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SUMMARY

This paper develops a unified finite-time theory for the ordinary least squares estimation of pos-
sibly unstable and even slightly explosive vector autoregressive models under linear restrictions,
with the applicable region p(4) < 1+ ¢/n, where p(A4) is the spectral radius of the transition
matrix 4 in the VAR(1) representation, # is the time horizon and ¢ > 0 is a universal constant.
The linear restriction framework encompasses various existing models such as banded/network
vector autoregressive models. We show that the restrictions reduce the error bounds via not only
the reduced dimensionality, but also a scale factor resembling the asymptotic covariance matrix
of the estimator in the fixed-dimensional set-up: as long as the model is correctly specified, this
scale factor is decreasing in the number of restrictions. It is revealed that the phase transition
from slow to fast error rate regimes is determined by the smallest singular value of 4, a measure
of the least excitable mode of the system. The minimax lower bounds are derived across differ-
ent regimes. The developed non-asymptotic theory not only bridges the theoretical gap between
stable and unstable regimes, but precisely characterizes the effect of restrictions and its interplay
with model parameters. Simulations support our theoretical results.

Some key words: Consistency; Empirical process theory; Least squares estimation; Non-asymptotic analysis; Stochastic
regression; Unstable process; Vector autoregressive model.

1. INTRODUCTION

The vector autoregressive model (Sims, 1980) is arguably the most fundamental model for
multivariate time series (Liitkepohl, 2005; Tsay, 2013). Applications of the model and its variants
can be found in almost any field that involves learning the temporal dependency: economics
and finance (Wu & Xia, 2016), energy forecasting (Dowell & Pinson, 2016), psychopathology
(Bringmann et al., 2013), neuroscience (Gorrostieta et al., 2012) and reinforcement learning
(Recht, 2018), among others.

Consider the vector autoregressive model of order one, VAR(1), in the following form:

Xiy1 = AX: +my,

(© 2021 Biometrika Trust
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where X; € R? is the observed time series, 4 € R?*? is the unknown transition matrix, and
n; € R? is the innovation. In modern applications, the dimension d is often relatively large.
However, since the number of unknown parameters increases as d2, leading to problems such
as overparameterization, the model cannot provide reliable estimates or forecasts without fur-
ther restrictions (Stock & Watson, 2001). A classical approach to dimensionality reduction for
vector autoregressive models, which recently has enjoyed a resurgence of interest, advocates
the incorporation of prior knowledge into modelling. For example, motivated by the fact that in
spatiotemporal studies it is often sufficient to collect information from neighbours, Guo et al.
(2016) proposed the banded vector autoregressive model, where the nonzero entries of 4 are
assumed to form a narrow band along the main diagonal, after arranging the d components of
X; by geographic location. To analyse users’ time series over large social networks, the network
vector autoregressive model of Zhu et al. (2017) used the follower-followee adjacency matrix to
determine the zero-nonzero pattern of 4, together with equality restrictions to further reduce the
dimensionality. In fact, the above models can both be incorporated by the general framework of
linear restrictions

Cvec(4") =, (1)

where C is a prespecified restriction matrix, x is a known constant vector and A™ is the transpose
of A. This form of restrictions is traditionally well known by time series modellers; see books on
multivariate time series analysis such as Reinsel (1993), Liitkepohl (2005) and Tsay (2013).

Meanwhile, drawing inspiration from recent developments in high-dimensional regression,
another well-studied approach concerns penalized estimation, where the modeller is agnostic to
the locations of nonzero coordinates in 4 while assuming a certain sparsity (Davis et al., 2015;
Han et al., 2015a; Basu & Michailidis, 2015), or the directions of low-dimensional projections
while, e.g., assuming a low-rank structure of 4 (Ahn & Reinsel, 1988; Negahban & Wainwright,
2011). In the former case, once the locations of nonzero coordinates are identified, the model can
be formulated as an instance of (1). Although we focus on fully known restrictions, the framework
of (1) allows us to study the theoretical properties of a much richer variety of restriction patterns
in this paper.

On the other hand, in the literature on large vector autoregressive models there has been
an almost exclusive focus on stable processes. Technically, this means that the spectral radius
p(A4) < 1, or often, more stringently, that the spectral norm ||4]|2 < 1. However, the analysis of
stable processes typically cannot be carried over to unstable processes. In this paper we provide
a novel finite-time, non-asymptotic analysis of the ordinary least squares estimator for stable,
unstable and even slightly explosive vector autoregressive models within the general framework
of (1).

Our analysis sheds new light on the phase transition phenomenon of the ordinary least squares
estimator across different stability regimes. This is made possible by adopting the non-asymptotic,
nonmixing approach of Simchowitz et al. (2018). Resting upon a generalization of Mendelson’s
(2014) small-ball method, this approach is particularly attractive because: (i) it unifies stable
and unstable cases, whereas in asymptotic theory these two cases would require substantially
different techniques; and (ii) in contrast to existing non-asymptotic methods, it can capture well
the fundamental trait that the estimation will be more accurate as p(4) — 1. While relaxing
the normality assumption in Simchowitz et al. (2018), we precisely characterize the impact of
imposing restrictions on the estimation error. More importantly, we reveal for the first time that
the phase transition from slow to fast error rates depends on the the smallest singular value of
A, a measure of the least excitable mode of the system. In addition, we expand the applicable
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region p(4) < 1 in the above paper to p(4) < 1 4 ¢/n, where ¢ > 0 is a universal constant,
so slightly explosive processes are also included. Compared to Guo et al. (2016), which focused
on the case with ||[4]|> < 1, our assumption on the innovation distribution is stronger, and our
error rate for the stable regime is larger by a logarithmic factor which, however, can be dropped
under the normality assumption; see § 3.4 for details. Although Zhu et al. (2017) relied on even
milder assumptions on the innovations than Guo et al. (2016), they assumed that the number of
unknown parameters is fixed, and hence their theoretical analysis is not comparable to ours; see
Example 5 in § 3.1.

