (Example 1) and compressed sensing (Example 2).

23


https://github.com/LeiShi-rocks/LowRank_ChangePoints
https://github.com/LeiShi-rocks/LowRank_ChangePoints

SHI, WANG AND ZOU

4.1.1 MULTIVARIATE REGRESSION

The true change-point is set as 7 = 0.5. The matrix signals are square matrices with rank
r = 5. In Example 1, the thresholding variables are simply taken as x, = a/n, the covariates
are generated independently from a multivariate standard Gaussian distribution N, (0, I,,),
and the noises are i.i.d. copies from N,,(0,0.12I,,). We vary the configuration of several
synthetic parameters to present a comprehensive numeric study. More concretely, we focus
the following settings respectively: (i) the dimension is fixed as m; = my = m = 50
and the sample size n ranges over {500,1000,2000}; (ii) the dimension m; = my = m
takes values in m € {50,75,100} while the sample size scales with the dimension, i.e.,
n = dmr. The true signals are generated from the singular vectors of standard Gaussian
ensembles (see Section D.3 for more details) with ||@7||r = ||®3||r = 1 and a break |®7 —

5|7 = 0.1. We introduce some benchmark procedures. The first one is to directly perform
matrix estimation by ignoring the change-point (NC, for no-change). The second is to run
matrix estimation with the known of the true change-point (Oracle). The third is first
to vectorize each matrix covariate and then to apply the LASSO-based change detection
method proposed by Lee et al. (2016) (Vec). The following criteria are reported, i.e., distance
of the estimated change-point and the truth, estimation error of the low-rank matrices in
both Frobenius norm and nuclear norm and estimated rank. Results over 100 replications
are summarized in Table 2.

For change-point detection, our method is more accurate and more stable than the Vec
based detection method in all experiments. In terms of matrix recovery, it achieves high
accuracy in both Frobenius and nuclear norms and performs comparably well as the Oracle.
On the contrary, the Vec behaves poorly since it distorts the low-rank structure. Note that
in this setting the NC gives more accurate matrix estimation results, which is due to the fact
that ®7 and @3 share the same first four singular vectors and demonstrate a small break
size (see Section D.3). In Appendix we also presented results under a relatively large break
situation where the NC method becomes inferior. Besides, our method also demonstrates
a satisfactory result on rank recovery.

4.1.2 COMPRESSED SENSING

Similar to last setting, we set 7% = 0.5 and the true signals are square matrices with r = 5.
We consider two different specifications of the sample size and dimension, i.e., m = 40,
N € {1500,2000,2500}) and m € {20,35,50}}, N = 10mr. The covariates are generated
independently from standard Gaussian ensembles and the noise are i.i.d. Gaussian variables
from N(0,0.1%). Results over 100 replications are summarized in Table 3. Similar to the
multivariate regression setting, our method demonstrates high accuracy in both change-
point detection and matrix recovery in a wide range of settings.

4.2 Multiple change-points scenario

In this section, we present the numerical results of matrix estimation with multiple change-
points under the multivariate regression setting. We set m; = mg = m = 40 and r = 5.
Then we generate n = 2000 independent covariates from N, (0, I,,) and i.i.d. noise from
Ny (0,0.121,,). Three change-points are introduced, i.e., 77 = 0.25,75 = 0.50 and 75 =
0.75. For change-point detection, we report the number of estimated change-points as well
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Table 2: Multivariate regression with a single change-point

~ s 0, O
Method 7771 6. -eiff 16, -Oil. ramk _ [®: @i} [, - ©i.  rank
Regime: Varying n with (m,n) = (50, 500)
Ours  0.031(0.028) 0.352(0.036) 1.497(0.068) 5.40(0.55) 0.347(0.030)  1.484(0.060) 5.37(0.53)
Oracle - 0.347(0.027)  1.484(0.048) 5.33(0.49) 0.346(0.024)  1.479(0.044)  5.29(0.50)
NC . 0.225(0.014)  1.201(0.033) 6.03(4.47) 0.225(0.013)  1.198(0.032)  6.03(4.47)
Vec  0.040(0.033) 0.899(0.102) 5.581(0.307)  50.00(0)  0.939(0.106)  5.706(0.314)  50.00(0)
Regime: Varying n with (m,n) = (50,1000)
Ours  0.017(0.016) 0.206(0.017) 1.146(0.043) 5.13(0.39) 0.202(0.016) 1.134(0.038)  5.05(0.22)
Oracle - 0.203(0.014)  1.138(0.035) 5.10(0.33) 0.202(0.014)  1.134(0.033)  5.03(0.17)
NC - 0.135(0.007)  0.930(0.024) 5.88(0.46) 0.135(0.007) 0.929(0.024)  5.88(0.46)
Vec  0.025(0.025) 0.451(0.035) 3.981(0.155)  50.00(0)  0.454(0.037) 3.996(0.159)  50.00(0)
Regime: Varying n with (m,n) = (50, 2000)
Ours  0.006(0.006) 0.107(0.007) 0.831(0.025)  5.00(0)  0.108(0.007) 0.838(0.025)  5.00(0)
Oracle - 0.107(0.007)  0.831(0.024)  5.000)  0.108(0.007)  0.836(0.026)  5.00(0)
NC - 0.084(0.004)  0.732(0.019)  5.99(0.30)  0.085(0.004)  0.734(0.018)  5.99(0.30)
Vec  0.010(0.010) 0.229(0.011) 2.847(0.071)  50.00(0)  0.228(0.009)  2.842(0.059)  50.00(0)
Regime: Varying m with (m,n) = (25, 625)
Ours  0.024(0.022) 0.233(0.032) 3.317(0.240)  5.00(0)  0.233(0.026) 3.335(0.081)  5.00(0)
Oracle - 0.214(0.022)  3.359(0.239)  5.00(0)  0.218(0.019)  3.366(0.069)  5.00(0)
NC - 0.662(0.040)  3.047(0.107)  8.16(0.55) 0.670(0.036)  3.050(0.095)  8.16(0.55)
Vec  0.028(0.027) 0.256(0.022) 5.042(0.336)  25.00(0)  0.257(0.025) 5.092(0.145)  25.00(0)
Regime: Varying m with (m,n) = (50, 1250)
Ours  0.016(0.018) 0.224(0.019) 3.460(0.051)  5.00(0)  0.224(0.024)  3.464(0.072)  5.00(0)
Oracle - 0.213(0.014)  3.486(0.042)  5.00(0)  0.213(0.016)  3.491(0.056)  5.00(0)
NC - 0.668(0.021)  3.225(0.048) 9.45(0.50)  0.666(0.024)  3.225(0.049)  9.45(0.50)
Vec  0.022(0.022) 0.457(0.026)  7.022(0.170)  50.00(0)  0.457(0.026) 7.022(0.162)  50.00(0)
Regime: Varying m with (m,n) = (75, 1875)
Ours  0.014(0.014)  0.226(0.022) 3.486(0.056)  5.00(0)  0.226(0.023) 3.484(0.060)  5.00(0)
Oracle - 0.213(0.013)  3.519(0.036)  5.00(0)  0.213(0.013)  3.514(0.037)  5.00(0)
NC - 0.667(0.017)  3.306(0.034) 9.99(0.17)  0.665(0.018)  3.304(0.035)  9.99(0.17)
Vec  0.019(0.018)  0.642(0.023) 8.815(0.183)  75.00(0)  0.655(0.035) 8.887(0.170)  75.00(0)

as the accuracy of detection, measured by the following two criteria

OE =

sup
s=1,-

mf
. 8% s'=1,

|7's/ — 75|, UE =

inf

sup
s=1,-,s*

s'=1,- 5

|7 — 2]

This pair of quantities measures the over- and under-segmentation errors, respectively, for

which a desirable estimator should strike a balance.

analogous concepts to measure the estimation error, i.e.,

MOE =

sup
s=1,-,s

inf H@

=1,

— ©%|%, MUE =

sup in
5/:1’... ’3\8717"' ’

£ [|©y -

CHs

For matrix recovery, we introduce

Besides, we report the maximal and minimal estimated rank across segments. Results over
100 replications are summarized in Table 4 and Figure 1.

When the magnitude of the change signal is small, detection and estimation are in gen-
eral harder. Nevertheless, our method can recover the number and location of change-points

with high accuracy.

Besides, we can see that the refinement step plays an indispensable

role in augmenting and stabilizing the performance of the roughly selected change-points.
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Table 3: Compressed sensing with a single change-point

~ s (S (SD
Method 7= &, "6tz 601 wauk _ [6: O3 ]©: 5. rank
Regime: Varying N with (m, N) = (40, 1500)
Ours  0.007(0.003) 0.246(0.029) 1.318(0.092)  5.41(1.06)  0.255(0.029) 1.358(0.104)  5.83(1.55)
Oracle - 0.240(0.027)  1.298(0.083)  5.33(0.92)  0.239(0.022)  1.295(0.068)  5.23(0.85)
NC - 0.798(0.041)  3.125(0.086) 17.52(0.73) 0.797(0.042)  3.124(0.099) 17.52(0.73)
Vec  0.103(0.085) 0.937(0.101) 4.696(0.151)  40.00(0)  1.074(0.211) 5.267(0.578)  40.00(0)
Regime: Varying N with (m, N) = (40, 2000)
Ours 0.006(0)  0.161(0.015)  1.050(0.049)  5.00(0)  0.165(0.016)  1.065(0.049)  5.00(0)
Oracle - 0.157(0.015)  1.038(0.047)  5.00(0)  0.159(0.014)  1.042(0.045)  5.00(0)
NC - 0.730(0.043)  3.031(0.092) 19.07(0.77)  0.744(0.031)  3.060(0.075) 19.07(0.77)
Vec  0.020(0.029) 0.677(0.055) 4.210(0.152)  40.00(0)  0.720(0.119)  4.366(0.368)  40.00(0)
Regime: Varying N with (m, N) = (40, 2500)
Ours 0.006(0)  0.120(0.010)  0.902(0.037)  5.00(0)  0.123(0.011) 0.916(0.041)  5.00(0)
Oracle - 0.117(0.010)  0.887(0.037)  5.00(0)  0.117(0.010) 0.891(0.037)  5.00(0)
NC - 0.700(0.034)  2.977(0.073)  19.93(0.70)  0.699(0.038)  2.975(0.089)  19.93(0.70)
Vec  0.008(0.006) 0.507(0.028) 3.715(0.109)  40.00(0)  0.530(0.044) 3.810(0.161)  40.00(0)
Regime: Varying m with (m, N) = (20, 1000)
Ours 0.006(0)  0.158(0.021)  1.005(0.066)  5.00(0)  0.159(0.020) 1.010(0.060)  5.00(0)
Oracle - 0.153(0.020)  0.986(0.062)  5.00(0)  0.156(0.019)  0.999(0.060)  5.00(0)
NC - 0.675(0.051)  2.487(0.102) 11.21(0.57) 0.682(0.055)  2.504(0.105) 11.21(0.57)
Vec  0.007(0.006) 0.232(0.028)  1.806(0.109)  20.00(0)  0.239(0.045) 1.831(0.166) 19.99(0.10)
Regime: Varying m with (m, N) = (35,1750)
Ours 0.006(0)  0.162(0.017) 1.050(0.056)  5.00(0)  0.167(0.017) 1.066(0.054)  5.00(0)
Oracle - 0.158(0.017)  1.034(0.055)  5.00(0)  0.162(0.015) 1.045(0.044)  5.00(0)
NC - 0.725(0.040)  2.924(0.094) 17.06(0.71)  0.730(0.039)  2.937(0.083) 17.06(0.71)
Vec  0.012(0.013) 0.583(0.040) 3.712(0.127)  35.00(0)  0.617(0.068) 3.817(0.215)  35.00(0)
Regime: Varying m with (m, N) = (50, 2500)
Ours 0.006(0)  0.163(0.014) 1.063(0.044)  5.00(0)  0.166(0.015) 1.076(0.050)  5.04(0.40)
Oracle - 0.159(0.014)  1.049(0.042)  5.00(0)  0.158(0.013)  1.047(0.040)  5.00(0)
NC - 0.758(0.032)  3.233(0.079) 22.32(0.80) 0.762(0.033)  3.242(0.077)  22.32(0.80)
Vec 0.067(0.072)  0.863(0.090)  5.065(0.158) 50.00(0) 0.965(0.201)  5.545(0.626)  49.99(0.10)
Table 4: Multivariate regression with multiple change-points
Criterion Small breaks Large breaks
Rough Refined Rough Refined
7 3.12(0.36) 5 3.00(0) 5
Change detection ~ OE _ 0.027(0.038) _ 0.009(0.027) _ 0.002(0.001) _ 0.001(0.001)
UE  0.041(0.055) 0.024(0.050) 0.002(0.001) 0.001(0.001)
MOE - 0.291(0.029) - 0.115(0.006)
Matrix recovery MUE - 0.313(0.088) - 0.115(0.006)
max7y N 5.07(0.26) 5 5.00(0)
min 7% B 5.00(0) N 5.00(0)

