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Abstract

We study the problem of robust time series analysis under the standard auto-regressive (AR) time
series model in the presence of arbitrary outliers. We devise an efficient hard thresholding based algorithm
which can obtain a consistent estimate of the optimal AR model despite a large fraction of the time series
points being corrupted. Our algorithm alternately estimates the corrupted set of points and the model
parameters, and is inspired by recent advances in robust regression and hard-thresholding methods.
However, a direct application of existing techniques is hindered by a critical difference in the time-series
domain: each point is correlated with all previous points rendering existing tools inapplicable directly.
We show how to overcome this hurdle using novel proof techniques. Using our techniques, we are also able
to provide the first efficient and provably consistent estimator for the robust regression problem where
a standard linear observation model with white additive noise is corrupted arbitrarily. We illustrate our
methods on synthetic datasets and show that our methods indeed are able to consistently recover the
optimal parameters despite a large fraction of points being corrupted.

1 Introduction

Several real world prediction problems, for instance, the temperature of a city, stock prices, traffic patterns,
the GPS location of a car etc are naturally modeled as time series. One of the most popular and simple
model for time series is the auto-regressive (AR (d)) model which models a given observation as a sample
from a distribution with mean given by a fixed linear combination of previous d time series values. That is,
Ty = Z?Zl w; xi—; + €; where ¢; is unbiased noise.

Unfortunately, in real life scenarios, time series tend to have several outliers. For example, traffic patterns
may get disrupted due to accidents and stock prices may get affected by unforseen political or social influences.
The estimation of model parameters in the presence of such outliers is a classical problem in time-series
literature and is given a detailed treatment in several texts [11], [12].

Existing time-series texts define two major outlier models: a) innovative outliers, b) additive outliers. In
innovative outliers, corrupted values become a part of the time series and influence future iterates i.e. if x;
is corrupted and we observe Z; = x¢ + b; then subsequent values ¢ (' > t) are obtained by using Z; rather
than x;. In the additive outlier model, on the other hand, although the observation of Z; is corrupted, the
time series itself continues using the clean value x;. Conventional wisdom in time series literature considers
innovative outliers to be “good” and helpful in spurring a shift in the time series [I1]. Additive outliers, on
the other hand, are considered more challenging due to this latent behaviour in the model and can cause
standard estimators for the AR model to diverge.



Due to importance of the problem, several estimators have been proposed for the AR model under
corruption, e.g. the generalized M-estimator by [13]. However, most existing estimators are computationally
intractable (operate in exponential time) and do not offer non-asymptotic guarantees.

Our goal in this work is to devise an efficient and consistent estimator for the Robust Time Series
Estimation (RTSE) problem in the AR(d) model with non-asymptotic convergence guarantees in the presence
of a large number of outliers. To this end, we cast the model estimation problem as a sparse estimation
problem and use techniques from the sparse regression literature [I0] to devise our hard-thresholding based
algorithm. At a high level, our algorithm locates the corrupted indices by using a projected gradient method
where the projection is onto the set of sparse vectors.

However, analyzing this technique proves especially challenging. While hard threshodling methods have
been extensively studied for sparse linear regression [I0} [0 23], similar techniques do not apply directly to
our problem because of two key challenges: a) in the time series domain, data points z;’s are dependent on
each other while sparse linear regression techniques typically assume independence of the data points, and
b) even for robust linear regression (where each row of data matrix is assumed to be independent), existing
analyses [5] are unable to guarantee consistent estimates.

Using a novel two-stage proof technique, we show that our method provides a consistent estimator for
the true model w* so long as the number of outliers k satisfies k& = O(ﬁ)7 where n is the total number
of points in the time series and d is the order of the model. Whenever k satisfies the above assumption, our
method in time O(nd) outputs an estimate W s.t. |[W — w*|| < f(n) where f — 0 as n — co. We direct
the reader to Theorem [J] for precise rates.

In fact, using our techniques, we are also able to give a consistent estimator for the robust least squares
regression (RLSR) problem [22] [16], [B] even when a constant fraction of the responses are corrupted. Here
again, our algorithm runs in time O(nd), where d is the dimensionality of the data. To the best of our
knowledge, our method is the first efficient and consistent estimator for the RLSR problem in the challenging
setting where a constant fraction of the responses can be corrupted.

We then study our methods empirically for both the robust time series analysis, as well as the standard
robust regression problems. Our methods demonstrate consistency for both problem settings. Moreover, our
results for robust time series show that the ordinary least squares estimate, that ignores outliers, provides
very poor estimators and hence, is significantly less accurate. In contrast, our proposed method and a few
variants of it indeed recover the underlying AR(d) model accurately.

Paper Organization: Section [3]considers the “warm-up” problem of robust regression and presents our
algorithm and theoretical guarantees. We then, introduce the robust time series problem and our algorithm
and analysis in Section [d] Section [5] presents simulations on synthetic datasets.

2 Related Works

Time Series: Analysing time series with corruptions is a classical and widely studied problem in statistics
literature. In an early work, [I3] proposed a generalized M-estimator for the RTSE problem in the additive
outlier (AO) model with a positive breakdown point. [II] detail a robust variant of the Durbin-Levinson
algorithm for RTSE and demonstrate the efficacy of the model empirically. [20] provide an analysis of M-
estimators for RT'SE with innovative outliers (I0), but show that the standard M-estimator has a break
down point of zero in the presence of AO. This shows that standard M-estimators cannot handle even a
non-zero fraction of corruptions. Recently, [8] proposed a method based on Least Trimmed Squares, which is
closely related to our method, and used Monte Carlo simulations to validate the effectiveness of their method.
[15] present a method based on robust filters in the more powerful ARMA model. Most of the estimators
mentioned above are either not efficient (i.e. exponential time complexity) or do not provide non-asymptotic
error rates. In contrast, we provide a consistent and nearly linear time algorithm that allows a large fraction
of points to be corrupted. Recently, [3] studied time series with missing values but their results do not extend
to cases with latent corruptions. Moreover, they consider the online setting as compared to the stochastic
setting considered by our method.



Robust Regression: The goal in RLSR is to recover a parameter using noisy linear observations that
are corrupted sparsely. RLSR is a classical problem in statistics, but computationally efficient, provable
algorithms have been proposed only in recent years. The Least Trimmed Squares (LTS) method guarantees
consistency but in general requires exponential running time [I'7] [I [2]. Recently [22] [16] proposed L; norm
minimization based methods for RLSR but their analyses do not guarantee consistent estimates in presence
of dense unbiased i.i.d. noise. Recently, [5] proposed a hard thresholding style algorithm for RLSR but are
unable to guarantee better than O(c) error in the estimation of w* where ¢ is the standard deviation of
noise. However, as detailed in section |3 their results holds in a weaker adversarial model than ours. In
contrast, we provide nearly optimal a% error rates for our algorithm. [7] considers a stronger model where
along with the response variables, the covariates can also be corrupted. However, their result also do not
provide consistency guarantees and they can only tolerate k < n/ V/d corruptions.

3 Robust Least Squares Regression

We use robust least squares regression (RLSR) as a warm up problem to introduce the tools, as well as
establish notation that will be used for our time-series analysis. We present the problem formulation,
propose our CRR algorithm, and then prove its consistency and robustness guarantees.

Problem Formulation and Notation: We are given a set of n data points X = [x1,Xs,...,X,] € R¥*"
where x; € R? are the covariates, y € R is the vector of responses generated as

y=X"w*+b* +e (1)

for some true underlying model w* € R?. The responses suffer two kinds of perturbations — dense white
noise €; ~ N(0,0%) that is chosen in an i.i.d. fashion independently of the data X and the model w*, and
sparse adversarial corruptions in the form of b whose support is chosen independently of X, w* and €. We
assume that b* is a k*-sparse vector albeit one with potentially unbounded entries. The constant k* will be
called the corruption index of the problem. The above model is stronger than that of [5] which considers a
fully adaptive adversary. However, whereas [5] is unable to give a consistent estimate, we give an algorithm
CRR that does provide a consistent estimate. We also note that [5] is unable to give consistent estimates
even in our model. As noted in the next section, our result requires significantly more fine analysis; standard
¢5-norm style anlaysis by [5] seems unlikely to lead to a consistency result in the robust regression setting.

We will require the notions of Subset Strong Convexity and Subset Strong Smoothness similar to [5] and
reproduce the same below. For any set S C [n], let Xg = [x;],c5 € RP*IS| denote the matrix with columns
in that set. We define vg for a vector v € R™ similarly. Apin(X) and Apax(X) will denote, respectively, the
smallest and largest eigenvalues of a square symmetric matrix X.