Throughout, we denote by ||-|| the Euclidean norm and by S¢~! = {w € R . Jo| = 1}
the unit sphere in R?. For a real matrix 4 = (ajj), we let Amax(A4) and Apin (4), Or Omax(4) and
omin (4), be its largest and smallest eigenvalues, or singular values, respectively; additionally, we
let p(4) = [Amax (4], l[4ll2 = supj,=1 4w and [|4|r = (Zi,/ a;)l/2 be the spectral radius,
spectral norm and Frobenius norm of 4, respectively. For x € R, let |[x] = max{k € Z : k < x}
and [x] = min{k € Z : k > x}, where Z is the set of integers. We write 4 > 0, or 4 > 0, if 4 is
a positive definite, or positive semidefinite, matrix. Moreover, for any real symmetric matrices 4
and B, we write 4 < B(or4 < B)if B—A > 0 (or B— A4 > 0), and write 4 £ B (or 4 £ B)
if A < B, or A < B, does not hold. For any quantities X and Y, we write X = Y if there exists
a universal constant ¢ > 0 independent of (n,d, m, R, k, o, ), whose meaning will become clear
later, such that X > ¢Y.

2. LINEARLY RESTRICTED STOCHASTIC REGRESSION
2.1. Problem formulation
Consider a sequence of time-dependent covariate-response pairs {(X;, ¥;)}?_, following

Yi = 4%+, (2)

where Y;,n, € RY, X; € R?, 4, € R7*? and E(ny) = 0. In particular, (2) becomes the VAR(1)
model when Y; = X;4 . In model (2), the process {X;,t = 1,2, ...} is adapted to the filtration

Fr=o{ni,....n-1,X1,..., X}

Let B, = vec(4l) € RV, where N = gd. The parameter space of the linearly restricted model
can be defined as

L={BeRN:CB=n)

where C is a known (N — m) x N matrix of rank N — m, representing N — m independent
restrictions, and € RV~ is a known constant vector which may simply be set to zero in
practice. Let C4 be an m x N complement of C such that Cgy; = (C1,C")T is invertible, with

its inverse partitioned into two blocks as ijﬂll = (R,R4), where R is the matrix of the first m
columns of CfTﬂll Additionally, define y = Ryu. Then Cy = CRypu = pu. If C8 = u, then
B = CfTﬂlleuu,B = RCi B8+ R CB = RO + y, where & = C,B. Conversely, for any 0 € R™, if
B =RO+ y,thenCB = CRO + Cy = . Thus, we have

L={RO+y:0cR",
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i.e., the linear space spanned by columns of the restriction matrix R, shifted by the constant
vector y. This immediately implies that, given (R, y), there exists a unique unrestricted parameter
0, € R™ such that 8, = RO, +y.Notethat y = Oifand only if u = 0. Moreover, the unrestricted
model corresponds to the special case where R = Iy and y = 0.

The following examples illustrate how the linear restrictions can be encoded by (R,y) or
(C, n), where, without loss of generality, we set u = y = 0. Let B,; denote the ith entry of S,.

Example 1 (Zero restriction). The restriction 8,; = 0 may be encoded by setting the ith row
of R to zero, or by setting a row of C to (0,...,0,1,0,...,0) € RV, where the ith entry is one.

Example 2 (Equality restriction). Consider the restriction By; — By; = 0. Suppose that the
value of By; = By is Oy, the kth entry of 6. Then this restriction may be encoded by setting both
the ith and jth rows of Rto (0,...,0,1,0,...,0) € R”, where the kth entry is one. Alternatively,
we may set a row of C to the 1 x N vector c(i,j) whose £th element is defined as [c(i,/)]¢ =
1(¢ =1i) — 1(¢ =), where 1(-) is the indicator function.

Define n x g matrices ¥ = (Y,...,Y,)" and E = (1,...,n,)", and the n x d matrix
X = (X1,...,X,)". Then (2) has the matrix form ¥ = XAL + E. Let y = vec(Y), n = vec(E),
Z=(I;®X)Randy =y — (I; ® X)y. By vectorization and reparameterization, we have

y= Uy ®@X)(Bsx —y) +n =204 +n.
As a result, the ordinary least squares estimator of S, for the linearly restricted model is

p=Ri+y, 6=agmin|j— 2|2, ®)
HeR™

where Z € R9"*™, To ensure the feasibility of (3), we need gn > m. LetR = (R, ... ,R;)T and

Yy =W qT)T, where R; are d x m matrices and y; are d x 1 vectors. Then, 4, = (Iq®6§)1~i’+G,
where

R=(Ri,...,R)" e R™* G =(y,...,y,)" e R
Consequently, the ordinary least squares estimator of 4 is 4 = Uy ® MR+ G.

2.2. General upper bounds analysis

To derive upper estimation error bounds for the stochastic regression model in §2.1, we
begin by introducing a key technical ingredient, namely the block martingale small-ball condi-
tion (Simchowitz et al., 2018). As a generalization of Mendelson’s (2014) small-ball method to
time-dependent data, this condition can be viewed as a non-asymptotic stability assumption for
controlling the lower tail behaviour of the Gram matrix X "X, or Z"Z in our context.