Meanwhile, thanks to the success of change-point localization, the matrix recovery tasks
can be completed with high accuracy as well, in terms of both Frobenius error and rank
recovery. On the other hand, when the signal is large, it is not surprising that the scheme
can handle both change-point detection and matrix estimation more easily. The trajectory
of ||3||% in Figure 1 reflects the contrast of difficulty with different magnitudes of change

signal.
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Figure 1: Trajectories of ||31H% across intervals under the multivariate regression model with mul-
tiple change-points

4.3 Real-data analysis

In this section, we study the air pollution problem induced by inhalable particulate matter
(PM). According to California Air Resources Board!, PM is a complex mixture of many
chemical species, including solids and aerosols composed of small droplets of liquid, dry
solid fragments, and solid cores with liquid coatings. Particles are defined by their diameter
for air quality regulatory purposes. Those with a diameter of 10 microns or less (PM10)
are inhalable into the lungs and can induce adverse health effects, such as repository dis-
ease and cardiovascular disorders. Fine particulate matter is defined as particles that are
2.5 microns or less in diameter (PM2.5). PM may be either directly emitted from sources
(primary particles) or formed in the atmosphere through chemical reactions of gases (sec-
ondary particles) such as sulfur dioxide (SO2), nitrogen oxides (NOy), and certain organic
compounds.

We investigate the relationship between the concentration of PM and four air pollutants:
sulfur dioxide (SOz2), carbon monoxide (CO), nitrogen dioxide (NO3), and ozone (O3). Our
study is based on an hourly air pollutants dataset from 12 nationally controlled air-quality
monitoring sites collected by the Beijing Municipal Environmental Monitoring Center. The
time period is from March 1st, 2013 to February 28th, 2017. The original data file and
descriptions are available at the UCI Machine Learning Repository: https://archive.
ics.uci.edu/ml/datasets/Beijing+Multi-Site+Air-Quality+Data.

The original dataset contains a small portion of missing values, which are scattered in
a relatively random pattern across time, sites, and pollution. For simplicity, we remove the
days with missing measurements. The dataset is standardized to have mean 0 and variance
1. Then we aggregate the PM2.5 and PM10 concentrations across 12 sites to create the
outcome matrix

Y = (Y1, ,Yia | Yi3,--- , Yay) € RI100x24

PM2.5 PM10

1. https://ww2.arb.ca.gov/resources/inhalable-particulate-matter-and-health

27


https://archive.ics.uci.edu/ml/datasets/Beijing+Multi-Site+Air-Quality+Data
https://archive.ics.uci.edu/ml/datasets/Beijing+Multi-Site+Air-Quality+Data
https://ww2.arb.ca.gov/resources/inhalable-particulate-matter-and-health

SHI, WANG AND ZOU

The covariate matrix X can be constructed similarly:

1100x48
X= (X, -, X2 | Xug,--- , Xoa | Xos,-++, X36 | X37,---, Xug) €R .
SO2 CO NO2 O3

We assume the multivariate linear regression structure with potential change-points (Exam-
ple 1) to model the dataset, and the goal is to detect the possible breaks as well as recover
the mechanism matrices ©% € R¥*24 of interest.

To study the performance of our method, we split the dataset into two parts: a test
set {Yiest, Xtest} with 20% of the total observations (Niest = 220) and a training set
{Ytrain, Xtrain} with the remaining 80% (Nirain = 880). Then the training set is further
divided into 5 folds and we apply cross-validation to tune the number of change-points, with
4 folds for model training and 1 fold for validation. More specifically, we apply Algorithm 1
by choosing different stopping thresholds {nx and construct models with varying numbers of
change-points. Let “train-cv” and “validation-cv” represent the sample in training folds and
validation folds, respectively, and let “test-cv” represent the testing sample. The training,
validation, and test errors based on the k-th split are measured respectively by

1

M2 Nirain-cv
1

M2 Nyalidation-cv
1

M2 Niest

Errtrain—cv,k = HYtrain—cv,k - Ytrain—cv,k“%ﬁ

v 2
Errvalidation—cv,k = HYvalidation—cv,k - Yvalidation—cv,kHF;

Erriest,x = HYtest,k - Ytest,k”%«“

Table 5 reports the training, validation, and test errors of the algorithm. We see that there
is a natural trade-off between the number of change-points selected s and the prediction
error: when 5 is small, the model is too simple and can not fully capture the structure
of the underlying mechanism; when s is too large, the test error will be inflated due to
overfitting. In our case, s = 2 achieves an ideal balance between the two edges. In this case,
the selected change-points are s7 = 0.3928, S5 = 0.9160, corresponding to the middle of
February in 2015 and the end of November 2016, respectively. The first time point possibly
marks a critical moment when the air pollutants began to impact the formulation of PM
in Beijing more significantly. The second change-point might imply the improvement of air
pollution conditions, since the Chinese government took many actions in 2016 to improve
the air quality, including improving the law system, promoting clean energy, encouraging
the development of green industries, etc.?

5. Conclusion

In this paper, we study the trace regression model with a threshold variable and multiple
change-points. We first develop a grid-search based nuclear norm penalized least-squares
scheme for simultaneous change-point detection and high-dimensional low-rank matrix re-
covery under the AMOC circumstances, and then extend it to the multiple change-points

2. For example, see the official “13th Five-Year Plan Outline” released in 2016 by the Chinese government:
https://www.uschina.org/policy/official-13th-five-year-plan-outline-released.
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Table 5: Train-validation-test errors for the air pollution data
#change-points 0 1 2 3 4

Train Error 0.1842 0.1770 0.1591 0.1427 0.1268
Validation Error 0.2836 0.2092 0.2079 0.2202 0.2258
Test Error 0.1925 0.1746 0.1728 0.1761 0.1772

scenarios. Under a set of general sufficient conditions, we establish consistency of the
change-point localization and the convergence upper bound on matrix signal recovery for
the proposed procedure, which aligns well with the classic results in both worlds.

The present work imposes Gaussian or sub-Gaussian distributional assumptions, which
are quite common in the literature. However, real-life data typically possess less satisfactory
moment or tail properties such as Cauchy or log-Gaussian noise or could be contaminated
by outliers. It is thus of great importance to incorporate robustness into the proposed
scheme, for example, by using some robust loss function or truncation-based procedures
(Tan et al., 2023; Fan et al., 2021). In addition, it is also of great interest to develop a
pre-estimation procedure for testing the existence of any change-point, by exploiting the
low-rank structures. We save these interesting questions for future endeavors.
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Appendix A. Key results

Appendix A outlines the key results regarding the proofs of Theorem 7, Corollary 10 and
Theorem 11 for single change-point scenario and Theorem 14 and Corollary 15 for multiple
change-point scenario. Further technical details are deferred to Appendix B and some
well-known facts that will be used in the proofs are presented in Appendix C.

A.1 Single change-point scenario

Lemma 18 (Error bounds for matrix estimation with threshold effect) Suppose that

Assumption 1, Assumption 3 and Assumption 4 hold. If |T — 1| < ¢; and Hf I ‘

< cr,
*

then, with probability greater than 1 —an —2e-exp (—C/NA?V/{K2||A*||;—a2hN(C-,-)}) for some
constant ¢ > 0, it holds that

~ 2 SAN || (T) |«
HF_F* N N | ()|
F K(X)
128037 AAN/Cr||A*lp . ACcre. || A« (15)
K(X)? K(X) K(X)
Hf_r* < 12V/2r6 v 12|| I ()],

192\n7 2Ccre,r|| AT
v —=CN N 6y fe || A || v 24y | T N T 16
96A3 7
K(X)
2Ccre.r|| A,
k(%)

1 n.o *, % 2 rl x
. _ . < L .
o Hae (F,T) X)) < 6AN V2ROV BAN|ITIEET) . v

\/3)\N\/a||A*||F\/12)\N\/ (17)

Lemma 19 (Improved error bound for change-point detection with threshold effect)

< cr, then,

with probability greater than 1 — ay — 2e - exp (—c/ NA% /{K%||A*||7*hn(cr)}) for some
constant ¢ > 0, it holds that

Suppose Assumption 2 and Assumption 4 hold. If |7 — 7| < ¢ and Hf -

T =7 <0,

where

7" = max {n(N,ml,mg), {ep(A*)} 1 (3);\701“ + )\N\/ZHA*HF> } )

The proofs of Theorem 18 and Theorem 19 are deferred to Appendix B.

Proof of Theorem 7

Proof Part I. First assume Hf — I‘*H > 0. Under such circumstances, the terms asso-

F
ciated with ¢ in the bounds provided in Theorem 18 can be omitted. At the beginning we
take a glimpse of the bounds in Theorem 18. Each of the three bounds consist of five terms.
The first term is an admissible error term determined primarily by . For the prediction
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error (17) and the nuclear norm error (16), each pair of corresponding terms of the last four
are proportional with respect to a factor A\ /2. For example, as to the second term, i.e.,
6N ||II5: (T*) ||« for the prediction error and 12[|IIf:k (I*) ||, for nuclear norm error, it holds
{6AN || Ty ()[4 }/{ 12|05 (T*)[|«} = An/2. While similar proportion relation also holds
for the second to fourth terms of the Frobenius norm error bound (15) and the nuclear norm
error, it fails for the last term pair in this case. However, another relation holds between
the last term and the third term:

2
192>\N7“/24 2Ccre.r||A* ) 128)\]\17“/ZJLC'CFCTHA*H,k
K(X) K(X) o R(X)? R(X)
These relations show that, once the maximum is attained at a certain term for the nuclear
norm bound (16), the same order can be assumed for the terms in the Frobenius bound

(15) as well as the prediction error (17). Using this fact we divide our proof into four cases:
Case I.