Definition 1 (SSC and SSS Properties). A matriz X € RP*™ is said to satisfy the Subset Strong Convexity
Property (resp. Subset Strong Smoothness Property) at level k with strong convexity constant i (resp.
strong smoothness constant Ay ) if the following holds:

A < min Amin(XsX§) < ‘mlaxAmaAXsX; ) < Ay
S|=k S|=k

We refer the reader to the appendix for SSC/SSS bounds for Gaussian ensembles.

3.1 CRR: A Hard Thresholding Approach to Consistent Robust Regression

We now present our consistent method CRR for the RLSR problem. CRR takes a significantly different
approach to the problem than previous works. Instead of attempting to exclude data points deemed unclean,
CRR concentrates on correcting the errors instead. This allows CRR to work with the entire data set at all

times, as opposed TORRENT [5] that work with a fraction of the data.
2
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estimate b of the corruption vector, the optimal model with respect to this estimate is given by the expression

Starting with the RLSR formulation minyegs b, <k* % HXTW —(y - b)‘ we realize that given any



Algorithm 1 CRR: Consistent Robust Re- Algorithm 2 CRTSE: Consistent Robust Time Series Estimation

gression Input: Time-series data y;,¢ = —d + 1,...,n, corruption index k,
Input: Covariates X = [X1,...,Xn], responses tolerance €, time series order d, error trimming level &
¥y = [y1,...,Yn] ", corruption index k, tol-  1: y; = max {min {y;,5}, -0}
erance € 2 % — (Yiotye o ¥ima) > X < [X1,...,%Xa], Y < (Y1,... 7yn)T,
1: b« 0,t 0, Px « XT"(XX")7'X,t<0,b% <0
Px + XT(XXT)'X 3: while ||b’ —b'"!||, > e do
2 while b~ b'1],> ¢ do & bt HTE (Pab + (- Py)y)
3: b« HTx(Pxb’ + (I — Px)y) 5.t t+1
4: t+—t+1 6: end while
5: end while 7: return w' « (XX )71 X (y — b")
6: return w' « (XX )71 X(y — b")

w=(XX")"1X(y- B) Plugging this expression for w into the formulation allows us to reformulate the
RLSR problem.
1 2
b)==|([-P —b 2

Hbr\ﬁlgk*f( ) =5 I = Px)(y = b)ll; (2)
where Py = XT(XXT)"'X. This greatly simplifies the problem by casting it as a sparse parameter
estimation problem instead of a data subset selection problem. CRR directly optimizes by using a form
of iterative hard thresholding. At each step, CRR performs the following update: bt*! = HTy (b’ —V f(b')),
where k is a parameter for CRR. Any value k > k* suffices to ensure convergence and consistency. The hard
thresholding operator is defined below.

Definition 2 (Hard Thresholding). For any v € R™, let the permutation oy € S, order elements of v
in descending order of their magnitudes. Then for any k < n, we define the hard thresholding operator as
V = HTy(v) where ¥V; = v; if oy (i) < k and 0 otherwise.

We note that CRR functions with a fixed, unit step length, which is convenient in practice as it avoids
step length tuning, something most THT algorithms [9, [10] require. For the RLSR problem, we will consider
data sets that are Gaussian ensembles i.e. x; ~ N(0,%). Since CRR interacts with the data only using the
projection matrix Px, one can assume , without loss of generality, that the data points are generated from
a standard Gaussian i.e. x; ~ N (0, I5xq). Our analysis will take care of the condition number of the data
ensemble whenever it is apparent.

3.2 Convergence and Consistency Guarantees

Theorem 3. Let x; € R 1 < i < n be generated i.i.d. from a Gaussian distribution and let y;’s be

generated using for a fized w* and let 02 be the noise variance. Let the number of corruptions k* be s.t.
kE* <k <n/10000. Then, with probability at least 1 — &, CRR, after O(log(||b*||, /n)+log(n/(c-d))) steps,

ensures that |w' — w*||, < O(o+/d/nlog(nd/é)).

The above result establishes consistency of the CRR method with O(c+/d/n) error rates that are known
to be statistically optimal, notably in the presence of gross and unbounded outliers. We reiterate that to
the best of our knowledge, this is the first instance of a poly-time algorithm being shown to be consistent
for the RLSR problem. It is also notable that the result allows the corruption index to be k* = Q(n), i.e.
allows upto a constant factor of the total number of data points to be arbitrarily corrupted, while ensuring
consistency, which existing results [5 [I6] do not ensure.

For our analysis, we will divide CRR’s execution into two phases — a coarse convergence phase and
a fine convergence phase. CRR will enjoy a linear rate of convergence in both phases. However, the
coarse convergence analysis will only ensure |[w! —w*[|, = O (c). The fine convergence phase will then
use a much more careful analysis of the algorithm to show that in at most O (logn) more iterations, CRR



ensures |[w! — w*||, = O(0\/d/n), thus establishing consistency of the method. Existing methods, including
TORRENT, are able to reach an error level O (o), but no further.

Let A" := (XX T)"1X(b'—b*), g := (I— Px)e, and vt = X " X' +g. Let S* := supp(b*) true locations of
the corruptions and I* := supp(b?) Usupp(b*). Let MD' = supp(b*)\supp(bt), FA" = supp(b*)\supp(b*),
and CI' = supp(b?) Nsupp(b*) respectively denote the coordinates that were missed detections, false alarms,
and correctly identifications.

Coarse convergence: Here we establish a result that guarantees that after a certain number of steps
Ty, CRR identifies the corruption vector with a relatively high accuracy i.e. HWTO —w* |2 < O(o).

Lemma 4. For any data matriz X that satisfies the SSC and SSS properties such that 21\)\& <1, CRR,

when executed with a parameter k > k*, ensures that after Ty = O (log %) steps, ||bT0 — b"‘H2 < 3eo,

n

where eg = O (U\/(k + k*)log W) for standard Gaussian designs.

Using Lemma (see the appendix), we can translate the above result to show that HWTO —w* ||2 < 0.950,
assuming k = k* < {g5. However, Lemma [4] will be more useful in the following analysis.

Fine convergence: We now show that CRR progresses further at a linear rate to achieve a consistent
solution. First Lemma [5| will show that ||)\tH , can be bounded, apart from diminishing or negligible terms,
by the amount of mass that is present in the false alarm coordinates MD’. Lemma |§| will next bound this

quantity. For all analyses hereon, we will assume ¢ > Tj.
Lemma 5. Suppose k* < k < n/10000. Then with probability 1 — 6, at every time instant t > Ty, CRR
ensures that | A"y < ﬁ”)\tﬂg +204/22 log% + %HXFNH(X;NHM + grat+1)||2-

We note that in the RHS above, the first term diminishes at a linear rate and the second term is a
negligible quantity since it is O(y/d/n). In the following we bound the third term.

Lemma 6. Fork* < k < n/10000, with probability at least 1—d, CRR ensures at allt > Ty, % HXFAt+1 (X;Atﬂ)\t + grat+1

0.98 H)\t +C-0o %log %d for some constant C.

I

Putting all these results together establishes Theorem [3] See Appendix [A] for a detailed proof.

4 Robust Time Series Estimation

Similar to RLSR, we formulate the Robust Time Series Estimation (RTSE) with additive outliers (AO)
problem, propose our CRTSE algorithm, and prove its consistency and robustness guarantees.

Problem Formulation and Notation: Let (x_g441,...,2,) be the “clean” time series which is a sta-
tionary and stable AR (d) process defined as z; = x;— 1w} + - - - + 24_qw}; + €, where €, ~ N(0, 0?) are i.i.d.
noise values chosen independently of the data and the model. We compactly represent this AR (d) process
as,
y = X w* +e,

where y* = (21, ... ,xn)T ER”, x; = (zi_1,...,7i-q) ", and X = [x1,...,X,] € R¥*". However, we do not
observe the “clean” time series. Instead, we observe the time series (y_441,.-.,¥yn) which contains additive
corruptions. Defining y € R", X € R¥*™ using (y_g41,---,Yn) in similar manner as y* and X are defined
using (£_g41,---,2y), we have the resulting AO model as follows:

y=y " +e =X"w*+e+Db" (3)

where e* is the actual corruption vector (k*-sparse), and b* is the resulting model corruption vector (with
at most k*-blocks of size d being non-zero). See (see Appendix [B.2) for a clearer characterization of the
y, X.



Now, given y, X, our goal will be to recover a consistent estimate of the parameter w*. For our results
the following simple observation would be crucial: since supp(b*) is a union of &* groups (intervals) of size
d, we have ||b*||g < 2k*, where ||b|\g is the Group-fy pseudo-norm of b that we define below. For a set of
groups S, supp(S;G) = {G;,i € S}.