DErINITION 1 (Block martingale small-ball condition). (i) For a real-valued time series {X;,t =
1,2,...} adapted to the filtration {F;}, we say that {X;} satisfies the (k,v,a)-BMSB condition
if there exist an integer k > 1, and constants v > 0 and o € (0,1) such that, for every
integer s > 0, k™! Zlepr(le+,| > v | Fs) = o with probability 1. (ii) For a time series
{X;,t = 1,2,...} taking values in RY, we say that {X;} satisfies the (k, sy, ®)-BMSB condition
if there exists 0 < g, € R4 such that, for every o € S, the real-valued time series
{0"™X;,t = 1,2,.. .} satisfies the {k, (W' T'gyw)/2, a}-BMSB condition.
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The value of the probability « is unimportant for our purpose as long as it exists. The threshold-
ing matrix I'g,, or v in the univariate case, captures the average cumulative excitability over any
size-k block; e.g., if {X;} is a mean-zero vector autoregressive process, then I'y, will scale propor-
tionally no less than k£~ 'E (Zf‘:1 XS+,XST+t | F5), whichis constant for alls. Since every time-point
is associated with a new shock to the process, £ (XS+,XST+t | Fs) will increase as ¢ increases. Con-
sequently, I'g, will be monotonic increasing in k; see Lemma 1 in § 3.2. Moreover, by aggregating
all the size-k blocks, I'g, will essentially become the lower bound of n-! Zle X, X/". For ordinary
least squares estimation, a larger lower bound on the Gram matrix will yield a sharper estimation
error bound. Thus, a larger block size & is generally preferred; see Theorem 3 in § 3 for details.

Let I'y, and T be d x d positive definite matrices, and denote

LR=R'"(I;®Ts)R, Tr=R"(;®T)R. “

In our theoretical analysis, properly rescaled matrices I' and T'g will serve as lower and upper
bounds of the Gram matrix Z"Z, respectively, and the covering numbers derived from them will
give rise to the quantity log det(FRLEI) in Theorem 1. The regularity conditions underlying our
upper bound analysis are listed as follows:

Assumption 1. The covariates process {X;};_; satisfies the (k, I'sp, )-BMSB condition.

Assumption2. Forany§ € (0, 1), there exists I'g defined as in (4) such that pr(Z"Z £ n['g) <
3, where Z = (I; ® X)R, and Tris dependent on §.

Assumption 3. For every integer t > 1, 5, | F; is mean zero and o2-sub-Gaussian.

THEOREM 1. Let {(X, Y1)}]_, be generated by the linearly restricted stochastic regression
model. Fix § € (0,1). Suppose that Assumptions 1-3 hold, 0 < T'g, < T, and

9k 27 1 — 1
n> — ymlog— + ~logdet(l'r[Cy ") + logg +log — . %)
a? a 2 b)

Then, with probability at least 1 — 36, we have

1/2
14 — 1
{12m log — + 9log det(FRL;l) + 6log g}j| )
o

; 90 | Amax(RCx'R")
_ g_ - /R
1B — Bl a[ .

where ||,3 — Bl = ||/f — A, ||r. The result in Theorem 1 is new even for the unrestricted sto-
chastic regression, where R = Iy. For vector autoregressive processes, we will specify the
matrices [ and T'g in §3.2, where ', will depend on the block size k through T'y,. As k
increases, 'y, will become larger, and hence the factor kmaX(RLIQIRT) will become smaller,
resulting in a sharper error bound. However, & cannot be too large due to condition (5). Specif-
ically, this condition arises from applying the Chemnoff bound technique to lower bound the
Gram matrix via aggregation of all the size-k blocks, since the probability guarantee of the Cher-
noff bound will degrade as the number of blocks decreases; see the Supplementary Material.
Therefore, to apply Theorem 1 to vector autoregressive processes, a crucial step will be to
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derive a feasible region for & that guarantees condition (5); see the Supplementary Material for
details. .
Similarly, we can obtain an analogous upper bound for 4 — 4, in the spectral norm:

PROPOSITION 1. Let {(X;, Y;)}/_, be generated by the linearly restricted stochastic regression
model. Fix & € (0,1). Then, under the conditions of Theorem 1, with probability at least 1 — 36,
we have

1/2
-1
. 90 [ max (LIt RITE'RY) 14 o 1
|4 —Agllr £ — 12mlog — + 9logdet(I'rI", )+610g3
o n o

3. LINEARLY RESTRICTED VECTOR AUTOREGRESSION

3.1. Representative examples

We begin by illustrating how the formulation in § 2 can be used to study vector autoregressive
models. Four representative examples will be discussed: the VAR(p) model, the banded vector
autoregressive model, the network vector autoregressive model and the pure unit root process.

Consider the var(1) model, i.e., model (2) with ¥; = X, € R¢:

Xip1 = A:Xo + 11, (6)

subject to B« = RO, + y, where B, = vec(4}) € Rdz,R =@R],....,R)" € R XM wyith R; being
d x m matrices, 6, € R" and y = (y/,...,y;)" € R with i € RY.

Example 3 (var(p) model). Interestingly, vector autoregressive models of order p < oo can
be viewed as linearly restricted VAR(1) models. Consider the VAR(p) model

Zisit =AaZi +AnZi+ -+ ApZi—pr1 + &1, (7)
where Z,e; € R% and A,; e Ré%xd for | = 1,...,p. Denote d = dop, Xy =
Z5Z 2], )" € R = (6],0,...,00" € RY and

A*l A*pfl A*p
Ly - 0 0

A= 7 _ o | e Y (8)
0 14, 0

As a result, (7) can be written into the VAR(1) form in (6). As shown in (8), all entries in the last
d — do rows of A, are restricted to either zero or one. The restriction S8,; = 1 can be encoded in
(C, ) in the same way as Example 1, but with the ith entry of u set to one. Thus, with or without
restrictions, the VAR(p) model can be studied by the same method as that for a linearly restricted
VAR(1) model. The special structure of the innovation 7; that some entries of 7, are fixed at zero
will not pose any extra difficulty.
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In the following examples, we consider VAR(1) models with various structures for 4, =
(@+ij)dxd, and set y = 0 so that the restrictions are in the form of R = 0:

Example 4 (Banded vector autoregression). Guo et al. (2016) proposed the vector autoregres-
sive model with the following zero restrictions:

where the integer 1 < ko < [(d — 1)/2] is called the bandwidth parameter. Let b,; € R be the
transpose of the ith row of 4. Hence, 8, = (b:{1 e, bfk d)T. The restrictions are imposed on each
b,; separately. As a result, the b,; are determined by non-overlapping subsets of entries in 6, ; that
is, we can write by; = R(;)D4;, Where R(;y € R¥™i 9, € R™, 6, = WO, 0,,)" € R" and
m= Zflzl m;. In this case, R is a block diagonal matrix:

2
R= e R M
0 R

and (9) can be encoded in R as follows: (i) m; = ko + i and R;) = (L, 0)" if 1 < i < ko + 1;
(i1) m; = 2ko + 1 and R;) = (Om,-x(i—ko—l)alm,-aOm,-x(d—i—ko))T ifky+1 < i < d— kp; and
(ii)ym; =ko+14+d —iand R4y = (0,1,,)" ifd — ko < i < d.