192 AN 2Ccre,r|| A«

12T (T) [« v FEI 6ver|ATr v 24\/%{) = 12|[TIg (1)

In this case it’s not hard to verify that the bounds in Theorem 18 reduce respectively to

~ 1 . 2
[P -1 < 2imEa), 55 [ (5:7) - 2@ )| < o).

Using Theorem 19, we can also derive a bound on the detection error, i.e.,
7 — 7] < 20{e(A")} ™ AN[ITIE (T

Using the above results, we can update ¢, = 20{c¢(A*)} *Ay|I5+H(T*)|. and er =

12|| 155 (T%) |+ Since the last term in the bound (15) does not follow the linear proportion re-

lation, a special treatment is required. By Assumption 5 that 120C{cg(A*)} 1| A*||, [T (T, <
1, we have

~ 2 8AN||TIFEH(T)]. A,
HF_F* < NITg @), 4Ccrer | A7)
F K (X) K(X)
SAN|IIE (T9) [l (4C|| A%, n 1 L
— 2T (T, - 2 A* AN [T (1) ]«
() % S [ TL (%) [ - 20{chp(A®)} " Ay || T (T7) |
ST
K(X) ‘

Case II.

192\ nr N 2Ccre,r|| A%« 192AnT
— V6 |A V 24 = .
wx) VOVerliale \/ (%) w(%)

Similar to Case I, the bounds in Theorem 18 now reduce respectively to

12T () | v

- 2 12821 ~ 192 \nT
r—r < N H _| <

H F~ k(%) « = K(X) 7
1 ~ 2 96X\%r

o || (B57) — x| < =28,

ON H 7) XIS, S ey
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Moreover, the detection error rate is

. 320{0¢(A*)}_1)\%V7"
|7 — 7" < () .

Next we hope to apply Theorem 18 and Theorem 19 to cope with the rest cases. Let
(rm), (m T —T*|| in the m-th iteration, respectively.
*

cr ) denote the bounds on |7 —7*| and ‘
In light of (22) and Lemma 5, we start the iteration with

CI‘ = 4TI (I‘*)H* + 2| A" |ls + 167 Vimaa,

oV = {ep(a)} (zAN S Pk(T) 4 6ANnas + AN|A||*> .

k=r+1

Case I11.

o =6/ "V Aa%p.

This implies by Theorem 19 that

SA m m— m— *
oM = {ep(AT)} ! (QNC(FMAN cf 1’||A*||F>=10{c¢m*>} el VAt g

This system has exactly one converging fixed point beyond 0, which is
o = 60{ca(A*)} AN AT p, ¢ = 100{cd(A*)} AR | A
Let ¢} and ¢} be the bounds on |IT — T*||, and |7 — 7*| as appeared in Theorem 7. We find

that ¢f° < ¢ and ¢ < ¢& hold strictly when r > 5{cé(A*)} 7| A*| pr(X)/16, which is
guaranteed by Assumption 5.

Case IV.
(m—1) (m 1) *
(m) — 924 2Ccs THA || m 1) (m— 1)
T \/ 5@ Bver e

Again, using Theorem 19 we obtain

3AN (m m—
) = feolany (25X + /)

* _ 3)\ m— m— * — m— *
= {eo(AN} T EEB T e 4 fes(any Y A
= Byy/ cgmfl)\/ c}mfl) + Bsy/ c.(rmfl).

This system has one pair of converging fixed points provided that

- 13)\N _ _1728{chp(A*)}ICANT || A,

BlBQ = {C¢(A*) 1 H(%)

< 1, (guaranteed by Assumption 5)
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which is

oo g2 Bs 2 oo Bs 2
=" 1 \1-BBy) > 7" \1-B{By/) ~

Based on Assumption 5, simple algebra shows that the limits are strictly smaller than
cp < cp and ¢ < cj.

Now, as a summary of the results in Case III and Case IV, we’ve shown that, if the
dominating term is not cf, then starting from our initial points, we are guaranteed to
reach a bound lower than cf. within certain steps (say m*) through the iteration scheme we
proposed in view of Theorem 18 and Theorem 19. Finally, combining the four cases along

with the assumption of Hf —TI*|| > ¢ in the beginning, we reach the conclusion.

Part II. Then we consider

- I‘*HF < 4. According to (27) and (28), we have

1 N o *. _x 2 rl *
o Hae(r;T) = X057 <6An V2R v AN T (D) L v BAN Ve | A,

Hf—r*

<12V2r6 v 12| T (T%) ||« V 6:/C7 || A | 7.

Note that these two inequalities are derived using the basic inequality and has nothing to
do with the RSC assumption, therefore still hold when r-1* < 4. With an analysis

F
similar to Cases I, IT and IIT in Part I, we can derive that, with possible m* rounds of
iteration,

i”ae(ff)—x(r*- P <6AxvERS v 6N [T T, v 22T
IN y T y T g = N r N T* * KZ(%) )
_ 192
HI‘—I‘* <12v/2r6 V 12| T (T, v 9(%])”.
* K

The change in the third term is attributed to an iteration scheme when the original third

term dominates the bound. Further, we can obtain the detection error bound

320{cp(A*)} 1A% r
K(X) '

|7 — 7] < 20{co(A")}IANV2rd Vv 20{cp(A™)} A [T (T9) [« v

Proof of Corollary 10

Proof We begin by finding a threshold value v for the singular values of T'*, and set the
“effective rank” to be r := |[{j : p;j(I'*) > 7}/, that is, the number of singular values greater
than . With this choice, we have

m m m
TRl = 3 @) =7 3 oW < D Ap@) 1) <7 R,
k=r+1 k=r+1 k=r-+1

33



SHI, WANG AND ZOU

Meanwhile we have R, > > ", pp(T*)9 > rv9, which gives r < R,y % Now letting
v = An/K(X), we further have ||k (T*)[l. < Ay “R,/k(X)17 and r < Ay R,k(X)%. Sub-
stituting these quantities into the general bounds in Theorem 7 concludes the proof. |

Proof of Theorem 11

To prove Theorem 11, we will apply Corollary 10 by first verifying that the involving
assumptions are satisfied for multivariate regression. In particular, Theorem 20, Theorem 22
and Theorem 23 show that Assumption 1, Assumption 2 and Assumption 3 hold with
high probability, respectively. In particular, Theorem 21 is required in the verification of
Assumption 2. Their proofs are deferred to Appendix B.

Proposition 20 (RSC for multivariate regression) Ifn > Cm;, then

1
P (<OITI < 5 IR < KD V7 € T and T € REmm
> 1-— Cl eXp(—an), (18)
where K(X) = Bg2/2 for some constant p > 0 and x'(X) = 3p52/2.

Lemma 21 (Uniform spectral concentration for a sample covariance process) Suppose

{zo}0_, are i.i.d. copies of some mean zero sub-Gaussian random vector x with parameter

2. Assume that the covariance matriz X satisfies 02 < pmin(E) < pmae(E) < 72, and

{Ba(7),7 € T := (0, 73]}7_; are i.i.d copies of the stochastic process B(t) = 1{U < 7},0 <

a=1
T < 15 < 1, where U ~ Uniform(0,1). Assume the following Bernstein-type inequality
holds:

n

Z <vaamZv - vTE'v) - By (T)

a=1

VoeS™ ! andreT, JP’(

> \/entd + 025> < exp(—9).

Consider log(n) = o(mq). For large enough n,my and constants ¢,C > 0, under the
condition CoRy > 1, with probability greater than 1 — C(1+n +mj " log(n)n®) exp(—cmy),
it holds uniformly for all T € T, 7 > % that

n /
nt x,x, By(1) — 138 <4/ T < N
(; { } op n A /CoRq

Proposition 22 (Identifiability and discountinuity for multivariate regression) If
n > Cmyq, then

1 3 2 A* 2
P(%Hx(ry’r) - %(I‘*7T*)H% > OW’T — 7_*’7 V 7 €T such that ’7_ o 7_*’ > %

andV T € R@mﬂmz) > 1 - Cy exp(—Can).
Proposition 23 (Smoothness of multivariate regression design) If n > Cm;, then

P (|7x(T,T*, 7, 7) < C7%|r — 7| - [T = T*|| - |A*[|., ¥ 7 € T,T € R™™2) > 1-C) exp(—Can).
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Then we need to specify several quantities appeared in the statement of Corollary 10
under the multivariate regression model.

e The converity parameter r(X). By (18), we establish x(X) = pa?/2.

o Tuning parameter A, and the associated probabilistic rate c,,. Note that
2 T
2 20| < |3Y 230
a=

Now the first term is just the analogous stochastic term for tuning parameter selection
under the no-change case as in Negahban and Wainwright (2011). Mimicking the proof
of Lemma 3 therein, we can establish that

2 m m
- g wae;r > 1005\/g < c1 exp(—ca(my + ms)).
n n

a=1

As 7 ranges, the second term is formulated as a partial sum process. According to

Lévy’s inequality,
> 1007, | AT ™2
a=1 op n
2 — mip+m
— Z waez > 10074/ temnL
n n

<2c; exp(—ca(myi + ma)).

+ sup

SuP*H%*(f )|l op = SUP (00)
TE

T€T

op op op

op

n

%Zwa(ﬂe;—

P | sup
TeT

<2P

op

To sum up, with probability at least 1 — 3c; exp(—ca(mi + m2)) we have

Sup—H% (B:7)| op < 2005/ T2,
T€T T n
Thus we pick
_ /mi+mg .
An = 2000/ ———, with a,, = 3¢; exp(—ca(my + m2)).
n

e The minimal detection length n(N, m1, mg). Comparing with our final bounds, it can
be set as n(NN, m1, mg) = <+ for some ¢ > 0.

o The averaging term hn(c(Tk)) as in Lemma 6. For a general c;, apply

o) e wa a7
hn(cr) = (2¢.n)” Az,
a=[(r"—er)n] ?
L(T*+cr)n]
2cn)™ Y mam] || ATE
a=[(r"—co )] o

IN
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Applying Theorem 6.5 of Wainwright (2019), we can establish a high probability
bound on the operator norm of Wishart matrix (also see more details in the proof of
Theorem 20) provided that ¢,n > Cmg:

[(T*+er)n]
P (QCTn)_l Z T, <252 | >1-0 exp(—Can),

a=[(r"=cr)n] op

which suggests with probability greater than 1 — Cj exp(—Can)
hn(cr) < 22| A* [

Note this conclusion is based on a prerequisite involving c., i.e., ¢,n > Cmy. Since
. . . . AR AL m*
we are considering a finite decreasing sequence (cg )) , it suffices to have cg In >

Cm;y. If no such C existed, we would have A = o(mq/n). This aligns with (even

outperforms in near low-rank case) the desired rate we are establishing. Checking the
iteration steps in the proof of Theorem 7, this is impossible since the iteration would
have stopped. Thus we conclude it is enough to consider such a unified C.