We now define certain quantities that are crucial in understanding the AR (d) process. The spectral
density of the “clean” AR (d) process y* is given by:

o2

d * _ikw d * o —ikw
(1_Zk:1 wiet ) (1_Zk:1 wie )

We define My« 1= sup,ejgan Pw+ (W) and my« = infye(o o) pw+ (w). Another constant My, will also
appear in our results (see Appendix for a brief primer on AR (d) process).

For our analysis, we will also require notions of Sub-group Strong Convezity and Sub-group Strong Smooth-
ness for the time series which we define below. For any k& < %, we let S,g = {supp(S; G):SC [%] st. |S| = k;}
denote the set of all collections of k groups from G.

pw (W) = , for w € [0, 27]. (4)

Definition 7 (SGSC/SGSS). A matriz X € R™" satisfies the Subgroup Strong Convexity Property (resp.
Subgroup Strong Smoothness Property) at level k with strong convezity constant A, (resp. strong smoothness
constant Ay ) if the following holds:

A < min Apin (XsXd) < max Apax (Xs X&) < Ay
sesy sesy

4.1 CRTSE: A Block Sparse Hard Thresholding Approach to Consistent Robust
Time Series Estimation

We now present our CRTSE method for obtaining consistent estimates in the RTSE problem. By following
the similar approach as CRR, we begin with the RTSE formulation miny,cga jpj9<x- 3 [|[X W — (y — b)||;,

and observe that for any given estimate b of the corruption vector, the optimal model with respect to that
estimate is W = (XX ")"!X(y — b). Then by plugging this expression for W into the formulation, we
reformulate the RTSE problem as follows

min f(b) = 3 (T = Px)(y - b2 9

IIbll§ <k*

where Py = X (XX T)71X. CRTSE uses a variant of iterative hard thresholding to optimize the above
formulation. At every iteration, CRTSE takes a step along the negative gradient of the function f and then
performs group hard thresholding to select the top k aligned groups (i.e. groups in G) of the resulting vector
and setting the rest to zero.

bt = HTY (bt — Vf(bt)),

where k > 2k* and the group hard thresholding operator is defined below.

Definition 8 (Group Hard Thresholding). For any vector g € R", let og € Sz be the permutation s.1.
2 2
ZjeGgg(l) ;1™ = ZjeGag(z) gil" > ... = ZjeGag<%)

thresholding operator as g = HTg (g) where

@{& g ([4) <k

gj|2. Then for any k < %5, we define the group hard

0 else

We note that this step can be done in quasi linear time. Due to the delicate correlations between data
points in the time series, in order to keep the problem well conditioned (see Theorem [22 and Remark [23)),



we will perform a pre-processing step on the corrupted time series instances y;,7 = —d + 1, ...,n as follows:
y; = max {min {y;,0},—0}, where ¢ = O (\/log na). Note that since the clean underlying time series is a
Gaussian process €; < O (U\/log n) and all its entries are, with high probability, bounded by &. Thus we
will not clip any clean point because of the above step but ensure that we can, from now on, assume that
[b*[ <@

4.2 Convergence and Consistency Guarantees
We now present the estimation error bound for our CRTSE algorithm.

Theorem 9. Lety be generated using AR (d) process with k* additive outliers (see ) Also, let k* <k <

C%dlogn (for some universal constant C' > 0). Then, with probability at least 1 —§, CRTSE, after

O(log(||b*|l, /n) + log(n/(o - d))) steps, ensures that ||w' — w*|, < O (UMW*/mw* V/dlogn/nlog (d/é))

The result does establish consistency of the CRTSE method as it offers convergence to o (J\/d logn/ n)

error levels. Also note that in typical time series data, d lies in the range 5 — 10. As in the case of CRR,
this is the first instance of a poly-time algorithm being shown to be consistent for the RTSE problem.

Following the similar approach of the consistency analysis for CRR, we will first ensure that |w’ — w*||, =
O (o). Then in the fine analysis phase, we will show that after additional O (logn) iterations, CRTSE ensures
[wt —w*||, = O (a\/dlogn/n).

Coarse convergence: Here we establish a result that after a certain number of iterations, CRTSE
identifies the corruption vector with a relatively high accuracy. Our analysis relies on a novel Theorem [22]
which is a key result that shows that the AR (d) process with AO indeed satisfies SGSC and SGSS properties
(see Definition 7 as long as the number of corruptions k* is small.

Theorem 10. For any data matriz X that satisfies the SGSC and SGSS properties such that 4A\gyp- <
An, CRTSE, when ezecuted with a parameter k > k*, ensures that after Ty = O (log (||[b*||, /v/n)) steps,

d
[0 — b |2 < b5eg. Additionally, if X is generated using our AR (d) process with AO (see (3)), then

Note that if X is given by AR (d) process with AO model and if k is sufficiently small ie. k* <
k< C’m dlogn (for some universal constant C' > 0) and n is sufficiently large enough, then with
probability at least 1 —d, we have 4Ap4- < Az. See Remark 23] . 3| for more details.

Fine Convergence: As was the case in least squares regression, we will now sketch a proof that the
CRTSE algorithm indeed moves beyond the convergence level achieved in the coarse analysis and proceeds
towards a consistent solution at a linear rate. We begin by noting that by applying Lemma[24] we can derive
a result similar to Lemma With high probability, we have for all ¢ > 1

A dlogn d
t * n t
ol = 0 (o 4 ) ). ®
for a universal constant C. We note that for large enough n, Lemma |19 shows that Z = O(1). Since

the first term in the bracket is a negligible term, one that does not hinder consistency, save log factors, we
are just left to establish the convergence of the iterates A’. We next note that Lemma along with the
fact that the locations of the corruptions were decided obliviously and independently of the noise values
{e;}, allows us to also prove the following equivalent of Lemma [5| for the time series case as well: with high
probability, for every time instant t > Ty, we have

1 dl d 1 A,
kuzsmrwwc'(“ P R (”A)\!XFAf+1<X;Amt+gFA~1>HZ)» ™
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Figure 1: (a), (b) and (c) show variation of recovery error with varying n, d and 0. CRR and TORRENT show
better recovery properties than the non-robust OLS. These plots also ascertain the y/n-consistency of CRR as is
shown in the theoretical analysis. (d) shows the average CPU run time of TORRENT and CRR with increasing
sample size. CRR can be upto 2x faster than TORRENT while ensuring similar recovery properties.

for some universal constant C. Noticing yet again that 3\\— = O(1) leaves us to prove a bound on

the quantity ||XFA1,+1(X;At+1)\t +gFAt+1)H2. We now notice that one can upper bound this quantity

by [ X (XX + &)
T 3\t

X§A + go

’ by selecting the set S; of the top k elements by magnitude in the vector
2

This allows us to establish the following result.

Lemma 11. Suppose k* < k < n/(C'p(w*)dlogn) for some large enough constant C’. Then with probability
at least 1 — §, CRR ensures at every time instant t > Tj

(0432 I OFacant s, 031, 40 (25

Above lemma with @ suffices to establish Theorem@ See Appendixfor details of all the steps sketched
above.

5 Experiments

Several numerical simulations were carried out on synthetically generated linear regression and AR (d) time-
series data with outliers. The experiments show that in the robust linear regression setting, CRR gives
a consistent estimator and is 2x times faster as compared with TORRENT [5] while in the robust AR (d)
time-series setting, CRTSE gives a consistent estimator and offers statistically better recovery properties as
compared with baseline algorithms.

5.1 Robust Linear Regression

Data: For the RLSR problem, the regressor w* € R? was chosen to be a random unit norm vector. The
data matrix was generated as each x; ~ N (0, ;). The k* non-zero locations of the corruption vector b*
were chosen uniformly at random from [n] and the value of the corruptions were set to b ~ U (10, 20).
The response variables y were then generated as y; = (x;, w*) + n; + b} where 1; ~ N'(0,02). All plots for
the RLSR problem have been generated by averaging the results over 20 random instances of the data and
regressor.

Baseline Algorithms: We compare CRR with two baseline algorithms: Ordinary Least Squares (OLS)
and TORRENT ([5]). All the three algorithms were implemented in Matlab and were run on a single core
2.4GHz machine with 8GB RAM.

Recovery Properties & Timing: As can be observed from Figure, CRR performs as well as
TORRENT in terms of the residual error ||[w—w*||3 and both their performances are better as compared with
the non-robust OLS method. Further, figures[Ia), [[[b) and[I}c) explain our near optimal recovery bound of

a\/% by showing the corresponding variation of the recovery error with variations in n, d and o, respectively.

Figure d) shows a comparison of variation of average CPU time (in secs) with increasing number of data
samples and shows that CRR can be upto 2x faster than TORRENT while provably guaranteeing consistent
estimates for the regressor.