Example 5 (Network vector autoregression). Consider the network model in Zhu et al. (2017).
Let us drop the individual effect and the intercept to ease the notation. This model assumes that
all diagonal entries of A, are equal: a,;; = 6,1 for 1 < i < d. For the off-diagonal entries, the
zero-nonzero pattern is known and completely determined by the social network: ay;; & 0 if and
only if individual i follows individual j. Moreover, all nonzero off-diagonal entries are assumed
to be equal: a,;; = 04 if ay; & 0, for 1 <i = j < d. This model is actually very parsimonious,
with only m = 2, while the network size d can be extremely large. To incorporate the above
restrictions, we may define the d?* x 2 matrix R as follows: for i = 1,...,d?, the ith row of
R is (1,0) if B,; corresponds to a diagonal entry of 4,, (0, 1) if B,; corresponds to a nonzero
off-diagonal entry of 4., and (0, 0) if B,; corresponds to a zero off-diagonal entry of 4.

Example 6 (Pure unitroot process). Another simple butimportantcaseis 4, = ply withp € R.
Then, the smallest true model has m = 1, and the corresponding restrictions, a1 = -+ = dyqq
and a,;; = 0 for 1 < i # j < d, can be imposed by setting R = (e],...,e}))" € Rdz, where ¢;
is the d x 1 vector with all elements zero except the ith being one. When p = 1, the underlying
model becomes the pure unit root process, a classic example of unstable vector autoregressive
processes (Hamilton, 1994). In particular, the problem of testing A, = I, or unit root testing in
panel data, has been extensively studied in the asymptotic literature; see Chang (2004) and Zhang
et al. (2018) for studies in low and high dimensions, respectively. Zhang et al. (2018) focused on
asymptotic distributions of the largest eigenvalues of the sample covariance matrix of the pure
unit root process under lim, 4, d/n = 0. It does not involve parameter estimation, and hence
cannot be directly compared to this paper.

The stochastic regression can also incorporate possibly time-dependent exogenous inputs such
as individual effects (Zhu et al., 2017) and observable factors (Zhou et al., 2018), leading to the
class of vVARX models (see, e.g., Wilms et al., 2017). Since VARX models can be analysed similarly
to vector autoregressive models, we do not pursue the details in this paper.
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3.2. Verification of Assumptions 1-3 in Theorem 1

In light of the generalizability to VAR(p) models via the VAR(1) representation, to apply the
general results in § 2.2 to linearly restricted vector autoregressive models, it suffices to restrict
our attention to the var(1) model in (6) from now on.

Following the notationin § 2,letY = (X2,...,X,+1)",Z = ([;®X)Rand 4, = (Id®9:)1~2—|—G,
where R = (Ry,...,Ry)"and G = (y1, ..., yq)", where ¢ = d for the var(1) model. In addition,
{X;} is adapted to the filtration

Fr=of{n,...,n-1}
The following conditions on {X;} will be invoked in our analysis:

Assumption 4. (i) The process {X;} starts at ¢ = 0 with Xy = 0; (ii) the innovations {#,} are
independent and identically distributed with E(n,) = 0 and var(n,;) = %, = o21y; (iii) there
is a universal constant Cyp > 0 such that, for every v € RY with vTEnv £ 0, the density of
v/ (vTE,,v)l/ 2 is bounded from above by Cj almost everywhere; and (iv) {n;} are o>-sub-
Gaussian.

Under Assumption 4(i), we can simply write X; in the finite-order moving average form,
X, = Y120 ASn, sy forany ¢ > 1. Then, by Assumption 4(ii), var(X;) = o2T';, where

t—1
L= 4y’ (10)
s=0

is called the finite-time controllability Gramian (Simchowitz et al., 2018). Here var(X;) < oo
for any A4,. By contrast, the typical set-up in asymptotic theory of stable processes assumes
that {X;} starts at t = —oo. In this case, {X;};ez has the infinite-order moving average form
X = Y2 ASni—s—1, s0 var(Xy) = 02320, A3 (AL = 02 lim;0o Iy < o0 if and only if
p(A44) < 1. Thus, an important benefit of Assumption 4(i) is that it allows us to capture the
possibly explosive behaviour of var(X;) over any finite time horizon, and derive upper bounds of
the Gram matrix over different stability regimes; see Lemmas 2 and 3 in this subsection.

The condition X, = o21; in Assumption 4(ii) is imposed for simplicity. However, we can easily
extend all the proofs in this paper to the general case with any symmetric matrix X, > 0: we only
need to rederive all results with the role of I'; replaced by Z;b A53,(4%)°. Assumption 4(iii)
is used to establish the block martingale small-ball condition, i.e., Assumption 1, for vector
autoregressive processes, and it allows us to lower bound the small-ball probability by leveraging
Theorem 1.2 in Rudelson & Vershynin (2015) on densities of sums of independent random
variables; see also Remark 3. Essentially, Assumption 4(iii) only requires that the distribution
of any one-dimensional projection of the innovation is well spread on the real line. Examples
of such distributions include multivariate normal and multivariate ¢ (Kotz & Nadarajah, 2004)
distributions and, more generally, elliptical distributions (Fang et al., 1990) with the consistency
property in Kano (1994). Lastly, it is clear that Assumptions 4(ii) and (iv) guarantee Assumption 3.