By managing the constants it suffices to have n > Cm; for some constant C' > 0.
e The rate of the step size m*. This has been discussed in Remark 8.

Finally, it remains to check Assumption 5. Aggregating the above results, clearly these
inequalities hold if n, my and r (choosing the effective rank in the near low-rank case) is
large enough.

A.2 Verify Assumption 5 in concrete examples

As one example, consider the regime where || A*|| is fixed and I'* has exact low rank r. This
regime implies that [|A*||, < \/r||A*|r has the same order as /r, and [|II5 (I™)]. = 0.
The parameter £(X) is also a bounded constant when evaluated in many concrete examples
(such as the random design example in Section 2.2.6). The tuning parameter, Ay, usually
scales with O(N~%) for some s > 0 thus converges to zero as N — co. Therefore, we can
check that Assumption 5 is satisfied under such scaling. By introducing some additional
universal constants C1, Cs, C'5, Assumption 5 can be simplified to those given in Table 6.

Table 6: Simplified version of Assumption 5

Original Simplified
120C{cp(A*)} || A*[[| [+ (T, < 1 0<1
5{co(A*)} | A*||pr(X)/16 < 7 Ro<r
1728{ch(A*)} LCANT|| A« /r(X) < 1 Cianr3/? <1

{co(A")}2r(X)]| A3
S T7as(eot AT oo AT mp < 7 G2/ (1= Cianr®?) <r

{co(A")} AN C A" A7)
W Eea (A7) et jemp < 1 Csdn /(1= Cidwr®?) <1
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We can choose 7 to be an integer (either bounded or moderately growing) and ¢ to be
a constant that is large enough to meet the second and fourth condition of Table 6. When
An — 0, all the conditions can still be justified.

A.3 Assumptions and Proofs of Theorem 14 and Corollary 15

Let t(1) < t(2) < -+ < t(y) be the order statistics of {t: 3N, Let T;; = ti), ;)] be the
interval such that d;; := by —tw) = d for some d > 0 and it contains at most one change-
point. If Tj; contains no change-point, let ®;; be the corresponding regression matrix
and define A;; = 0. If T}; contains some change-point 777 € Tj;, let G)iTj and @' ; be the
regression matrices before and after the change-point, and define A;; = 0. For each case,
we denote I';; = (©, AiTj)T. We consider without loss of generality that there exist some
tj such that ¢; = t; + w in Stage I and one can find ¢;, and tj, such that Z, = [t;,,t;,] in
Stage II. Otherwise, we can modify our two-stage procedure by replacing each end of 7;
(and Zs) by the closest t;. Let Ti; = [t + p,t() — p] € Tij for some boundary removal
parameter p > 0. We assume that w, p and the number of change-points s* are all fixed.
We first introduce some assumptions that are parallel to those in Corollary 9 but tailored
for multiple change-point scenario.

Assumption 7 The restricted strong convezity condition holds with curvature k(X) > 0 in
the sense that

1
Z (Xn(1), M)? > w(X)|M|%, for all M € C(r,Tyj), T € Ty,

where
C(r,Tyj) = {M € REmXm2 TRk (M), < 3||TTE, (M) | + 2||Aij”F}-

Assumption 8 Consider A;; # 0 with the change-point 77;. There exists some constants
n(N,m1,ma) >0 and ¢ > 0 such that for any T € Ty; with |7 — 1} > n(N,m1,ma) and for
any IT' with T' — T';; € C(r,Ty;), it holds that

1
2d;; N

Y (Xk(r), T) = (Xu(rf), Tig)* > cd(Agy)|r — 7.
kit €754

Assumption 9 Consider A;; # 0 with the change-point 7. There exists some constant
C > 0 such that for any T € T;; with n(N, my,me) < |T—T5| < ¢c; for some n(N,m1,mz) >0
and ¢ > 0, and for any T' with T' —T';; € C(r,Ty;) N {M : || M]|s < cr} for some cr > 0,
it holds that

TN (T, Tij, 7, )| < Cerer || A+,
where

Tn(T, Ty, ) = (digN)™h Y (Xk(7), T = Ty) (Xy(7f) — Xy(7), Tj) -
k::thTij
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Assumption 10 The noises €; are i.i.d. copies of a mean zero sub-Gaussian random vari-
able ¢, i.e., there exists some K > 0, such that E{exp (62/K2)} <e.

Assumption 11 There exist some constants {C;}S_, such that

Ci{p(Ai)} Aylrs(X) <,
Co{p(Aij)} " Anrl| Al
K(X)
C3{d(Aij)} *w(X)[|AF
[1 = Ca{dp(A)} T ANT] A/ 5(X)]
Cs{p(As)} AN | Al ]| AT
[1 = Co{o(Aij)} TANT A /K(X)]

<1,

5 <T,

;<L

Assumption 12 For ¢, > 0, hy(c;) = (2¢,N)~! D isfti—rr|<e, (X A*)? is bounded.

Note that Assumption 12 is parallel to Assumption 5 in Lee et al. (2016) which studied
the LASSO estimation in linear regression models with a single change-point, and greatly
facilities our theoretical analysis. In fact, this assumption could be removed and the result-
ing high probability result then depends on these hy in a similar way like that appears in
Theorem 7.

In Stage I, we choose T;; = T; = [t; — w,t; + w]. Under Assumption 7-Assumption 11,
by using arguments similar to those in the proof of Corollary 9, we can show that, with
probability greater than 1 —ax —2em* N2 exp{—E¢N A3, /(K?Aaz)} for some constant ¢ > 0
and m* > 0

~ C1A2 7
2 12N
1A — AgjllF < T%M)Q
-~ 2
for some C; > 0. Hence if A;; = 0, then [|A;|% < C}:(‘;“)évr, and if A;; # 0 with some
-~ 2 7\2
change-point 77, then [|A;[|% > [|A;]% — CL?%Q’T As a result, if we select (y = CH’\(%Q’T

for some C' > C1, then we can conclude that s = s*. In other words, the event £y holds
with high probability. In Stage II, by choosing 7;; = Z, and using similar arguments the
conclusion follows.

By using arguments similar to those in the proofs of Theorem 11 and Theorem 14,
Corollary 15 follows directly. Hence we omit the proof.

Appendix B. Technical details
Proof of Lemma 2

Proof By the definition of T and 7, for any T and 7 € T, we have
3 o= (B7) |+ BN < 5 = 2 @) 3+ 2T
IN Yy 3T 9 N * IN Yy 5T )lg N *
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Using (2), the inequality becomes

o S0 (1), T — (2:7), T) )+ AwlIEL
=1

<1Nx-*r* Xi(1), T) +€)* + Ay|T

<oy 2 (H(r) ) = (i(r) T) 4. + Al

1N 2 N

v 2 (), T = (X7, T)) = =D (&), T = (Xi(r), T))
i=1 1=1

< jvi ((x:(7), T) = (Xi(r), T)) + AT = A [T

N
= Y (%), ) — (27, 1)) + 1 S (Xil7), 1) — (Xilr), 1) + AT — Aw|[F.
1 =1

< AW/2)IT = Tl + AN [Tl = AN [T« + R (T, 7, 7).

Here for the last inequality we used the dual norm inequality, i.e., for any A, B € R"1»"2
(A, B) <||Allopl|Bl|+. Substituting (7,I') with (7*,I'*), we obtain

N
1 * ~ a2 R A * o~k
v 2 (). 1) = (Xi(7). T)) " < (w/2) I8 = Tl 4+ AT« = A [T + Ry (", 7, 7).
=1

(19)
Note that

IT* (| = [Tlx = 7%+ — | e T* 4 Ik (T%) + I (T — T*) + I (T — T
< T [|s — [T T + T (T — T + [T (T*) + T (T — T
< T [|s = [T D*{|s — I (T = T%)[|s + [T (T%) |4 + [ I (T — T
< 2| I () s + || T (T = T*) | — [T (T = T%) .. (20)

Here the second inequality is due to the triangle inequality, and the third inequality is an
application of the decomposibility of nuclear norm with respect to projection IIf.. () plus the

triangle inequality (see the proof of Negahban and Wainwright (2011) and Klopp (2014)).
Now combining this with (19), we have

N

1 * * ~ =\ 2

3 (), 1) = (2:(7), T))

< /2T = Tl + A [Tl = AT + Ry (T, 7, 77)

< (AN/2)[IT = T*[|« + 2An | (T*) [l + An [T (T = T%)||4 — Ay || (T — T
+Rn(T*,7,7%) (applying (20))

< 22 |[TIEH (T7) e+ (BAn/2) T (F = T« — (An/2) [T (T — 1))
+ Ry (T™*,7,7), (decomposing r-1* by projection and applying the triangle inequality)
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which gives

=2

o 20 (1), ) = (xi7), T)) 4+ AN g - o),
=1

)

3N

<2Aw [T () [+ Rv(T, 7, 7) o+ =5 [T (T = T ..

Proof of Corollary 3
Proof First, we notice that, for all A € R(Zm1)xmz,

Therefore, it follows that rank(IIf.(A)) < 27, |5 (A)[lop < 2||Allop and |5 (A)]lx <
V2| Allp.

By the basic inequality (6), we have

N
% ; (<Xi(7—*) ,T*) — <X@-(?) , f“>)2 SN (T[4 + Ry (T, 7, 7) + ?’ATN HH“*(f‘ T

*

We consider the three terms on the right-hand side respectively. Apparently, we have
[Ty () ||s = Yo, 05(I*). Using the definition of Ry (I'™*,7,7*), it follows that

N
Ry(T*,7,7) = N1 6 (Xi(7) — Xi(7%), A%)
i=1

N
< |A*|, - ([N 7T Z € (X4(T) — Xi(77)) (the dual norm inequality)
=1 op
N
< A% [ NS 6 () — i)
=1 op

< An[[ATs.
Meanwhile, applying the result we state following (21), we obtain

S)\TNHHT*(f‘—I‘*> <3/\Nrank( r, (f-r*))HHm(f‘—r*)

2
To sum up, we have

< 6)\N7ﬂ'}’maw-
P

(o)

N
1 * * ~ a3\ ? T *
v 2 (), T = (Xi(7), T) ) <20 [T )+ Awl| A” |« + 6ANT Yo
i=1

As a by-product, using the basic inequality again, we can also derive

B = T < 4TI (0 . + 20 A% + 167700 (22)
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Proof of Theorem 4

Proof When no threshold effect exists, A* = 0, and the term Ry (I'*,7,7*) in the right-
hand side of the basic inequality (6) vanishes. Meanwhile, noticing that (&X;(7*), I'*) =
(X;(T), I'"), the prediction error term, i.e., the first term on the left-hand side, becomes

N ~ 2 N ~ 2
(2N)_1Z<<Xi(7*),I‘*>—<Xi(?),I‘>> :(2N)‘12<Xi(?),F—I‘*> .
i=1 =1

To sum up, the inequality (6) then becomes

N
1 ~ 2 AN = 3N =
o D {X(@), T -T7) + SN E - 1) < 20w TR )] + 25 1T (F - 7))
=1

(23)
This implies that

A ~ 3\ ~
ST (T = T4 < 22 [T (1) - + =5 | (T T
- 3\
. * N T~ *
=2 30 k() + I (- T
=r

which further shows that the error I' — T'* lies in C (r,0,T*, T) defined in Assumption 1.