10000
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Figure 2: (a), (b), (¢), and (d) show variation of recovery error with varying n, d, k and o, respectively. CRTSE
outperforms OLS, and both the point-wise thresholding algorithms, TORRENT and CRR. Also, the decreasing error
with increasing n shows the consistency of our estimator in this regime.

5.2 Robust Time Series with Additive Corruptions
Data: For the RTSE problem, the regressor w* € R% was chosen to be a random vector with O(%) norm

(to avoid the time-series from diverging). The initial d points of the time-series are chosen as x; ~ N(0, 1)
for i = 1...d. The time-series, generated according AR (d) model with regressor w*, was then allowed to
stabilize for the next 100 time-steps. We consider the points generated in the next n time steps as x; for
i =1...n. The k* non-zero locations of the corruption vector b* were chosen uniformly at random from
[n] and the value of the corruptions were set to b} ~ U (10, 20). The observed time series is then generated
as y; = x; + bF. All plots for the RTSE problem have been generated by averaging the outcomes over 200
random runs of the above procedure.

Baseline Algorithms: We compare CRTSE with three baseline algorithms: Ordinary Least Squares
(OLS) , TORRENT ([5]) and CRR. For TORRENT and CRR, we set the thresholding parameter k = 2k*d
and compare results with CRTSE. All simulations were done on a single core 2.4GHz machine with 8GB
RAM.

Recovery Properties: Figure |2 shows the variation of recovery error ||w — w*||y for the AR (d) time-
series with Additive Corruptions. CRTSE outperforms all three competitor baselines: OLS, TORRENT
and CRR. Since CRTSE uses a group thresholding based algorithm as compared with TORRENT and
CRR which use point-wise thresholding, CRTSE is able to identify blocks which contain both response and
data corruptions and give better estimates for the regressor. Also, figure a) shows that the recovery error
goes down with increasing number of points in the time-series, as is evident from our consistency analysis of

CRTSE.
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A Supplementary Material for Consistent Robust Regression

A.1 SSC/SSS guarantees

In this section we restate some results from [5] which are required for the convergence analysis of the RLSR
problem.

Definition 12. A random variable x € R is called sub-Gaussian if the following quantity is finite

sup p~ /% (B [|z["])"/? .
p>1

Moreover, the smallest upper bound on this quantity is referred to as the sub-Gaussian norm of x and denoted
as ||z e+

Definition 13. A wvector-valued random wvariable x € RP is called sub-Gaussian if its unidimensional
marginals (x,v) are sub-Gaussian for all v € SP~1. Moreover, its sub-Gaussian norm is defined as fol-
lows
IX1,, = swp 1G]l
vesr—1

Lemma 14. Let X € RP*™ be a matrix whose columns are sampled i.i.d from a standard Gaussian distri-
bution i.e. x; ~ N(0,I). Then for any € > 0, with probability at least 1 — §, X satisfies

2

Anax(XXT) <n4 (1 —2¢)7! cnp—&—c’nlogg
T -1 2
Amin(XX ') >n — (1 — 2¢) cnp—&—c’nlogg,

where ¢ = 24e? log % and ¢ = 24€2.

Theorem 15. Let X € RP*™ be a matriz whose columns are sampled i.i.d from a standard Gaussian
distribution i.e. x; ~ N(0,I). Then for any v > 0, with probability at least 1 — &, the matriz X satisfies the
SSC and SSS properties with constants

A, <9n <1+3e1/610g€> +0 (\/anrnlog(lS)
Y
e 1
Ay >n—(1—7)n (1—|—36 6log1_7> - Q (Unp+nlog6>.

Lemma 16. Let X € RP*"™ be a matriz with columns sampled from some sub-Gaussian distribution with
sub-Gaussian norm K and covariance . Then, for any § > 0, with probability at least 1 — §, each of the
following statements holds true:

Amax(XXT) < )\max(z) ‘n+Ck - \/pn—i—t\/ﬁ
Amin(XX ) > Anin(8) -0 — Cic - /pn — ty/n,

where t = ,/i log %, and ci,Ck are absolute constants that depend only on the sub-Gaussian norm K of
the distribution.
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A.2 Convergence Proofs for CRR
Theorem 3. For k* < k < n/10000 and Gaussian designs, with probability at least 1 — 5, CRR, after
o (log % + log %) steps, ensures that |[w' —w*||, < O (Am:(z) %log %d).

Proof. Putting Lemmata [5] and [0] establishes that

d nd
A1), < 0.99 [, + Cory L1024

which ensures a linear convergence of the terms ||)\tH2 to a value O (a, / % log ’3’1) Applying Lemma
]

then finishes off the result.

Lemma 4. For any data matriz X that satisfies the SSC and SSS properties such that 2/&\& <1, CRR,
when executed with a parameter k > k*, ensures that after Ty = O (log H?FHZ) steps, ||bT° — b* |2 < e,

where eg = O (0\/(k + k*) log W) for standard Gaussian designs.

Proof. We start with the update step in CRR, and use the fact that y = X "w* 4+ b* + € to rewrite the

update as
b'™! « HT)(Pxb' + (I — Px)(X'w* +b* +¢€)).

Since X T = PxX ", we get, using the notation set up before,
b HT(b* + X "X + g).
Since k > k*, using the properties of the hard thresholding step gives us
b4 — (bfers + X[ A + g ||, < |[bfess — (Bfern + X X+ gren) ||, = [|[ X X + g -
This, upon applying the triangle inequality, gives us

B b, < 2 XX g

Now, using the SSC and SSS properties of X, we can show that HXITt+1/\tH2 = HXF+1 (XX )71X/ (bt — b*) ’2 <
vl LI P

Since € is a Gaussian vector, using tail bounds for Chi-squared random variables (for example, see [5]
Lemma 20]), for any set S of size k + k*, we have with probability at least 1 — 7||Es||§ < o?(k + k%) +

2e02/6(k + k*)log . Taking a union bound over all sets of size (k + k*) and (}) < (%)k gives us, with
probability at least 1 — §, for all sets S of size at most (k + k*),

en
<o (k+k*)[1+2e, /6log ———
||ES||2 >0 ( + )\/ +2Ze 6 og 6<k+ k*)

Using tail bounds on Gaussian random variabletﬂ we can also show that for every ¢, with probability
at least 1 — 4, we have ||(Xe);, < o H(XT)le \/2log . Taking a union bound gives us, with the same
confidence, HX6||§ < 20? ||XH§, log ¢ < 202dA,, log 4. This allows us to bound ||g:+1]|,

||g1t+1||2 = ||€It+1 - X;+1(XXT)_1X6H2

1 /oo —t2/2q < 1 /oo to—t%/2 122
e —€ = —=—=¢€
V2 Ja T2 )y T V21
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- \/Ak—i-k* \/ d
(k+k)\/1+261/610g5(k+k*) N 2dlog5

en 2d d
k+k*) /142 log———11 — log —
(k+ )\/+€ 60g6(k5—|—k*)<+ nOg(S)

€0

= 1.0003ey,

where the second last step is true for Gaussian designs and sufficiently large enough n. Note that ey does
note depend on the iterates and is thus, a constant. This gives us

2N gy g
|| < k+k
2 \,
For data matrices sampled from Gaussian ensembles, whose SSC and SSS properties will be established
later, assuming n > dlogd, we have e¢g = O (J\/(kJrk*)log W) Thus, if 2/\)\% < 1, then in

b’ — b*

b

, +2.0006¢p.

To=0 <log (L ”2) =0 (l og H'i’f”z) steps, CRR ensures that HbTO — b*

|2 < 2.0009¢. O

Lemma 17. Let Apin(X) be the smallest eigenvalue of the covariance matriz of the distribution N'(0,X) that
generates the data points. Then at any time instant t, we have [|[w' — w*||, < /\#(2) (20\ [4log ¢ + H)\tH2> .

Proof. As described in Algorithm [I] w! = (XX T)"'X(y — b") = w* + (XX )~' X (e + b* — b?). Thus, we
get

1 *
’ < /\min(XXT) HXT(Wt - W ) 2
1 *
= PAmin(X) — Csv/n HXT(Wt v )H2

IN

HX (XX )"'X(e +b* — b") 2

AN

IN
>
E
5 o
!
VR
N
Q
ﬁ
5}
0
STIRSY
JF
>
[\’J:
~__—

where the second step follows from results on eigenvalue bounds for data matrices drawn from non-spherical
Gaussians, where Cy; is a constant dependent on the subGaussian norm of the distribution, and the last step
assumes n > 22— and uses the proof technique used in Lemma [4] to get

)\mn(z)
T NI d d_d
H(XXT)‘lXeH <o Y2 [2dlog & < 204/ L log =
2= 5 n 8y

Lemma 5. Suppose k* < k < n/10000. Then with probability 1 — 6, at every time instant t > Ty, CRR
ensures that ||)\t+1||2 < 155 ||)\tH2 + 204/ 2% log ¢ 4 2001 HXFAHl(X;AHI)\t + gFAf,+1)Hz.