Remark 1. In asymptotic theory, stable and unstable processes require substantially different
techniques, and results derived under p(4.) < 1 typically cannot be carried over to unstable
processes. For example, the convergence rate of the ordinary least squares estimator for fixed-
dimensional unstable vAR(1) processes is n instead of n!/?, and the limiting distribution is no
longer normal (Hamilton, 1994).
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Remark 2. The controllability Gramian I'; is interpretable even without Assumption 4(i). By
recursion, we have X;; = 22;}) Aﬁnsﬂ, ¢—1+A.X; for any time-point s and duration# > 1. Asa
result, var(Xyy; | Fs) = ZQ;})AiEn(Al)Z, and it simply becomes 02T, if X, = o2l var(Xsy |
Fys), orequivalently I'y, is a partial sum of a geometric sequence due to the autoregressive structure.
Roughly speaking, larger 4, means more persistent impact of n;.

In the following, we present three lemmas for the linearly restricted vector autoregressive
model. Lemma 1 establishes the block martingale small-ball condition by specifying ', while
Lemmas 2 and 3 verify Assumption 2 by providing two possible specifications of T.

Some additional notation to be used in Lemma 3 is introduced as follows: denote by Xy the
covariance matrix of the dn x 1 vector vec(X™) = (X],...,X,))T, so the (¢,5)th d x d block of
Yy is E(X/Xy), for 1 < t,5 < n. Then define

meaw%¢mmmﬂm+zw%mmmﬂa an

0'211

& =£&@m,d,n,d) :2{

on
where ¥ (m,d,5) = C1{mlog9 + logd + log(2/5)} and C; > 0 is a universal constant.

LEMMA 1. Suppose that {Xt}fill Jollows Xy = A Xy +ny fort = 0,1,...,n. Under Assump-
tions 4(ii) and (iii), for any 1 < k < |n/2], {X:}}_, satisfies the (2k, sy, 1/10)-BMSB condition,
where I'g, = O'ZFk/(4C0)2.

LEMMA 2. Let {X,};’ill be generated by the linearly restricted vector autoregressive model.
Under Assumptions 4(i) and (i), for any 8§ € (0,1) we have pr(Z'Z 4 nT'r) < 8, where
Tr=R"(I; ® )R, withT = o*mTl,,/8.

LEMMA 3. Let {X,}:’ill be generated by the linearly restricted vector autoregressive model.
Under Assumptions 4(i) and (ii), if {n;} are normal, then for any § € (0,1) we have pr(Z'Z £
nCg) < 8, where Tp = R"(I; @ T)R, withT = 02T, + szld and & = &E(m,d,n, ) as defined
in (11).

Remark 3. Unlike Simchowitz et al. (2018), by leveraging Rudelson & Vershynin (2015),
we establish the block martingale small-ball condition without the normality assumption. If
Assumption 4(ii) is relaxed to the general var(n,) = X, > 0, by a straightforward extension of

the proof of Lemma 1, we can show that Lemma 1 holds with I'g, = lg;é Af;E,,(A,Tk)Z /(4Cp)?.

Remark 4. Lemma 2 is a simple consequence of the Markov inequality and the property that
Amax (+) < tr(+), so no distributional assumption on 7; is required. However, Lemma 3 relies on
the Hanson—Wright inequality (Vershynin, 2018), where the normality assumption is invoked.
Although adopting the " in Lemma 3 can eliminate a factor of log m in the resulting estimation
error bounds, the " in Lemma 2 actually leads to sharper bounds under certain conditions on A,;
see § 3.3 and § 3.4 for details.

By Lemma 1, forany 1 < k < [n/2], the matrix I in Theorem 1 can be specified as
Lp = 0’R"(I; ® TYR/(4Co)>. (12)

By Lemmas 2 and 3, the matrix T'g in Theorem 1 can be chosen as Tz = F}“ or F;Z), where

TV = o?mR"(I; @ TOR/S, T4 =Ry @ TR+ 0%m,d,n, )RR, (13)
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recall the definitions of T' and T'g  in (4), where g = d for the VAR(1) model. Furthermore,
observe that I' in (12) and the two I'gs in (13), which serve as lower and upper bounds of Z'Z,
respectively, are all related to the controllability Gramian I';, and 0 < I; < Iy < T'),.

3.3. Feasible region of k

With [ and T'g chosen as in (12) and (13), the term log det(FRLEl) in condition (5) in
Theorem 1 is intricately dependent on both & and ». Thus, in order to apply the theorem to model
(6), we need to verify the existence of the block size k satisfying (5). This boils down to deriving
an explicit upper bound of log det(FRLEI) free of k.

By (10) and (12), it is easy to show that det(I") is monotonic increasing in k. Then, as T'g
is free of k, log det(FRL;l) is maximized when £ = 1. As a result, we can first upper bound
log det(FREEI) by its value at £ = 1 to get rid of its dependence on k. That is,

log det(TrLx") < log det{Tr(a*R™R) ™! (4Co)?). (14)

Now it suffices to upper bound the right-hand side of (14), where I'g can be chosen from F}”
and Fg) in (13). As shown in the Supplementary Material,

o= =0
mlog(m/8) + k, ifTg=T5",
glm/ _& (15)

log det{Tr(c2R"R) "1 (4Cy)?} < o
mlog{2max(1,&)} +«, ifI'r=T}",

where & = £(m, d, n, §) is defined as in (11), and

k = logdet {R"(I; ® T)R(R'R) ™'} (16)

Obviously, without imposing normality, we can only choose 'z = FI(;); see Lemmas 2 and 3

in § 3.2. However, if {5;} are normal, T' can be set to whichever of Fg) and ij) delivers the
sharper upper bound. Both « and & depend on n, and their growth rates with respect to n depend
on the magnitude of 4. This will ultimately affect the choice between F}” and Ff); e.g., ifk
is the dominating term in both upper bounds in (15), we will be indifferent between the two.