Therefore, for the case when Hf‘ -

- > 40, we can apply the RSC condition, and

obtain
N
. 2 1 . 2
r-rf| < =—S"(x;7,F-1
cofFr < S (e
rl * 3)\N T = * .
<2y ‘HF*(F )| +5E HH . (rfr ) (using (23))

- + 2N Z p(T™) (using the results following (21))
k=r+1

LV A > (™). (24)
k=r+1

< 3ANVT Hf -

< GANVT Hf -

Applying the basic inequality again, we have

LS~ (x), F o) A [f
TPICACIEEL o

< 2\ ||TI (T4 + 2\ HH}* (f - r*)
*

ES

< 2An Z pe(T*) + 4N V/r Hf -I

k=r+1 F
<4 > pe(T) VEANVY Hf T
k=r+1 F
(25)
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Now we substitute Hf —TI'™|| with the bound we’ve derived in (24), and obtain

8)\N\/77Hf ™

< 48)\%,7" 4N ZZLTH pr(T*) 12
F= o oR(X) K(X)
A8X3r [ 64N%r %
< V VAN Pk T
ey < w2 )

m

VAN Z pk(r*).
k=r+1

V8>\N\/F(

_ 64)\?\,7“
-~ R(X)

Here the second inequality is derived using v ab < aVb for all positive ¢ and b. Summarizing
these results, we have

1

2N «
=1

X;(7),T-T* LA E s
( Y+

- 64A37

LS VA > (™),

k=r+1

which further gives

N R 2 m
oy 2 (%) T < SV Y ),

k=r+1
~ 128\ N7 i
- < V8 ).
H L= TR k;lp’“( )

<

Recall that our above analysis starts from Hf‘ - - > 6. For T such that Hf I p
J, using (25) again, we have

m

1 = 2
=Y (X(R), T —T%) <8y V4A pr(T7),
2N;< > " Nk:;rl '

m
<16Vrs V8 > pe(T).

k=r+1

Hf—r*

Then we conclude that

ANVT AAN D pe i PE(T) 2
A(X) V( A(X) > ’
128 AN
K(X)

Hf—r* §5v6
F

V8 Z Pk(r*),

k=r+1

VAN D p(T).
k=r+1

Hf—r*

< 16y/rd Vv

64)\%\,7"
K

N
% ; <xi(?) ) r*>2 < BANVTEV )
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Proof of Lemma 5

Proof Suppose that |7 — 7*| > n*. Then

—7Hy X(T* 7)1 — Awl|T s

2 1Y PN SR
L NZ;Q <<X¢(T), F> —(Xi(7), T >>

1=

~ 2
’y—%(l“;?)’2

v |

— o [XEP) - 2

—RN(I‘*,?, )+ AN Hf” ~ T

2 ~
‘SEI‘ 7) — X(T% ) Q—LNHP—P*

>
— RN( T, T) + AN HfH — An||T*]|« (the dual norm inequality)

*

_2N H% (T;7) — X(I'™; 7%)

_ 3w HH (r F*)

2
L~ 2 HH{&(F*)

*

— Ry (I*,7,7*) (using (20) and the triangle inequality)

*

1 =~ 2 “
> Hae ) =205 =2 Y pu(T") = 6ATmar — A Al (using the result following (21))
k=r+1
>ch(A )" —2Ax > pe(T*) = 6ANTYmaz — Av[[ Al > 0 (by Assumption 2).
k=r+1
This immediately leads to a contradiction, since T is the minimizer of the loss. |

Proof of Lemma 6

Proof Without loss of generality, we consider t; = i/N. Since Ry (T'*,7,7*) = —Rn(T*, 7%, 7),
we only need to consider one side, for example, 7 < 7*. Then we have

Ry 7)) =N Y e (X, AY).
T<i/N<T*

Now applying Lévy’s inequality (see Theorem 29), we have

P sup N7 6 (X, AN = A Verl|AY
TiT*—Ccr <TST* r<i/N<r*
<op | |N! > 6 (X, AN > Avver||A|F | =L

T*—cr <i/N<T*4c;

43



SHI, WANG AND ZOU

Applying Hoeffding’s inequality (Vershynin, 2018), with some absolute constant ¢ > 0, we
have

A2 || A%,
I §26-exp <_ . . C NH HFC - 2>
K*N~ Zi:|ti—’r*\§cf <X17 A >

CNA%IIA*II%>

= % - —
¢ eXp( 2K 2hy (cr)

which concludes the proof. |

Proof of Theorem 18

Proof Lemma 6 and the basic inequality (6) imply that, with probability greater than
1 —ay —2e-exp (= NX% /{K?|A*||z*hn(cr)}) for some constant ¢ > 0,
RTI 2 Ay .
— r;A) — X AN HHT% (r — r*)
2NH3€( 7))~ XIS

<2y HH}%(I‘*)

*

) "
+ Ry (0%, 7,7) 4+ 25 |0 (T - 1)

*

r * 3A r T * *
<R+ 258 [ (F=T7) |+ Awve A,

which further suggests the error matrix I-T* e C(r,6,T,T) for Hf I
we can apply the RSC condition to obtain

> ¢§. Therefore
F

ST N T
< % X (f‘;?—) —xX(T* ) + XD ) — 35(1“*;?)”2
< L (B57) - x|+ & (2 (B-157) 2@ - 2059

(using (a+b,a+b)=(a,a)+2{(a,b)+(b,b)<{(a,a)+2(a+b,b))
ff(f‘;?) — X" m)

2
) + Cere,||A*||« (by Assumption 3)

3 -
< 2\y ’H;%(r*) + =k HH (r - r*) H + ANV |AM| 5 + Cerer|| A

(using the basic inequality)

3v2rAn
2
(by the implication of (21)).

*

< 22 [ (T + IT = Tl 7 + Anv/er | AM|r + Ceper | A%

To sum up, we’ve proved the following bound:

o <y P ST | DAl Al AT
F k(%)? K(X) K(X) k(%)
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For the prediction error, we obtain

() xo

2N T P
A .

<O\ || TEE (0], + 3J HH (r . r*)

3)\N\/ 2r

|+ Vel ate

<2y [T (0 + r-r*

o T AvVerl|ATF

IMNV2T ||
<OANIT (T v 3Ax /& A7 v N;ﬁ [P )
INNV2r _ BANL T 2Ccre,r|| A« )
< 6V N VANV A |7V 6AN [T (T)[4 V Oy | —— 1 26)).
< () BANVE |A™||F V 6AN [T (TF) [« V 9AN () (applying (26))
For the estimation error in nuclear norm, we have
Hf || < HH{& (T-1)| + HH (F-1)
<A [T () AT+ 2veiate
(by the basic inequality (6) and Lemma 6)
AT )] +4v2r T -1 +2veats
12| (0] v 12v2r [T - 1| v 6yer|ate (28)
192 2Ccre,r| A%, ,
<125 (T) | V 6/cr | A* (|7 V 12v2r8 V (:{’)Vr 24\/%6(;2')” (applying (26)).

Proof of Theorem 19

Proof The proof proceeds in a similar spirit to that of Lemma 5. Recall we have shown
that I' — I'* € C(r, 6, ", T). Suppose that |7 — 7| > n*. Then

o =% (7))

Iﬁ H.’f (f‘;?) — X )

_ RN(I‘*,?, ) 4 An HfH |

—ny X535 = Av [T

2 1 N ~ A ~ *
e ) e

1=

2
_ *. ok _l T * o~k Bl *
_2N e (:7) -z = B - Dl = R (77 4 A B Awlirs
Hae (T57) — 207 )
_2N Y
* * 3)\ *
>e¢(AN)" — T er = Avver | A p.

3ANHF | - Ru(r,7,7)

2
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where the second inequality follows from (20), and the last from Assumption 2. This
immediately leads to a contradiction, since I' is the minimizer of the loss.
|

Proof of Theorem 20

Proof Let ppa:(M) and ppin(M) denote the maximal and minimal singular value of a
matrix M. Denote X (1) = (X;(7)). We have

m2

S I = oo ; 12 (7)T 5115

1 &
> o= pmin(X (1) 15113
j=1

1
— i 5(7)) T

It suffices to find a lower bound on pm, ((2n) ' X (7)) that holds uniformly for T € T.
Let

S(r)=n"tx(r) X(1)

— ntY 0w, nY 0 wewg 1{ty > T}
nIY N waxg {t, > 71} nTtYn wex 1{t, > T}
s Zs(r)

Ss(r) Ss(r)
It’s not hard to show that

1 1—7
l1—-7 1—71

3(r) == Var{X,(r)} = [ ] RS =V(r) @3,

Over T = [p,1 — p| one can show that there exists p,p > 0, such that
inf pmin {V(T)} > P> SuD Pmaz {V(T)} <p.
TeT TeT

The spectrum property of Kronecker product then guarantees a pair of uniform bounds on
3(1):

inf pin {2(7)} > po?, sup pmax {E(7)} < po°.
TET 7—6’]1‘
By Theorem 25,

sup [S(r) -~ 5(r)

< His ~ 5| +3sup Hfzs(f) S (1-7Z
op op T€T

N————
@ (IT)

op
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Applying Theorem 28 (see Theorem 6.5 of Wainwright (2019)), for (I) we have

> Ch {\/ml + ml} + 5) < Oy exp(—C3nmin{s, 6°}).
op n n

Take § = C'y/m1/n. When n > Cmy, we have

> Chy/ ™ > < Cyexp(—Czmy).
op n

This implies with probability greater than 1 — Cy exp(—Csmy)

P <a2 Hﬁs _ 5

P (0_2 His >

< C'po.