Proof. We have b'*1 = HT.(b* + X T A’ + g). To analyze A" = (XX T)~'X(b'*t! — b*), we start by

looking at Xv(btJrl — b*) = XMD“H (bij[réprl - b*MDt+1) + XFAH—l (b At+1 b*Af+1) + XCIf+1 (bgit1+1 - bEIt+l )
We then have

O

XMDt+1 (bllf\;[F]ZI)H’l - K/[DH'1> = XMDt+1 (_bK/IDH»l)
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XCIt+1 (bz;itlJrl — EIH’I) = XCIt+1 (Xglt+1 At + gCIt+1)
Xpar+ (bg;ltﬂ - ;Atﬂ) = Xpat+1 (X];T‘AtJrl A + gFAHl)-
This gives us upon completing the terms, and using CI'™! w MD*™! = §*,
X(bt+1 — b*) = XFAt+1 (XIIAHl }\t + gFAt+l) + X g« (XST* }\t + ng) — XMDt+1 (bK/ID“rl + Xl\T/[DtJrl )\t + gMpttt )

Now due to the hard thresholding operation, we have Hbl’(/mt+1 + XI\T/IDtH)\t + gMpt+! H2 < HXIIAHI/\t + gpat+1 H2
This gives us

||XMD6+1 (blt/[Dt+1 —|— Xl\—/r[Dt+1 At + gMDt+1)||2 - ||X( K/[Dt+1 + XI\—/r[Dt+1 At + gMDt+1 ) H2
<A, Hb;/[Dt+1 + Xl\—/r[Dt+1 )\t + MDt+! H2
< AKX+ e

<A X (KA ),

=5 "XFAt+1(X1;rAf+1)‘t + gFAt+1)H2
< 1.001 || Xppre1 (Xppeer A" + grace) ||,
where the last step uses a large enough n so that the data matrix X is well conditioned. Thus,

HAt+l||2 — ||(XXT)71X(bt+1 _ b*)

B

1 2.001

S )\7 HXS* (Xg*At + gS*) ‘2 + T HXFAH»I (X];;\rAt+1At =+ gFAt+1)H2
1 2d . d 2.001

S m ||)\t||2 +20 ;log g + T ||XFAt+1 (XI;rAt+1)\t + gFAt+1)H2 ,

where the third step follows by observing that the columns of X are (statistically equivalent to) i.i.d. samples
from a standard Gaussian, the fact that the support of the corruptions S* is chosen independently of the

data and the noise, and requiring that k* < 175. O

Lemma 6. Suppose k* < k < n/10000. Then with probability at least 1 —§, CRR ensures at every time
instant t > Ty, for some constant C

2.001 [d d
b\ |‘XFAt+1(X;At+1At+gFAt+1)||2 S 098||At}|2+00 Elog%

Proof. For this we first observe that, since entries in the set FAir ! survived the hard thresholding step, they
must have been the largest elements by magnitude in the set S* i.e.

)

Xppee1 A+ gparts = HT|FAM|(X;*>J + g5

Note that ’FAtH’ < k and S* is a fixed set of size n — k* with respect to the data points and the Gaussian
noise. Thus, if we denote by S}, the set of top k coordinates by magnitude in S* i.e.

X;i +gst = HTR(X &' + g59),

then HXFAt+1 (XI:‘FA‘+1 A+ gFAt+1)H2 < HAXVS;C (X;i)\t + gsltc)

In the following, we will, for sake of simplicity, omit the subscript S*.
Before we move ahead, we make a small change to notation for convenience. At the moment, we are
defining A = (XX T)"'(b* —=b*) and g = (I — X "(XX ") 'X)e and analyzing the vector X '\" + g.

‘ . Thus, all we need to do is bound this term.
2
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However, this is a bit cumbersome since g is not distributed as a spherical Gaussian, something we would
like to be able to use in the subsequent proofs. To remedy this, we simply change notation to denote
A= (XXT)"'(b! —b*) — (XX ) 'Xe and g = €. This will not affect the results in the least since we

have, as shown in the proof of Lemma H (XX—'—)*lXeH2 < g4/ % log g because of which we can set n large

enough so that ||)\tH2 < 1go still holds. Given this, we prove the following result:

Lemma 18. Let X = [x1,X2,...,X,]| be a data matriz consisting of i.i.d. standard normal vectors i.e
x; ~ N(0,I4xq), and g ~ N(0,02 - I,xn) be standard normal vector drawn independently of X. For any
A € R? such that | M|, < 135, define v.= XTX+g. For any 7 > 0, define the vector z such that z; = v; if
|vi| > 7 and z; = 0 otherwise. Then, with probability at least 1 — 6§, for all X € R® with norm at most <

100’
we have )\i [ Xz|, < M(7) | All, +2.020/ 4 log 22, where M (1) < 28% (7 + L) exp (—ﬁ).

Proof. We will first prove this result by first assuming that A is a fixed d-dimensional vector with small
norm and X and € are chosen independently of A. We will then generalize to all small norm vectors in R?
by taking a suitably fine e-net over them. Let us denote the i*" row of X as X?, and the entry at the jP
column in this row as X;. Then (Xz); = z' X' = Z;.lzl Xiz;. Note that v; = X;r)\ + g; and hence v; and
v; are independent for j # j’. Because of this, X}z; is also independent from X7, z;.

We also note that v| X! ~ N (XI);, 0 +Zi,# A%). Let 62 := 0+ 37, ;A% Note that z; = I{|v;| > 7}
v;. Using a simpler notation temporarily z := X, z := z; and v := v; lets us write

Elzz] = /R\[ ]/R:rv p(z,v) dx dv.

52\ 1/2
Let D; := (I + ?) . Then for any fixed v, we have

/Ra:v p(x,v) de = /va p(x)p(v|x) dx

= 6(1\/%)2/]}{:311 exp (—ﬁ) exp (—W} dx

vDi_2 / < u? N v? 2UUD1‘_1)‘2’> i
=— [ uexp|——+ = - —""T"T") du
a(v2m)? Jr P 2 o2 o2

2 79—242
v D A}

vD;Q exp <_21;2 + 5 ) / 1 ( vDi_l/\i>2 i
= uexp|—=zlu———— U
F(\/2m)2 R Pl 72 52

v2D;2\2
251

U2Di_3/\i exp (—% +
53V2m
UZDZ-_?’/\i exp (—%)
1.00103v/2m ’

where in the third step, we perform a change of variables v = D;x and in the last step, we use the fact that
52 < 0?4 02/10000 since [|Al|, < 0/100, as well as A7 < H)\H; Plugging this into the expression for E [zz]
and using elementary manipulations such as integration by parts gives us

E [X)z] = MDA, i, E A2, = MDA,

=1

where M(7) < 0.8 (Z + Z)exp (fﬁ). This gives us E {Z" A'x;zi| = nM(7)|A|3. Moreover,

for any j, A" x; is a [|A]|2-subGaussian random variable and z; is a 20-subGaussian random variable as
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[All2 < ¢/100. Hence, ATx;z; is a sub-exponential random variable with sub-exponential norm 2|\
Using the Bernstein inequality for subexponential variables [21], then allows us to arrive at the following
result, with probability at least 1 — §.

. / 2
Z/\ijzj < nM(T)|| A3 + 24/ || A||l24/n log 5
j=1

Taking a union bound over an e-net over all possible values of A (i.e. which satisfy the norm bound), for

€ = 1/100 gives us, with probability at least 1 — 4, for all A € R? satisfying || A[|, < 155
1 d 200
)\—/\TXZ < 1LOIM(7) || 4 2.021/5 | A] 2 ~log = (8)

T

Now, again consider a fixed A and a fixed unit vector v € R? s.t. ATv = 0. In this case, vij is independent
of z;. Hence, E[[]vIx;z;] = 0. Moreover, vIx;z; is a 20-subexponential random variable. Moreover,
. . . 1d qd-1 . . - .
number of fixed A and v in their e-net is % - 197 Hence, using the subexponential Bernstein inequality

and using union bound over all v and A, we geg (w.p. >1-19):

1 d 200
max THVTXZ < 2.021/05 log 5 (9)

Lemma now follows by using Xz 2= 1 > A Xz 2 + MaXy (v|l,=1.vTA=0\V Xz 2 with ‘ ’ and .
2 1Al vz )
2

This establishes the claimed result. O

Although Lemma seems to close the issue of convergence of the iterates A’, and hence the convergence
of w! and consistency, it is not so. The reason is twofold — firstly Lemma works with a value based
thresholding whereas CRR uses a cardinality based thresholding. Secondly, in order to establish a linear
convergence rate for A’ we need to show that the constant M (7) is smaller than 98/100 so that we can

ensure that H)\Hle < (185 +0.98) ||)\t’|2 < 0.99 ||)\t||2 +0 (ﬂ), thus ensuring a linear convergence for

!, save negligible terms. We do both of these in the subsequent discussion.