Assumptions 5-6" below summarize the three cases of A, we consider:
Assumption 5. p(A44) < 1+ c¢/n, where ¢ > 0 is a universal constant;
Assumption 6. p(4,) < p < 1 and ||4«|l2 < C, where p, C > 0 are universal constants;

Assumption 6'. p(Ay) < p < 1, pmin(A) = inf);j=1 Anin{A*(2) A(2)} > w1 and |42 <
Co! for any integer 1 < ¢ < n, where p, 1, C > 0 and ¢ € (0, 1) are universal constants, and
A(z) = I; — A,z for any complex number z.

Assumption 5 is the most general case among the above three, and Assumption 6 is weaker
than Assumption 6'. Assumption 6’ does not require ||44|2 < 1 because C may be greater than
one. Guo et al. (2016) assumed || 4% |l < of for o € (0, 1) and any positive integer 7, while it
is unclear if this can be relaxed to ||4|l2 < Co’ as in Assumption 6'. We need ftmin(A) to be
bounded away from zero in order to derive a sharp upper bound on || Xx||2; see Remark 6. This
condition is also necessary for the estimation error rates derived in Basu & Michailidis (2015)
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for a similar reason. In particular, if 4, is diagonalizable, it is shown in Proposition 2.2 therein
that pmin (A) > [{1 — p(44)}/ cond(S)]z, where § is defined in (17).

Remark 5. From (16), « is dependent on n through I';,. If p(4,) < 1then I';, < I'ee =
lim, 0, < o0 and k¥ < logdet {RT([d ® FOO)R(RTR)_I}, an upper bound free of n. By
contrast, if p(4,) > 1then I's no longer exists, and we need to carefully control the growth rate of
['y; see Lemma S7 in the Supplementary Material. This is achieved via the Jordan decomposition
of 4, in (17), and the mildest condition we need is Assumption 5. The upper bound of ¥ under
Assumption 5 or 6 is given in the Supplementary Material.

Remark 6. For & defined in (11), | Zx||2 depends on n, as £y = [EXX])]1<ss<n, Where
EX:X]) = GZA;*S [y for 1 < s < ¢ < nunder Assumptions 4(i) and (ii). Unlike x discussed
in Remark 5, even under Assumption 6, || Xy||2 is not guaranteed to be bounded by a constant
free of n; indeed, we need Assumption 6’ for this purpose, since || Zx ||2 is affected by not only
the growing diagonal blocks 0Ty, ..., 02T, but also the growing off-diagonal blocks; see the
Supplementary Material for details. The upper bound of & under Assumption 5 or 6’ is given in
the Supplementary Material.

Let the Jordan decomposition of A4, be
A, = SIS, (17)

where J has L blocks with sizes 1 < by,...,b; < d, and both J and S are d x d com-
plex matrices. Let bymax = maxi<e<z be, and denote the condition number of S by cond(S) =
{Amax (S™S) /Amin(S*S)}l/ 2 where S* is the conjugate transpose of S.

The following proposition, which follows from (14), (15) and upper bounds of x and & under
Assumptions 5, 6 or ¢/, is proved in the Supplementary Material.

PROPOSITION 2. For any Ay, € R under Assumption 5 we have log det(FRLEl) <
m [log{d cond(S)/8} 4+ bmax log n] for Tr = Fg) or F532>. Moreover, if Assumption 6 holds then
log det(Fg)L;l) < mlog(m/8). Furthermore, if Assumption 6 holds and n = m + log(d/$),

then log det(Fg) LEI) <m.

The condition n 2 m + log(d/§) in Proposition 2 is not stringent, because it is necessary for
condition (5) in Theorem 1, where ¢ = d for the vAR(1) model. By Proposition 2, Fg) yields
a sharper upper bound of log det(FRLEI) than does Fg) only under Assumption 6". Thus, we

shall always set ' = Fg) unless Assumption 6" holds and {r,;} are normal. As a result, under
Assumption 4, the feasible region of & that is sufficient for condition (5) in Theorem 1 is

mlTogld cond(S,;/(S}—i—bmax Togr]> if Assumption 5 holds,
if Assumption 6 holds, (18)

if Assumption 6" holds and {7,} are normal.

n
k S mlog(m/§)+logd’

n
m+log(d/é8)°

Because the upper bound of log det(FRL;l) and the feasible region of & are both dependent
on the assumption on 4, and whether {r;} are normal, the resulting estimation error bounds will
vary slightly under different conditions; see Theorems 2 and 3 in § 3.4.
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3.4. Analysis of upper bounds in vector autoregression

We focus on the upper bound analysis of || ,3 — B«l; nevertheless, from Proposition 1 we can
readily obtain analogous results for ||4 — 4|2, which are omitted here. For simplicity, denote

Tri = R{R'I; @ THR} ' R".
The first theorem follows directly from Theorem 1, Lemmas 1-3 and Proposition 2.

THEOREM 2. Let {Xt}?ill be generated by the linearly restricted vector autoregressive model.
Fix$ € (0,1). Forany 1 < k < |n/2] satisfying (18), under Assumption 4, we have the following
results: (1) If Assumption 5 holds, with probability at least 1 — 34,

m [log{d cond(S)/8} 4+ bmax log n] ) 1/2
p )

18— Bl < (Amax(rR,w
(i) If Assumption 6 holds, with probability at least 1 — 36,

’ log(m/8) | '/?
18— Bl < {Amaxme,k)%(’"/)} .

(iii) If Assumption 6’ holds and {n,} are normal, with probability at least 1 — 36,

A log(1/8))'/?
18— Bull < {xmax<rR,k>’“+g(/)} .