His—z
op

For (II), we first make one step of discretization. Let Tg = {i-107", i =1,...,10™}N
T. Notice that

(I0) < sup [Ss(r) = (1-7)=

T7€Tg

op

(I1T)

+ sup
7,7 €T, |T—7/|<10~ ™1

For (III), we first show that for each fixed 7 € T, x,(7) are i.i.d. mean zero sub-Guassian
vectors with parameter o2. For v € R™ with |jvs = 1,

E {exp ()\wa(T)Tv) } =74+ (1-7)E {exp )\mgv) }
<74+ (1—7)exp ()\2202>

\252
< exp < 5 > )

which concludes that z,(7) ~ SG(72). Applying Theorem 28 to each 7 € Tg, we have

> Cy {\/f—k n;l} + 5) < Oy exp(—C3nmin{s, 6°}).
op

When n > Cmy, again choosing 6 = C'\/m1/n, we have

> C14/ m > < Cyexp(—Csmy).
op n

Then with probability greater than 1 — C exp(—C3m;)

P ((/)02)_1 His(r) —(1-7)z

P ((pa2)1 |25 - -z

HE:S(T) —1-nz| <o

op
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Taking union bound over Tg with |Tg| = 10™!, if we choose C5 to be large enough, with
probability at least 1 — Co exp(—C3my)

~

Ss5(r) - (1-7)8|| < C'pac.

op

sup
T7€Tg

It remains to bound (IV). Suppose 7 > 7/. Note Sg(7) — Sg(7') is equivalent to Sg{1 —
(t — 7)} in distribution. The intuition is (IV) only concentrates on small intervals whose
length is controlled under 10™™!, which is negligible:

sup (Bs(r) = (1=7)%) = (Ss() - (1 = 7))
7,7 €T, |T—7'|<10~ ™1 op
4 sup ZA]s{l —(r=-"}-(r-x
7,7 €T,|T—7/|<10~™1 op
< sup Se{l— (7 — H +od107™, (31)
op

7,7 €T, |T—7'|<10~™1

(IV.1)

To bound the term (IV.1), we first find a 1/4 net B for the unit sphere S™ ~! with cardinality
|Smi=1] < 9™, Exercise 4.4.3 in Vershynin (2018) asserts that

~ 1 <&
sup Ys{l—(r—7)}| <2max sup = Zvchaa:Ivl{T’ <ty <T}.
7,7 €T,|r—7/|<10~™1 op veB 7,7 €T, |r—r'|<10-m1 TV 7]
(1vV.2)
(32)
Let & denotes the event that there exists a subset of {t;,a = 1,...,n} with k elements
that belong to one interval (7/,7) C T with length smaller than 10, that is,
& ={3(r',7) C T, such that |(7',7) N {te,a=1,...,n}| = k}.
Besides we let £,11 = @. Now for each v € B,
1 n
sup — ZUT$G$IU1{7/ <tg < T}
7,7 €T, |T—7'|<10~™1 n a=1
T T n
aXg— T X
<z XazLn(V 22y V) sup Z {7 <t, <7}
n 7,7 €T,|r—7/|<107™1 \ ,—1
T mT n
maxg—1,. (v T, V)
— s . k-1
- <Z {5k\5k+1}>
k=1
T T T T n
maxg—1 (v Tex,v) maxe—1 . (v Tex, V)
< 2000y 2000y k . 1 .
< - + - > ke 1{E\Eks } (33)
k=1
V)

(VI)
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Clearly we have £,11 C &, C -+ C E C . When k > 2, we have
n / —mq,,2
E(1{E0\E)) <E(1{&)) <E(1{&)) < (2> /|T_T/|<m—m1 | drdr’ <10-"n
For (V),

P maXg=1,...n
n

(vTxax) v

T T
) > 025) <nP <vazazzzav > 025> < nC1exp(—Can).

- n

Taking 6 = emy/n and Cy large enough, we have

p (teanlt Eaat) y TILY <y exp(—Comy).
n n

When n > C'mq, we have

> 01/)02> <™y eXp(—Cle).

P <maxa:17m,n(UT:Ba:caTv)
n

For (VI), we directly apply Markov’s inequality

T
a= a _ 1 _
maXg=1,... (U €T $ U (Zk‘ 1{gk\gk+1}>] ) 1C’O§<n>n310 mi

P[VI> ] <5 'E m

With § = C"p5? we have
P [VI> C’,(TUZ] < C(@*) log(n)n?10~™1,
Combining (V) and (VI) we have

1 n
sup — ZUTmaa};—vl{T' <tg < 7'} > C'pa? + C'po?
7,7 €T, |T—7/|<10~™1 n a=1

<P(V > C'p5?) + P(VI > C'p5?)
<Cexp(—Cmy) + Cmy  log(n)n®10™™.

P

Furthermore, taking union over the net B (taking the constants and n to large enough if
needed), we proved that with probability greater than 1—C eXp(C’le)—Cgmf1 log(n)n? exp(—Cymy),

sup Ss{l-(r—7)}|| <cCo
7,7 €T, |T—7/|<10~™1 op
To sum up, we’ve shown the following uniform control:
sup Hf;(f) o)) <1+3xu (see (29))
T€T op
<T+3x (IIT+1V) (see (30))
<T+3x (I+1V.1+03107™) (see (31))
<T+43x (III+2x1IV.2402107™) (see (32))
<I+3x III+2maXV+VI)+U 10~ ml} (see (33))

S C//pio_
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with probability greater than 1 — Cj exp(Camq) — Cslog(n)n? exp(—Cymq) provided n >
Com1. We can choose C to be large enough, we can control

p
"< =
20

Then following a similar argument as in Wainwright (2009) we have

. $ — TA
pmm{E(T)} %R%{rluﬁlﬁ”z 16 3(r)B

=, min {fz(ﬂmﬁ(ﬁ(ﬂ—mﬂ)ﬁ}

~ BeR2™||]l2=1

> pmin {S(7)} — Hz —X(r)

and on the other direction,

o -
pmex {£(7) } = et BTR()8

= max {BTE(T)ﬁ+ﬁT(fJ(T)*2(T))B}

 BeR2m|]|2=1

< pmax {B(1)} + || B() = B(7)

op 2

Lemma 24 Suppose {X;}!' | are i.i.d. copies of some mean zero sub-exponential random
variable X and {B;(1),7 € T := (0, 7]}, are i.i.d copies of the stochastic process B(T) =
l{U < 7'}, 0 <7 <15 <1, where U ~ Uniform(0,1). Assume the following Bernstein
type inequality holds:

> Xi- Bi(r)

Vr1eT, P(
=1

> \/entd —1—026) < 2exp(—0).

1. For any integer d > 0, with probability greater than 1—2-10% exp(—3) —2n exp(—c'd1)—
Cé;l log(n)n?10~%, it holds uniformly for all T € T that

i Xi . Bi (\/ 01717' + CQ(S) 61 + 62
=1

Here C,c are constants.

2. For any integer d > 0, with probability greater than 1 — 10% exp(—6) — 05;110—%3, it
holds uniformly for oll T € T that

> {Bi(r) 7}

1 /eind n nlo—¢ n 1+6;
104 2 2

1
< 3 cnTo +
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Proof
Part 1. Let Ty = {107 -k, k=1,---,n}N (0, 7g]. Taking one step discretization, for
any 7 € T, there is 7/ € Ty, such that |7 — 7| < 10~¢. Then

ap S X (B - B
0<T<T <75, i=1
|T—7'|<10~¢

)
(In

For (I), simply taking union bound, we have

>\ eanté + 025> < 2-10%exp(—9).

n

> XiBi(r

i=1

P(VTETd,

For (II), we have

n

sup ZXZ"{BZ'(T/)—B,'(T)} sup Z\X! 1{r<U <7}
0<‘I’<T’§‘I’g7 i=1 0<T<7J<T07 =1
|r—7/|<10—4 |7—7'|<10—¢
Let & denotes the event that there exists a subset of {U;,i = 1,...,n} with k elements

that belong to one interval (7/,7) C T with length smaller than 10~¢, that is,
E ={3(r',7) C T, such that |(7',7) N {U;,i =1,...,n}| = k}.
Besides we let £,+1 = @. Now for each v € B,
Z\X! 1{r<U <7}

0<7'<7' <7'07 i—=1
|r—7'|<10—¢

< max | X5 - sup (Z ' < U < T})

v n 7,7 €T, r—7'|<10—4 \ ;2

= max_ yX| <Zk 1{5k\5k+1}>

< HllaX | X+ Il’llaX |-Xi | <Zk 1{5k\5k+1}>

~—_— k=1
(IID)

Iv)

Clearly we have £,11 C &, C -+ C E C &. When k > 2, we have

E (1{5k\5k+1}) < E(l{é’k}) <E (1{52}) < <g> /|7-7-/<10 ) 1 drdr’ < 10792,

For (III), by the condition of sub-exponential tail for X,

IP’( max | X;| > (51) <nP (| X;| > 61) < 2nexp(—c'dy).
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For (IV), we directly apply Markov’s inequality

P(IV > &) < 6, 'E

_max |X\ (Zk I{Sk\€k+1}>] <8, 'Clog(n)n®1077.

To sum up, we’ve proved that with probability at least
1 —10%exp(—6) — nexp(—c'd;) — C5 ' log(n)n107¢,

it holds uniformly for 7 € T that

(Vernms + 025) Cllgj L0 152.

1
2

Part 2. Following a similar discretization procedure we can prove the second uniform
bound, i.e., with probability greater than 1 — 10¢ exp(—0) — Cél_llofdn?’, it hold uniformly
for 7 € T that

1 [eind  nlo~d n 1+ 47
104 2 2

1
< 3 cm75+

T)—7}

Proof of Theorem 21

Proof Note we have

Y (el Bl = 3)| <Y (] - 2) Bulr)| o 3
! op a=1 op a=1
=||n~t zn: (wawz — 2) Bo(m)| + |0t Zn: (Ba(r)
a=1 op a=1

We bound the above to terms respectively.
First we find a 1/4 net B for the unit sphere S™~! with cardinality }Sm1_1| < gme,
Exercise 4.4.3 in Vershynin (2018) asserts that

n

Z (mamaT - Z) B, (1)

a=1

n

Z v’ (azaml - E) vBy(7)] .

a=1

<2 max
vesmi1—1

op

For each v, note Z, = v' x,x, v is a scaled chi-squared distribution. We verify the sum-

mation satisfies the Bernstein type inequality as in the statement of Theorem 24 for every
TeT.
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Following the proof of Theorem 6.5 in Wainwright (2019), the moment generating func-
tion (MGF) of the summation is bounded by

E exp {n_l i u(Zo —EZ,) Ba(T)}
a=1
=(Eexp {un_l (Za —EZ,) Ba(1)})"
=(Eg,(nEexp {un™" (Zy — EZy) Ba(7)})"
(EBQ(T)]E exp {2un_1€ZaBa (T) })n

IN

Now by performing Taylor’s expansion on the exponential function mimicking Wainwright
(2019), we can show that

_1 n Cratu?
Eexpin Zu(Za—EZa)Ba(T) < exp( ~ ), for all ]u\<C/ 5 (34)

a=1

which suggests for any positive 9,

'

Now apply Theorem 24 with d = my, § = §; = d9 = cm; for some constant ¢ > 0, and

we then have
n
P (V T €T, nt E (vTa:ava — vTE'v) B.(1)| > 52 ( Tmy + m1>>
pe n n

<2-10™ exp(—cmy) + 2nexp(—cmy) + Cmy ' log(n)n®10~™

n

> (Z2.-EZ,)-B

a=1

7\ cnTd + T 5) < 2exp(—9).

<C(1+n+my og(n)n?) exp(—cmy) (for large enough ¢, C > 0).

For 7 > @ for some CoR,; > 1, the above bound implies

IZ('U z ) v — TE'U) B,(1)| > &> Tml)

< C(1+n+m] log(n)n?) exp(—cmy).

P (VT eT, > COqul

Now taking union bound over B and picking large enough constants ¢, ¢, C, we have proved

13 (wad - ) )

< C(1+n+mylog(n)n?) exp(—cmy).