We address both the above issues by showing that while thresholding the vector X T XY 4 g (recall that
for sake of notational convenience we are still omitting the subscript S*), the k' top element in terms of
magnitude will be large enough. Thus, thresholding at that value will recover the top k elements. If we are
able to get a sample independent bound on the magnitude of this element then we can set 7 to this in the
analysis of Lemma [I§ and be done. Of course, it will still have to be ensured that for this value of 7, we
have M(71) < 1.

To simplify the discussion and calculations henceforth, we shall assume that ¢ =1, § = 1, and k = k*.
We stress that all our analyses go through even for non-unit variance noise, projection parameters that differ
from the true corruption sparsity (i.e. k # k*), as well as can be readily modified to give high confidence
bound. However, these assumptions greatly simplify our analyses.

We notice that the vector being thresholded has two components X ' A’ and g. Whereas g has a nice
characterization, being a standard Gaussian vector, there is very little we can say about the vector X T A
other than that the norm of the vector A’ is small. This is because the vector A’ is dependent on previous
iterations and hence, dependent on X as well as g. The way out of this is to show that the k' largest
element in g is reasonably large and X T A’, on account of its small norm, cannot diminish it.

To proceed in this direction, we first recall the coarse convergence analysis. Letting o := % and making

the assumptions stated above we know that |A”||y < C(«a) where

Cla) = 2.001\/2@\/1 + 2¢,/6log %
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Note that lim, o C(or) = 0, as well as that HXT)\TO

, < C(a) - y/n. This bound gives us an idea about

how much weight lies in the vector X ' A’ in the iterations t > Ty. Next we look at the other component g.
For any value > 0, the probability of a Gaussian variable exceeding that value in magnitude is given by
V2 - erfc(n/+/2), where erfc is the complimentary error function. By an application of Chernoff bounds, we
can then conclude that in any ensemble of n such Gaussian variables, with probability at least 1 —exp(—(n))

at least a 0.99 - erfc (%) fraction (as well as at most a 1.01 - erfc (%) fraction) of points will exceed the

value 7.
We also recall the quantity

M 0.8 ! ¢
<08 (65 Do (o)
and notice that, in order for M(¢) to get less than 98/100, ¢ must be greater than 0.99. Now the previous
estimate for bounds on Gaussian variables tells us that with probability at least 1 — exp(—£(n)), at least a
B = 1/25 fraction of values in the vector g, which is a standard Gaussian (since we have assumed o = 1 for
sake of simplicity) will exceed the value 1.98.

Let S denote the set of coordinates of g which exceed the value 1.98. Let us call a coordinate i € Sg

corrupted if ‘(XT)\TO)Z-’ > 0.98. Now we notice that if this happens for (5 — «) - n points in the set Sg, then

HXT)\TO , > 0.981/(8 — a)n. Thus, we set C(a)-/n < 0.984/(8 — a)n = 0.98,/(0.04 — a))n to prevent this

from happening. We note that for all values of o < ﬁ this is true. This ensures that at least k* = a - n

points in the set S are of magnitude at least 1 and thus we can set 7 = 1 in Lemma |18 which then finishes
the proof since M (1) < 0.98. O

B Supplementary Material for Consistent Robust Time Series Es-
timation

B.1 Main Result

Theorem 9. Lety be generated using AR (d) process with k* additive outliers (see ) Also, let k* < k <

C%ﬁ (for some universal constant C > 0). Then, with probability at least 1 —§, CRTSE, after

O(log(||b*|l, /n) + log(n/(o - d))) steps, ensures that ||w' —w*|, < O (O’Mw* /My +/dlogn/nlog (d/5))

Proof. Putting together the Lemma |11 and the equation establishes that

A, < 051 X, + 0 ( dl?f”logd) ,

5

which ensures a linear convergence of the terms H)\t ||2 to a value O (ou / dl‘;% log ‘g) . Applying the equation
@, then finishes off the result. O

B.2 Back ground on Time Series

AR (d) process is defined as

T, = 2 Wi+ 4 1_qW) + € where €, ~ N(0,0?). (10)
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Note that z¢ ~ N(0,I'(0)), where I' (h) = E [12444] is the auto-covariance function of the time series. Then
we have

T o cee X_gy wi €1
= +
Tn Tn—-1 "  Tn—d wy €n
v = X 'w'te (11)

The spectral density of this AR (d) process can be given as

0.2

1- 22:1 Wlteikw) (1 - 22:1 W;;e—ikw)

Observe that any column vector of the matrix X is distributed as X; ~ N (0,C5), where

, for w € [0, 27]. (12)

Pw (w) =
(

r©  ra) .. r(d-1)
r() U@ - T(d-2)

Cx = : : - :
T(d—1) T(d—-2) --- T(0)

Since U5 is a block-Toeplitz matrix, we have

My = Inf  py+ (W) < Apin [Cx] < Amax [Cx] < SUP  pws (W) =1 M. (13)
w€el0,27] w€el0,2m]

The columns of X can be viewed as a d-variate of VAR (1) process as follows

T 11 02 e L(i)i1 ()d Tis1 €
Ti—1 Li-2 0
- |0 1 .- 0 U R N
Ti-(d-1) o 0 ... 1 o] Lw-a L0
Xi = WX, 1 +&, fori=1,...,n. (14)
By letting
X1 XO 51
uwt=| | € R, U = : eR™, and £ = NS R™
)?n )?n—l En

the above VAR (1) process can be compactly written as follows
u = WU+E.

Then the spectral density of the above VAR (1) process is given by

pwlw) = (I=We ™) s [(1-we )], for we [0,21),

where
a2 0 0
0 0 0
Ze = .
0 0 0



The covariance matrix of vector U is given by

E|XoX] E|XoX[| - E|XoX],

E| X X] E|X: X[| - E|XiX],
Cy = EUUT] =

E [)?n_l)?g] E [)?n_l)?ﬂ . E {)?n_l)?,j_l}

Since Cy; is a block-Toeplitz matrix, we have

o2

Anax [Cyl < sup w) = - - . =: M. 15
[ M] w€[0,27] pw ( ) 1nfw€[0.,27r] Amin [([ - WTezw) (I - We—zw)] v ( )

Consider a vector q = X 'acR" for any a € S9!, Since each element Yja ~ N (0,a’ Cxa), it follows
that @ ~ N (0, Qa) where Qa = (In ® aT) Cy (I, ® a). From this we can note that

trace (Qa) = na' Cxa < nhpa [Ox] < nMg- (16)
1Qally < lall Amax [Cu] < Moy (17)

|Qallp = Vtrace (QaQa) < \/||Qa||2trace(Qa) < My M. (18)

Additive Corruptions: Now consider the following additive corruption mechanism (at most k&* data
points):
vi =y;+e =uz,+e fori=1,...,n

Since we observe the corrupted time series data (y_g41,---,Y0,Y1,---,Yn), we have
Yo o Y-1 ot Y—di1l To  T-o1 0 T_gy1 0 o .- 0
Y1 Yo v Y—d+2 1 To vt T-dt2 ej 0 T 0
Y2 Yyio o Y—d43| = T2 T o Toays| 4| € er - 0
Yn—1 Yn—2 e Yn—d Tn—1 Tn—2 e Tn—d e;ky,fl 9272 e e:_d
=T
X" =X +E' (19)

Thus the observed time series can be modeled as follows
<! * *
= X wf+e+te
= X"T—-EN)w 4+e+e*
= X'w'+e+b} -, (20)
where e* = (e},...,e") " is k*-sparse, and b%. . = e* — ETw* is k*-block-sparse with block size of d + 1

(since Ew* is k*-block-sparse with block size of d)

B.3 Singular values of X

Lemma 19. Let X be a matriz whose columns are sampled from a stationary and stable VAR (1) process
given by . i.e. X; ~N(0,C%). Then for any € > 0, with probability at least 1 — 6, X satisfies

Amax (WT) < My + (1 —2¢)” {\/noq (d, 8, ) My My~ + a1(d, 0, e)./\/lw}
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Mwin (XX 1) 2 nme = (1= 207 {V/nan (4.6, ) My Mo + e (d,6, )M }
where ay(d, d,€) = clog% +cd log% for some universal constant c.
Proof. Using the results from [4, [I4], we first show that with high probability,
o], < o
for some € > 0. Doing so will automatically establish the following result
nAmin [Cx] — €1 < Anin (ﬁ—r) < Amax (ﬁT) < nhApax [Ox] + €.