To gain an intuitive understanding of the factor Amax (I'z &) in Theorem 2, consider the asymp-
totic distribution of ,3 under the assumptions that p(4,) < 1 and that d, m and A4, are all fixed:

n'2(B — B) — N[0,R{R"(I; ® Too)R} ' R" ] (19)

FR,c>o

in distribution as n — 00, where ' = limy_, o I';; see Liitkepohl (2005). Thus, Amax (' k)
in Theorem 2 resembles the limiting covariance matrix I'g ~. However, by adopting a non-
asymptotic approach, Theorem 2 retains the dependence of the estimation error on I'g ;. across
stable, unstable and slightly explosive regimes. Similarly to (19), the error bounds in Theo-
rem 2 are free of o2, as the scaling effect of o2 on n; is cancelled out by that on X; due to the
autoregressive structure.

As a special case, bpax = 1 if 4, is diagonalizable. Moreover, if A, = pl;, then bpax = 1,
cond(S) = 1, T = yx ()1, with y;(p) = "0 p2, and thus

Amax (TR = ¥4 (0)kmax IRRTR) T'R™Y = 7 (0)Amax (TR T'R'R) = v, ' (p),  (20)

where the second equality is due to the fact that, for any matrices 4 € RY*” and B € R™*N, 4B
and BA have the same nonzero eigenvalues (Theorem 1.3.20, Horn & Johnson, 1985).

By Theorem 2, the linear restrictions affect the error bounds through both the factor Amax (I'z x)
and the explicit rate function of m and n. To further illustrate this, suppose that

Be = RO +y = RVRPG, + y,
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where RV ¢ Rdzx’? has rank 7, and R® € R™>™ has rank m, with m > m + 1. Then £ =
{RD9 4y :0 e R") D L ={RI+y :0 € R™}. By an argument similar to that in Liitkepohl
(2005, p. 199), we can show that ' < LR k> 80

)\max(FR,k) < )Mmax(FR(l),k)' (21)

The parameter space £ has fewer restrictions than £. Therefore, with fewer restrictions, the
effective model size will increase from m to m, and meanwhile Amax(I'zx) will increase to
Amax(I'gay t), both leading to deterioration of the error bound.

Remark 7. The preservation of the factor Amax(I'rx) in Theorem 2 is achieved by bound-
ing Z'Z and Z"n simultaneously through the Moore—Penrose pseudoinverse ZT, where ZT =
(Z'Z)~'Z"if Z'Z > 0; see also Simchowitz et al. (2018). This key advantage is not enjoyed by
the non-asymptotic analyses in Basu & Michailidis (2015) and Faradonbeh et al. (2018). In their
analyses, X'X and X'E, or Z'Z and Z"n in our context, were bounded separately. This would
not only break down I'g x, but also cause degradation of the error bound as p(44) — 1 due to
the inevitable involvement of the condition number of XX in the resulting error bound.

Remark 8. 1If A, = ply, then (21) becomes an equality. However, the equality generally
does not hold even for diagonal matrices 4. For example, if 4, = diag(p1, p2) € R?*?, where
lp1] > |p2l, then Ty = diag{yk(p1), ¥k(p2)}. Let R = (1,0,0,0)" = RVRD where RV =
(LL,0)" € R¥2 and R® = (1,0)". Consequently, (21) is a strict inequality: Amax(Tgrx) =

Vk_l (p1) < Vk_l (p2) = )Mmax(FR(l),k)-

The next theorem sharpens the error bounds in Theorem 2 by utilizing the largest possible
k, since Amax (I'g &) 1s monotonic decreasing in k. The dependence of Amax (I'r x) on A, will be
captured by onmin(4+), a measure of the least excitable mode of the underlying dynamics.

THEOREM 3. Suppose that the conditions of Theorem 2 hold. Fix § € (0,1), and let ¢c; > 0 be
a universal constant.
(i) Under Assumption 5, if

log{d 8} + bmax |
o () <1 — cim [log{ cond(i)/ } + bmax ogn]’ 22)

then, with probability at least 1 — 33,

< ({1 — 02, (4)}m [log(d Zond(S)/é} + brnas log n])” 3 o)
and if inequality (22) holds in the reverse direction, then, with probability at least 1 — 38,
||l§ Bl < m [log{d cond(Sl/S} + bmax log n]. (24)
(i1) Under Assumption 6, if
o () < 1 — ci{mlog(m/§) + logd}’ (25)

n
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then, with probability at least 1 — 34,

1/2
. 1—02 (4,)}ml 8
18— Bull < [{ o ) g0t/ )} , (26)
n
and if inequality (25) holds in the reverse direction, then, with probability at least 1 — 36,
n 1 8) + logd
1 — pol 5 OB IR @7
ii1) Under Assumption 6', if {n;} are normal and
(iif) p if {n
log(d/$
omin(d,) < 1 — SO, (28)
n
then, with probability at least 1 — 36,
. (1 — 02, (40} m + log(1/8)) ]
1B — Bl S o " ; (29)
and if inequality (28) holds in the reverse direction, then, with probability at least 1 — 36,
N log(d/$
18— pu) 5 2IREED) (30)

Theorem 3 reveals an interesting phenomenon of phase transition from slow to fast error rate
regimes, i.e., from about O{(m/n)'/?} as in (23), (26) and (29) to about O(m/n) as in (24), (27)
and (30), up to logarithmic factors. Within the slow-rate regime, the estimation error decreases
as omin(A4,) increases. The slow rates in (23), (26) and (29) differ from each other only by
logarithmic factors, and so do the fast rates in (24), (27) and (30). Moreover, the point at which
the transition occurs is dependent on o, (4) instead of p(A44); see conditions (22), (25) and
(28). Since opin(44) < p(4y4), conditions (22), (26) and (28) may be mild as long as p(4,) is
not too large. However, the fast rates require the opposite of (22), (25) and (28), which cannot
be directly inferred from p(A4,).