PlvreT, T>00Rm1

_o [T
> dg | —
n

In words, with probability at least 1—C'(1+n+m;* log(n)n3) exp(—cmy1) it holds uniformly
fOrTGT,TZ%th&t

n! i (wawg — E) By (T)
a=1

/—
) Tmq co

.
CoR,
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Now using Part 2 of Theorem 24 with d = m; and 6 = 61 = cmy, for the empirical
distribution function class {B,(7)}, with probability greater than

1 —10™ exp(—cmy) — Cmy 107 ™n3,
it hold uniformly for 7 € T that

cTmy . cmy

1
<z —.
-2 n 2n

n! Z_:l{Ba(T) -7}

With = > @ we further have

C,

Colty T.

To sum up, we’ve shown that, for large enough n,m; and constants ¢, C' > 0, under the
condition CoR, > 1, with probability greater than 1 — C(1+n+m; * log(n)n®) exp(—cmy),
it holds uniformly for all 7 € T, 7 > @ that

<

nt Z:l{Ba(T) — 7}

n /=2
™m do
n~! g {mam;—Ba(T) — 72} < 7 - L < o
a=1 op 0 q

Proof of Theorem 22
Proof We first consider 7 < 7*. The other direction can be proved analogously. Note that

n

1 1
o5, IX(@,7) — x(r*, )5 = o > I(© -0zl 1{t, < 7} (@
a=1
1 . T 2 *
+%;H(®®*+A) To||*1{7 < t, < 7%} (I1)
1 . * *\ T 2 *
+2n;\\(@—e +A =AY x| 1{t, >} (1)

We hope to show the above summation is larger than c¢|7* — 7| for some positive constant
¢ (independent of 7) with high probability.
Taking expectation, we get

E(I) = 0.57 (© — ©*, © — ©%)y,
E(II) = 0.5(r" —7) (@ — ©* + A, © — ©* + Al
E(II) = 05(1—7) (@ —0*+ A—A*, ©— 0" + A — A%)y,.
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We consider the concentration of Term I. Similar to the proof of Theorem 20, it can
be shown that azal{ta < T} ~ SG(7?) with covariance 7. Provided n > Cm; for some
C > 0, with probability greater than 1 — Cy exp(—Can),

1 n
> > waw 1{t, <7} —0578| <C'T, VreT.
n
a=1

op

which implies

- E(D)] < (©@-0", 00y

n
Qi Zwamll{ta < 7'} —0.57%
n a=1 op

SC"T(@—@*, ®—®*>2.
Now
I=E(I)+I-E(I) >E(I)—1-EI)| > C/T<@—®*, C--)—G)*)2

with probability at least 1 — C exp(—C2n). Similar results hold for the other terms too.
To sum up we proved that, provided n > Cmy, with probability at least 1 — C exp(—Can)

1>C'r(0-0,0-0%,
MI>C(*-7)(®@-0*"+A,0-0"+A),
M >C'1-m)(0—-0"+A— A", ©—-0"+A— Ay,

Conditioning on the above event and taking summation over the three lower bounds,
we see that

I+II+ 11> C{(r* —7) (@ — @ — A*, © — O — A%,
F(1-T)(O@ -0 +A-A* @— 0" +A- A%}

* 1 _ *
> (C'o? r 1T)_( T )||A*||%1 (using Theorem 30)
p(t* — 1 C'a?p ]
2 Clgz(l_p)HA*H% = ﬁ(T* —7)|A*|[% (using € T = [p,1 - p]).

To sum up, we can pick ¢ = CI%Z”HA*HQF > 0 since we assumed A* # 0. Then the
result holds with probability at least 1 — Cy exp(—Can).
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Proof of Theorem 23

Proof Without loss of generality, we only show the case where 7 < 7*. Some algebra leads
to

|TN(F’ I‘*v T, T*)|

— S @] {(@ - 0% + (A - ANA g1 {7 < t; < )
a=1

= [tr ({(@ — O +(A-A)}" [nl Zn:wawgl{r <t < T*}] A*) ‘

=1

< (@ —07) + (A - AY)|r-[[AT]|F (35)

lzn::c :BTl{T <t < T*}
n A a*vq 1
=1 op

< C'F|r — 7 - ||AY]4 - |(® — ©F) + (A — A*)]|, (using the bounded moment condition)
< O — 1% - |A*| - V2||T — T*||, (by Theorem 25).

Note Step (35) applies previous results about uniform convergence of the sample matrix
convergence, and the operator norm is bounded by C’G2?|7 — 7*| with probability at least
1 — Cyexp(—Can). That is, we have

P (\TN(I‘,I‘*,T, ™) < 052’T — 7T =0T ||A*||l«, VT €T, T € ]leme) > 1-C1 exp(—Can).

Appendix C. Several useful facts

Proposition 25 (Inequalities on joint nuclear and operator norm) For two matri-
ces A, B € R™>*™2 it holds that

max{[Allop, [|Bllop} < (AT, BT) [|op < \/IlAll%ip +1Bl3, < 1 Allop + [[Bllop

op —

(Al + 1 Bll)/v2 < (AT, BT) T« < [|All + || Bl (36)
Proof First, it’s easy to prove the right-hand side of both inequalities, noting that
(AT, BT)T|2, = [AAT + BB |lop < ||All3, + IBIl5, < (1Allop + [Bllop)?,  (37)

and
(AT, BT)T|l. < [I(AT,0)" +(0,B") "|l. < | Al + | B|.

Also, the left-hand side of the operator norm inequality is easy to derive using the equality
in (37).
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To prove the left-hand side of (36), we use the duality between nuclear norm and the
operator norm. Note that

AT,BT T .= max AT,BT T’ CT,DT T
AT BT = omax  ((AT.BD)T(€T.DT)T)
= max AT,BT T, C’T,DT T
|lcCT+DDT||p<1 <( ) ( ) >

> max (A,C)+ (B, D)
[CCT |lop<1/2,
[DDTlop<1/2

= max (A,C)+ (B, D)
[Cllop<1/v2,
IDllop<1/v2

1
= E(IIAII* +Bl)-

Proposition 26 (Inequalities on norm for the multiplication of matrices) Suppose
A e RMx™M B e R™M*™2 gnd A is inversible. It holds

IATH G 1Bl < [ ABI|x < [|[Allopll Bl
IAT G 1Bl < [|AB|F < [|Allop || Bllr-
Proof For ||AB)||. we have

|AB|l. = sup (AB,C)= sup B,ATC>§HBII*IIATCHopﬁIIAllopIIBH*-
HC”op:l HC”op:l

Apply this result to A~ - AB, we have
1Bl < A7 lop |l ABL-

implying a lower bound
|AB|. > [[A7Y|5 | Bl

For ||AB)||r, we have

ma ma2
IAB|E = [ AB4l3 <Y IAl5I1BxI3 < A2, 1Bl
k=1 k=1

The lower bound follows similarly.

Proposition 27 (Vectorization and Gaussianity) X € R"'*™2 s ¢ random matrix
from Gaussian ensemble Ny m,(0,%), ie, XV ~ Npm,(0,X). Uy € R™MX™ gnd
Us; € R™*™2 qgre orthogonal matrices. Then U1 XUq is a random matriz from Gaus-
sian ensemble Npym,(0,X'), where ' = (U1 @ U2)E(U; @ Us).
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Proof Use (U1 XU,)V = (U, @U)XV. |

The following proposition is taken from Theorem 6.5 of Wainwright (2019).

Proposition 28 (Spectral concentration of Wishart matrices) There are universal
constants {c; }?:0 such that, for any row-wise o-sub-Gaussian random matriz X € R™1*"2,

Let 3 be the population covariance for each row, then the sample covariance matric s =
n~I3" @iz satifies the bounds

2 4

No n

+4d> N fOT’ all ‘)\‘ < W’

E {exp(AHf) — Z”Op)} < exp (co

n

and hence

S -5,
P {H2Hp} > c9 exp(—c3n min{Jd, 62}), for all 6 > 0.
g

The following proposition for Lévy’s inequality is taken from Proposition A.1.2 of van der
Vaart and Wellner (1996):

Proposition 29 (Lévy’s inequality) Let X1,..., X, be independent, symmetric stochas-
tic processes indexed by an arbitrary set. Let S = Zle X; be the partial sum. Then for
every A > 0 we have the inequalities

P <maX||SkH > )x) < 2P ([|Sp|| > A),P <max||Xk,| > )\) < 2P (|| Spl| > N) .
k<n k<n
Proposition 30 (Closed solution for one minimization program) Let A;, Ay be some

constant matrixz in R™*™2_ 1 and T are positive constants. Then it holds

T T2

T+ 7T

A1 - Alp + 72l A - A2|F > A1 — A%

where the equality is attained at

TV A1 + T2 Az

A=
T+ T

Proof Simply setting the derivative with respect to A to zero, one can obtain

—27’f (A1 — A) + 279 (A — AQ) =0,

which give
A— 7'1*A1 +T2A2'
T + T2
Now taking this solution into the program generates the tight lower bounds. |
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Proposition 31 (Generalization of Hanson-Wright inequality) Let {x;}! | be i.i.d
copies of x ~ N(0,1I,,). Let A; be m x m matrices. Then, for every t > 0, it holds

- , t2 t
]P’{ Z (w;rAZCCZ —E (wTAia:» > t} < 2exp {—cmln <Z?:1 HAZH%, N, HAz‘Hop>}

i=1
Proof The case where n = 1 is the famous Hanson-Wright inequality(see Rudelson and
Vershynin (2013); Vershynin (2018)). The proof to the generalization is simple if we observe
the summation

(chAZa:Z —E (a:TAiw))

n
=1

can be aggregated into a large quadratic form in Gaussian vectors:

A1 I
n A2 )]
Z (mlTAZwZ —E <mTAi:L'>) = (z], g, ,,)
i=1
A, Ty
Now apply the original Hanson-Wright to complete the proof. |

Appendix D. Additional algorithmic details and numerical supports
D.1 Proximal gradient descent for solving joint minimization scheme (5)

In this section, we summarize the implementation details for the proposed joint single
change-point detection and matrix estimation (5) in Algorithm 2 and 3 below.

In the rest of this section, we consider the random multivariate regression example in
Section 2.2.6 and perform an algorithmic convergence analysis. For ease of reading, we
quickly summarize the following quantities appeared from Algorithm 2 and 3:

e 7;: k-th candidate grid searching point;

e I';: minimizer of (3) given search point 7;

~(
. I‘,(C): the [-th step of the proximal gradient descent algorithm for solving (3) given

search point 7y;

e k: the index where S N(f‘k, Tk) is minimized;
~ =
e kW: the index where at the step I, SN(I‘;)7 7)) is minimized;

~(1
e 7(: the time point that minimizes SN(I‘é), Tk)-
e 7, I': global minimizer of (5).

We state the result as the proposition below:
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Algorithm 2: Joint single change-point detection and matrix estimation

Input: Observed data (y,, X;,t;), for i = 1,--- ,n; regularization parameter Ay;
floor curvature L(); ceiling curvature Ly,q; updating rate n; convergence
tolerance tol and maximal iteration 7.