Let C4=1 (€) € S9! be an e-cover of S?~! ([21], see Definition 5.1). Standard constructions ([21], see Lemma

5.2) guarantee such a cover of size at most (1 + %)d < (%)d. Further by Lemma 5.4 from [21], we have

HXXT_RCYH < (1-26)7'  sup
2 ueCa—1(e)

u' (ﬁT — nCy> u‘ )

By following the analysis given in [4][14], we can provide a high probability bound on ‘uT (X X . nCy) u‘.

For any u € S% 1 let q = X u~ N(0,Qy) where Q, = (In ® uT) Cy (I, ® u). Note that W XX u-=
a'q=z'Quz, where z ~ N(0,1,). Also, u' nCxu =E [z'Quz]. So, by the Hanson-Wright inequality of
[18], with [|z]|,,, <1 since z; ~ N (0, 1), we get

P Hu—r (ﬂ—r — nCy) u’ > )\] =P [|ZTQuz —E [ZTQqu > )\]

2 exp 1min i A
Xp | —— — T .
c 1Qull% 1Qull

Setting A = \/a1(d, d,€) |Qul p + @1(d, 6, €) |Qull,, and taking a union bound over all C?~1 (¢), we get

IN

P [ sup |u’ (WT - ncy) u‘ > Vau(d,0,6) |Qullp + a1(d, b, ¢) ||Qu||2]
ucCa—1(e)

3\? 1 \2 A
< 2(-) exp|——ming ———5, ——— < 9.
€ c ||Qu||F HQU”Q

This implies that probability at least 1 — ¢,

—— _

[Xx" —nee||, < 0-207 {Var@ 5,0 I Qule +a1(d,5,6) 1Qully }
which (along with the bounds given in ,, and ) gives us the claimed bounds on the singular
values of XX . O
B.4 Restricted Singular values of X
Lemma 20. Let X be a matriz whose columns are sampled from a stationary and stable VAR (1) process

given by i.e. X; ~N(0,Cx). Then for any k < =, with probability at least 1 -9, the matriz X satisfies
the SGSC and SGSS properties with constants

1
Av < k de*—l—\/dMWMw*logm—i—MWlogm
¢ ®kd kd
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o (\/kdag(d, 5)MWMW*) + O (as(d, §) M)

n 1 en en
> we — [ = — k) { dMyyn d wr—1 1
Ar > nm (d ){M +\/MWM Cogn_derogn_kd.MW}

_Q ((1 /" ‘nkd> o, 5)MWMW*> O (an(d, ) M),

where as(d,d) = log% +d and c is some universal constant.

Proof. One can easily observe that considering the columns-restricted matrix X g wouldn’t impact the anal-
ysis of Lemma, Thus for any fixed S € S,g, Lemma [19| guarantees the following bound (since |S| = kd)

Amax (YSYE) < kdMuy- + (1 - 2¢)” {\/kdal (d, 0, ) My M- + a1 (d, 0, e)/\/lw}

Taking a union bound over Sg and noting that ’S,g | < (%)k, gives us with probability at least 1 — ¢
Ap < kdMy- + (1 —2¢)7' M,

where

M = \/(al(d 5,€) + cklog kd) kd My M- + (al(d 5,€) + cklog )MW

IN

Vai(d, 8, ) kd My M- + k\/cdlog My M- + (al(d 5,€) + cklog )MW

If ¢ < 1 (which can be ensured by scaling), by setting ¢ = %(1 — ¢) and noting that © (%al (d, é, %)) =
(C) (log% + d), we get

kd

+0 <\/kd <1og(1S +d> MWMW*> +0 ((log(ls +d) MW) .

For the second bound, we use the equality

A < k {d/\/lw* + \/d/\/lw/\/lw*log + My log kd}

XsXg = XX - XgXa,

which provides the following bound for Ag,

Ne = i (XX - B Amax (XrXr) = duin (XX ) = Mg

Using Lemma [19|to bound the first quantity and the first part of this theorem to bound the second quantity
gives us, with probability at least 1 — 6,
")}

./\/lw./\/lw* + clog

Ao = nitige — (g - k) {d/\/lw* 4 (1—20)7 <\/cdlog

— (]. — 26)71 { <]. + A\/ n _nkd> \/nal(d, 5, E)MwMW* + 2041(d, 5, G)Mw} .
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By setting e = 1(1 — ¢) we get the following bound

en
n —kd

_Q <<1+ ”nkd> \/n (1og§+d> MWMW*> Q<<log§+d> MW>.

Remark 21. Note that My~, My and my- will depend only on the actual model parameter vector w*
and o (not on the realized data). Moreover My~ and My are closely related. For example, for AR(1)

time-series with 0 < wi < 1, we have My = My = ﬁ and mw;« = (H_"W Then for sufficiently
large enough n so that /n < n, the restricted singular value bounds of X from Lemma |20} can be simplified
as follows

1
Ae > Ny — (% — I<;> {de* T \/dMWMW*C log +log nindeW}

O

Ay

IN

o (k {de* + \/dMW*MW log% + My log ;C”d}) and

> Q(nmy-).

A

al3

B.5 Restricted Singular values of X

Theorem 22 (SGSS/SGSC in AR (d) with AO model). Let X be the matriz given in (additive corrupted
AR (d) model setting). Then for any k < % and sufficiently large enough n, with probability at least 1 — 6,
the matriz X satisfies the SGSC and SGSS properties with constants

Ay

IN

10 (k {dlogn/\/lw* n \/d./\/lw*/\/lwlog % + My log (f};})

> Q(nmy-).

A

a3

Proof. Recall that the matrix X can be decomposed as follows

X = X+ E.

. n— 2 d 2 d 2 2 )
Since for any v € S, ||EVH2 = Zi:l <(ET)i7V> < 21:1 H(ET)'LHQHVHQ < dlle ||27 we get ||E||2 <

Vd|le*||,. By using the inequality | Xs 7Y5||2 <||Esll, < ||E]l, we get

Amin WS] - HE||2 S Amin [XS] S Amax [XS] S Amax WS] + HE”Q

Since e* is k*-sparse and e < o = O(y/logno), we have ||e*|, < O(Vk*logno). Thus from Lemma
and Remark for sufficiently large enough n (with probability at least 1 — §) we get

VAL

IN

@ \/k {d/\/lw* + \/d/\/lw*/\/lwlog % + MWIOg;IZi} + O(\/k*dlogno)

IN

@ \/k {dlogn/\/lw* + \/dMW*MWlOg;Zi + My log ;:d}

Az > Q(ynmy-) — Q(Vk*dlogno) > Q(y/nmy-),

which completes the proof. O
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N
Remark 23. Using Theorem we can bound % (which is required for the coarse convergence analysis

of CRTSE) as follows (with probability at least 1 : 0, and sufficiently large enough n)

Apy g
@ < 0 L \/k{dlognMw*Jr\/dM MW10g+MW10g6kd}

A - My Okd

a3

f(w*,0)ylogn \/logn . en
(k+ k*) d+2e\/6d10g6(k+k*)d)’

for some positive function f(w*,0) (suppressing M+, My and My~ ).

From Theoreml it can also be observed that, if k < C%dlogn (for some universal constant

C > 0), then with probability at least 1 — d, we get “;* < /)\\"’n’“ <3 L

B.6 Bound on || X€|,

Lemma 24. Let X be the matriz given in (additive corrupted AR (d) model setting). Then with proba-
bility at least 1 — ¢,

2d
[ Xel, < 20\/n\/10gnc’dlog 5

for some constant ¢’ > 0.