Output: Estimator f‘,?.

/* Step (i): pick K candidate grid searching points */

Set candidate grid searching points:

=

m= (= 2) /K (k= 1) + (1= 20) /K -k,

fork=1,--- K.

/* Step (ii): solve program (3) at each 7; with accelerated proximal
gradient descent (Algorithm 3) */

for k=1,...,K do

L Run Algorithm 3 with the given inputs and testing break position 7y;

w N

Return estimator f‘k and obj,.

'y

/* Step (iii): minimization over grid searching points */

Set k = arg ming—p ... g obj.

S}

Return 7 = 7 and T = T;.

=]

Algorithm 3: Proximal gradient descent for (3)

Input: Same input as Algorithm 2; testing break position 7.
Output: Estimator f‘; objective value obj.

1 Set [ =1 and T = 0;

2 Calculate the sub-gradient G) = VS (T; )| pep®-

3 Set L = min{nL(l_l), Liax}-

4 while L < L.« do

5 | Compute @ = Soft (r@ —LGO; L‘l)\N) based on (11);

6 Calculate Sy (€2;7) based on (4) and Syfajor(€2; 2?) based on (10);
7 | if Sy (2;7) < Siajor(2; 2Y) then

8 Set T+ =, LO =

9 break
10 else

11 | Set L = min{L/n, Liax}

12 Repeat above steps until the stop criterion is meet: [T — TO||z/|ITO | # < tol
or the maximal number of iteration 7" is hit.
13 Set T' = T+ and record objective value obj = Sy (T;7) + An [Tl
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Proposition 32 Assume I'* has exact low rank R with |[T*|. < 3. For n > Cmy, with
probability greater than
1 —3Cy exp{—Can},

For n > Cmy and any given tolerance parameter (2,

Sx(Bsm) = Sn(Fum) < & IE - Bl < (39)
F~0

for all steps | satisfying

1> 210g{¢2(Sn (T\; 7) — Sw(T(mh); 7))}

SAN log 2
1 1 — 1+ —M— 5.
s +1ogy og (2 >{ e } (30)

(12/11)

Furthermore, recall k* as the minimizing index for Step (iii) of Algorithm 2. For the toler-
ance smaller than the gap:

2 < {migSN(f‘k;Tk)) - SN(f‘;?)} , (40)
k#k
and l with
2log{¢ 2 SN 1) — Sn (T (7); 3
> 0g{¢ ™" maxyex] (SN (T} "5 k) — SN ( (Tk)aTk))}_'_longogQ(S)\iN) . log 2 7
log(12/11) 2 log(12/11)
(41)

we have 7O = 7.

Proposition 32 is adapted from Theorem 2 of Agarwal et al. (2010), which states that

when using PGD for penalized M-estimation, the excess loss decays geometrically up to
any squared error (2 given certain conditions. In our setting, for each given 73, it takes
O(log ¢(~2) steps to reach the tolerance (2, which demonstrates a fast exponential conver-
gence to the global minimum. When ¢? is set to be properly small, the detected change-point
7 coincides with the global optimum too.
Proof [Proof of Proposition 32] Proposition 32 is based on Theorem 2 of Agarwal et al.
(2010), which states that when using PGD for penalized M-estimation, the excess loss decays
geometrically up to any squared error (2 given the so-called restricted strong convexity
(RSC) and restricted strong smoothness (RSM) conditions. Our Proposition 20 verifies the
RSC and RSM conditions uniformly at a sequence of searching points with high probability
in the multivariate regression setting:

If n > Cmy, then

1
P (H(%)HFH% < %H%(F;T)H% <H(X)|IT|F, V7 €T and T € REmM)=m2
Z 1— Cl exp(—C’gn),

where £(X) = pod /2 for some constant p > 0 and «'(X) = 3po} /2.
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Therefore, by substituting the quantities of Agarwal et al. (2010), Theorem 2 with the
counterpart in our setting, we can conclude (38) for the steps (39). R
To prove 7)) = 7, simply notice that for ¢? satisfying (40), [ with (41), and any k # k

@ @

~ ~ ~ ~()
Sn(T) 7)) 2 Sn(Tr; i) = Sn(T57) + ¢ > Sn (T3 57),

which concludes the proof. |

D.2 Determining penalization level Ay

In practice, the regularization parameter Ay is chosen through cross-validation. Suppose the
threshold variable ¢; is reorganized in an increasing order. Our cross-validation procedure
proceeds as follows: (i) Splitting: given data D = {(y;, X;,t;) 14 =1,..., N}, we split the
data into K folds D, ..., Dk in an incremental manner:

Dy = {(yi, X, 1) i = k+ [N/K] %1, 1 =0,..., K -1},

where [N/K] is the largest integer smaller than N/K. (ii) Validating: we pick a sequence
of K candidate values, Ay € {An1,...,Ank}. For k=1,..., K, we choose in turn Dy, as
the prediction set Dy, et and the union of the rest Dy’s as the training set Dy, rain- Then we
apply the proposed program with penalization Ay on Dy train and compute the prediction
error on the testing data. The final penalization level A} is determined as the one that
gives the smallest prediction error.

We add some additional remarks for the above cross-validation procedure. First, the
splitting step (i) is completed in an incremental manner. This is crucial because it guarantees
that, when there are change-points in the data, the relative location of the change-points
in each of the subset Dj remains almost identical as the full data D. Second, the candidate
values for Ay can be usually motivated by theory and picked in some principled way. For
example, in multivariate regression, our Theorem 11 suggests the penalization of the order
C(W)W. Therefore, in terms of tuning we can choose a sequence of ¢ € {cy,...,cx} to
further construct Axy € {An1,..., ANk}

D.3 Construction of signals

We generate the low-rank signals from the singular vectors of Gaussian ensembles. To
ensure a large break, @ and ©7] are separately constructed in the following way: first
generate a random matrix My € R™*100 (5 = (, 1) with i.i.d. standard Gaussian variables.
Let U,S SVST be the singular value decomposition of M. Then @y is given by OF =
UQVZ—r /\/7, s =0,1. To generate signals with a small break, we take one single standard
Gaussian ensemble M in R"™*100 and get its SVD M = USV . Aggregating some of the
singular vectors into new matrices: Ujy = U] = [u1,--- ,u,); Vi = [v1, -+ ,vr—1,0,); V1 =
[v1, ,Vp—1,0p41]. Also define D = diag{+/4.75/4,\/4.75/4,\/4.75/4, \/4.75/4,/0.25}.
Now construct @} = #USDVI, s = 0,1. This way, it is easy to show that @F and ©7

share the same left singular vectors and ||©f§ — ©7||% = 0.1.

D.4 Multivariate regression with large signals
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D.5 Plots of estimated change-points and objective trajectories
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Figure 2: Boxplot for 7 and objective path under different models with varying sample size
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Figure 3: Boxplot for 7 and objective path under different models with varying dimension

D.6 Data analysis: comparison with other methods

We make some additional numerical comparison for the air pollution data analysis conducted
in Section 4.3.

In Table 8 below, we compare three straightforward estimation and prediction schemes
without considering a change-point structure. “OLS” stands for a direct output from or-
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dinary least squares; “f; penalization” adds ¢; penalty to induce sparsity pattern for the
mechanism matrix; “Nuclear norm” stands for the nuclear norm penalization that is used
to induce a low-rank structure. From the results we can see that, when no change-point
is included, adding both ¢; and nuclear norm penalty can slightly improve the prediction
accuracy. Moreover, a low-rank model gives better prediction results than a sparse model.
However, the improvement from either penalization does not demonstrate a significant edge.

Table 8: Test error for different methods without change-points for the air pollution data

Methods OLS  /¢; penalization Nuclear norm
Test error 0.1931 0.1928 0.1925

In Table 9 below, we further compare ¢; penalization and nuclear norm penalization
with change-point structure incorporated. We can see that for each given number of change-
points within the range of 1 to 4, nuclear norm penalization always demonstrates higher
prediction accuracy. Overall, nuclear norm penalization with two change-points outperform
the rest, which is still consistent with the conclusion for the real data analysis (Section 4.3)
in the main paper.

Table 9: Test error for different methods with change-points for the air pollution data

# change-points 1 2 3 4

Nuclear norm 0.1746 0.1728 0.1761 0.1772
{1 penalization 0.1825 0.1884 0.1797 0.1817

Methods

D.7 Multivariate regression with a single change-point near the boundary

In this section, we conduct some numerical experiments to test the performance of the algo-
rithm when the change-point is close to the boundary. The setup is based on multivariate
regression with one change-point, and the location of the change point is set to two locations:
7 = 0.1 and 7 = 0.2. The results are reported in Table 10. We can see that the proposed
method can successfully detect the location of the change point and recover the true signal
with a near-oracle performance. The no-change point algorithm gives a result that recovers
the matrix signal in the segment that has more data but fail to recover the signal that has
few data points. Meanwhile, LASSO based methods work poorly for recovering the true
matrix signals as the matrix elements are not sparse due to construction.

D.8 Numerical experiments for multiple change-points detection with random
locations

In this section, to test how robust the proposed algorithm is to the locations of the change-
points, we present numerical experiments on multiple change-point detection where three
change-points are generated randomly from (0,1/3], (1/3,2/3] and (2/3,1), respectively.
The remaining setup is kept the same. Table 11 reports the results.
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Table 10: Multivariate regression with a single change point near the boundary

., o, 0,
Method |77l 15— &tz [6, @il [6:_©i% [6: ®3l.
Regime: 7 = 0.1
Ours  0.0045(0) 0.475(0.027) 3.074(0.072) 0.113(0.003) 3.150(0.082)
Oracle - 0.447(0.024)  2.995(0.066) 0.113(0.004)  3.136(0.090)
NC ; 1.671(0.023)  4.897(0.065) 0.106(0.003) 1.714(0.077)
Vec  0.0045(0) 0.751(0.035) 4.387(0.104) 0.133(0.007) 4.128(0.117)
Regime: 7 = 0.2
Ours  0.0045(0) 0.272(0.013) 2.698(0.057) 0.127(0.004) 3.768(0.075)
Oracle - 0.259(0.016)  2.650(0.058) 0.126(0.004)  3.775(0.079)
NC ; 1.351(0.012)  4.496(0.057) 0.171(0.004) 2.054(0.075)
Vec  0.0045(0) 0.481(0.032) 3.810(0.044) 0.151(0.006) 4.521(0.037)

Table 11: Mutiple change-points detection with random change-point locations

Criterion

Small breaks

Large breaks

Rough Refined Rough Refined
s 3.18(0.70) - 3.00(0)
Change detection ~ OE  0.077(0.121) 0.060(0.110) 0.002(0.001) 0. 001(0 001)
UE 0.095(0 093) 0.095(0.104) 0.002(0.001) 0.001(0.001)
MOE 0.410(0.030) - 0.315(0.024)
Matrix recovery MUE - 0.460(0.047) - 0.315(0.024)
max 7' - 5.39(0.53) - 6.60(1.12
min 7, - 5.00(0) - 5.00(0)
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