Proof. We first bound the absolute value of (Xe€); = Zj 1€5xj—; fori=1,...,d. Let z; := €;x;_,;. Since

E[zjle1,...,€j—1] = 0, {2 : j € [n]} is a martingale difference sequence w.r.t {ej :j € [n]}. Also note that
for any j, (zjl€1,...,€j-1) ~ N(O,IE] ;0%). Then using the tail bounds on Gaussian random variables we
have

—¢2
> tley, .. \/ ,
Pllz;[ > tle, ..., €] \/7% il o ¢ ( o > c\/loﬁa2 <202 log na4>

since sup; e, @il < O (\/log na) with high probability. Then by using Theorem 2 from [19], we get

n

_ 1 2 2
P < 2c2 log not ne o —ne
E zp>ne| <exp| ————— | =exp | —F/— |,

J=1 28\/%0\/102 no? ¢ 1Og no?

for some constant ¢’. Similarly we also have
- —ne?
z; < —ne|l <exp| ——— | -
j; ’ =P (c’\/logmﬂ)
Then by using the union bound we get (for any 6 > 0)

zi| > ne exp | ———= | =4.
I - P c'/log no?

j=1

That is with probability at least 1 — § we have

Xe);| <me<oy/n lognc’logg.
(%ol Viogne s 2
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Taking a union bound gives us, with the same confidence,

||Y6H§ < o%ny/lognc'dlog %

Now we bound the absolute value of (Fe); = Z?:l €;E;;fori=1,...,d Let z; :== ¢;E; ;. Note that

for any j, (zler, ..., €-1) ~ N(0, E} j0%) and sup; jc, |Bijl <7 = O (VIogno). Then by following the
similar analysis as above, we have with probability at least 1 — 9,

2d
| Eel|3 < o%ny/log nc'dlog 5

Then using the triangular inequality, with probability at least 1 — ¢,

| Xel, < HYGHZ + ||Eelly < 20\/n\/10gnc’dlog %

B.7 Coarse Convergence Analysis
Theorem 10. For any data matriz X that satisfies the SGSC and SGSS properties such that 41&/{“7;’“* <1,

d
CRTSE, when executed with a parameter k > k*, ensures that after Ty = O (log Ht\’F” ) steps, HbTU -b, <
Seq, where eq = (’)( \/(k + k*)dlog 5 e )d) for standard Gaussian AR (d) process. If k is sufficiently

small i.e. k* < k < Cn:ifjvlwdlogn (for some universal constant C > 0) and n is sufficiently large

enough, then with probability at least 1 — 6§, we have A’””* <1.
d

Proof. We start with the update step in CRTSE, and use the fact that y = X Tw* + € + b* to rewrite the
update as
bt « HTY(Pxb' + (I — Px)(X "w* + € + b*)),

where Px = X (XX T)71X. Since X = PxX T, we get
bt « HTY(b* + Px(b! — b*) + (I — Px)e).

Let I := supp(b?) Usupp(b*), A" := (XX T)"'X (b’ — b*), and g := (I — Px)e. Since k > k*, using the
properties of the hard thresholding step gives us

||thj:r11 - b1t+1 +X;+1At +g1t+1)H2 >

- (b;tJrl + X;+1At + gIH—l)HQ - ||X}E+1At + g]t+1 ||2 .
This, upon applying the triangle inequality, gives us

BT = Breaally < 2[|1 X7 A" + grenl],-

Now, using the SGSC and SGSS properties of X (since G-supp(I'*!) < k + k*), we can show that
TNy = X (XXT) X (b — )] < S35 ot — b

Since € is a Gaussian vector, using tail bounds for Chi-squared random variables (for example, see [B]
Lemma 20)), for any set S of size (k + k*)d, we have with probability at least 1 — § ||eS||§ <o?(k+k*)d+
2e02/6(k + k*)dlog . Taking a union bound over all sets of group size (k + k*) and ("/d) < (%)lC gives

us, with probability at least 1 — §, for all sets S of group size at most (k + k*),

en
< * 2 log ———
leslly < o/ (k4 & )\/d+ e\/ﬁd 8 S
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From Lemma with probability at least 1 — §, we have || Xel, < 20\/n\/log nc'dlog %d. This allows

us to bound ||gye+1 |5

||g1t+1||2 = H61t+1 XItJrl(XXT)_lXGH2

en \/Ak+k*\/ 2d
V(kE+E)d+2 dl 2 V1 'dlog —
o (k+ )\/ + e\/6 og DY + 20 Az ny/lognc'dlog —

’d(logn)3/2 2d
o/ (k+k*) d+26\/6dlog5k =y 1+2f(w*,0) log?

€o

= 1.0003¢o,

where the second last step is due to Remark |23 for sufficiently large enough n so that v/n < n. Note that
eo does note depend on the iterates and is thus, a constant. This gives us

20 gy g
ot e, < 2

For data matrices sampled from AO-AR(d) ensembles, whose SGSC and SGSS properties are established
in Theorem [22| assuming n > dlogd, we have ey = O (0\/(k+k*)d10g m). Thus, if M <1

d
(which is guaranteed by Remark 23| with probability at least 1 — ¢ for k* < k < Cx1 ), then in
Ty =0 (log b H2> -0 (1 og Hl\)f”

b’ —

||, +2.0006¢.

*+MW dlogn
steps, CRTSE ensures that ||bTO - b*||2 < 4.0015ey.
O

B.8 Fine Convergence Analysis

Lemma 11. Suppose k* < k < n/(C'dlogn) for some large enough constant C'. Then with probability at
least 1 — 9, CRR ensures at every time instant t > Ty
C An

(142
LR

dl 1
)| X parer (X fgens A+ gparer)[[, 05| A, + O (‘7 (;gn log 5)

Proof. As before, we change the problem so that instead of thresholding the top k elements of the vector
XTA" + g by magnitude, we threshold all elements which exceed a certain value 7 in magnitude. Again as
before, we show that with high probability, for sufficiently small k, the k*" largest element of the vector will
have a large magnitude.

Proving the second part of the result is relatively simple in the time series setting because of the error
tolerance bound k* < n/(dlogn) that we assume in this setting. For sake of simplicity, as well as without
loss of generality, assume as before that ¢ = 1. Then using the tail bounds for martingales with sub-Gaussian
entries from [I9], we can yet again show that with probability at least 1 —exp (£2(n)), at least a 1/50 fraction
of points in the vector g will exceed the value 1.75 in magnitude.

Now, using the subset smoothness of the data matrix X from Theorem 22 on subsets of size 1 tells us that
max; || X;[l, < A1 < O (dlogn), where X; is the i*® column of the data matrix X. Note that this also includes

the influence of the error vector e*. Thus, if we assume k* < k < O (dlogn> then |AT0]y < m

which gives us ||XT>‘tHoo < i. This assures us that for any k& < n/50, the k largest elements by magnitude
in the vector X " A’ 4+ g will be larger than 1.5.

Having assured ourselves of this, we move on to the analysis assuming that thresholding is done by value
and not by cardinality. Let z = [21, 22, ..., 2,] where z; = (XZT)\ + gi) ~]I{’X1T)\ + gi‘ > 7'}. We have

Xz:Zijj :ZXJ»(XJTAJrgj)-H{\XJTAJrgjy > 7},

i=1
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where the previous result ensures that we can set 7 > 1.5, as well as safely assume that ‘X jT )\’ < 0.25. In
the following, we analyze the i*" coordinate of the vector i.e.

(Xz)i =Y XHX A +g) T{X] A+ g >} = ¢
i=1 i=1

We notice that g;|X; ~ N(0,0?) which allows us to construct the following martingale difference sequence

n

ZQ‘ —E[Glg1, 92, -, 9i-1]

=1

We also note that the elements of the above sequence are conditionally sub-Gaussian with the sub-Gaussian
norm at most O (logn). Then using the Azuma style inequality for martingales with sub-Gaussian tails from
[19] gives us, with high probability

n

1121logn 1

ZQ‘ —E[Glg1, 92,5 9i-1] < 7log5
i=1 "

Note that E[(lg1,92,--.,9i-1] = X; -E [(XJT)\ +y9;) - ]I{|XJT)\ + gj| > T} lg1,92, - - ,gi,l]. Also note that
(X JT A + g;) is conditionally distributed as N (X]—r A, 1) as we have assumed o = 1 for simplicity. For a
Gaussian variable Y ~ A (p, 1), we have

T —p) — (=7 —n)

O(—7 —p) = (1 —p)’

where ¢(-) and ®(-) are respectively, the density and cumulative distribution functions of the standard normal
variable. Now, applying the mean value theorem gives us

(T — p) = d(=7 — )| = |p(T + 1) — d(7 — )| = 2 Ind(n)pl ,

for some n € [T—p, 7+u]. For the ensured values of 7 = 1.25 and |p| < 0.25, we have |p(7 — p) — ¢(—7 — p)| <
0.25. For the same values we have ®(—7 — p) — ®(7 — p) > 0.68. Putting these together, we get

EY -I{Y[>7} =p-E[Y - I{[Y| <7}] =

(Xz)i| <Cr- > XIXJA|+D
j=1

where |C;| < 0.4 and D < 4/ 1121% log %. We note that this value of C; can be made arbitrarily small by
simply requiring that k* < k < #logn for a large enough constant C’ > 0. In particular, we set k, k* such
that C, < 0.9%. This gives us

1 C: T d dlogn. 1
51Xzl < 5 [ XX A, + 5. D <05l +0 ( — ——log 5) ,

which concludes the proof. O
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