Remark 9. For the special case of 4, = pl; with p € R, Assumptions 6 and 6’ both simply
reduce to |p| < 1, and Assumption 5 to |[p| < 1 + O(1/n). Also, cond(S) = 1 and byax = 1.
Thus, under Assumption 4, by (24), (26) and (27), the following holds with high probability:

Ol{(1 — p*)mlogm/n}'/?], if |p| <1 — Of(mlogm + logd)/n},
||,t§ — Bl < { O{(mlogm + logd)/n}, if 1 — Of{(mlogm + logd)/n} < |p| < 1,
O{mlog(dn)/n}, if 1 <|pl <1+0(1/n).

Moreover, if {1;} are normal, by (29) and (30), we can eliminate all factors of log m in the above
results; that is, every m log m will be replaced by m.

Remark 10. Faradonbeh et al. (2018) derived error bounds for the ordinary least squares
estimator of explosive unrestricted vector autoregressive processes when (i) |Amin(4+)| > 1 or
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(i1) A« has no unit eigenvalue. In contrast to case (i), we focus on slightly explosive processes
with p(4,) < 1+ O(1/n). Moreover, the no unit root requirement of case (ii) may be quite
restrictive; e.g., it excludes the case of |p| = 1 in Remark 9. Thus, the conditions in Theorem 3
may be more reasonable in practice.

Remark 11. Guo et al. (2016) obtained the error rate Op{(m/n)l/ 2} for the banded vector
autoregressive model under weaker conditions on {7;} yet stronger conditions on A, than those
in this paper; see Theorem 2 therein. In particular, they required ||A«|2 < 1. This rate matches
(29). In view of the lower bounds to be presented in § 4, we conjecture that the rate in (26) is
larger than the actual rate by a factor of log m.

4. ANALYSIS OF LOWER BOUNDS

For any 6 € R", let B = RO + y, and the corresponding transition matrix is denoted by
AO) = Uy ®0T)R+ G,whereR, y, R and G are defined as in §3.1. As B is completely determined
by 0, it is more convenient to index the probability law of the model by the unrestricted parameter
6. Thus, we denote by pr(") the distribution of the sample (X7, . .., X,11) on (X!, F,.1), where
X = R? and Fu+r1 = 0{n1,...,nu}. For any fixed p > 0, we write the subspace of 6 such that
the spectral radius of 4(#) is bounded above by p as

©(p) ={0 € R" : p{4(0)} < p}.

The corresponding linearly restricted subspace of 8 is denoted by L(p) = {RO+y : 6 € O(p)}.
The minimax rate of estimation over 8 € L(p), or 6 € ©(p), is provided by the next theorem.

THEOREM 4. Suppose that {Xt}"Jrl follow the vector autoregressive model X;11 = AX; + n;

with linear restrictions defined as in § 3. In addition, Assumptions 4(i) and (ii) hold, and {n;}
are normally distributed. Fix § € (0,1/4) and p > 0. Let y,(p) = Z?;é p>. Then, for any
€ € (0, p/4], we have

inf sup pr” {18 — Bl > €] >,
B 6€0(p)

where the infimum is taken over all estimators of B subject to p € {R6 + y : 0 € R™}, for any n
such that

m +10g(1/8)

ma(p) S =

As a result, we have the following minimax rates of estimation across different values of p.

COROLLARY 1. For the linearly restricted vector autoregressive model in Theorem 4, the
minimax rates of estimation over 8 € L(p) are given as follows:

() {(1 = pH)m/n}!/%, if 0 < p < (1 —1/m)'/%;

(i) m'/2 /n, if 1 — 1/m)V? < p < 14 ¢/n for a fixed ¢ > 0; and

(iii) p~"{(p* = Dm/m}! 2, if p > 1 +c/n.

While the phase transition in Corollary 1 depends on p(4,) instead of opyin(4«), we may still
compare the lower bounds to the upper bounds in Theorem 3. For case (i) in Corollary 1, since
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Table 1. Comparison of upper and lower bounds

Range of |p| Lower bound Upper bound
0,1 = 0{(m+logd)/n}] QU = p*ym/n}'/?) Ol{(1 = p*)m/n}' ]

[1 = Of(m + logd)/n}, (1 — 1/m)'7?) QU — p*)m/n}' ] O{(m + logd)/n}

[ —1/m'2,1) Q(m'/n) O{(m + logd)/n}

[1,1+0(1/m)] Qm'2/n) O{m log(dn)/n)

(1+0(1/n), 00) Qllpl™"{(0* = hm/n}'?] —

Ol = p?m/n}?] Ofmlog(dnyn}

O{(m + logd/n}
77777777777777777777777 O(m/n)

Q{(1-pHm/m}'?] N

1B - pell

1 i i i ]
1 - O{(m + logd)/n} a-1mi2 1 1+ 0(1/n)
Ipl

Fig. 1. Illustration of theoretical upper (dot-dashed) and lower (dashed) bounds and the actual rates (solid) suggested
by simulation results in § 5 for the VAR(1) model with 4, = pl; and normal innovations.

Omin(dx) < p(4y) < (1 -1 /n)l/ 2 < 1, we may expect that condition (25) will hold in most
cases, and hence the upper bound O{(mlogm/n)'/?} differs from the lower bound by a factor
of log m. However, for case (ii), the upper bound may lie in either the slow- or fast-rate regime,
depending on the magnitude of oy,i, (44), whereas the lower bound lies in the fast-rate regime. As
shown by our first experiment in § 5, the transition from slow to fast error rates actually depends
on opyin(44) instead of p(4,). This also suggests that the results in Theorem 3 are sharp in the
sense that they correctly capture the transition behaviour.

Remark 12. If A, = ply with p € R and {#,} are normal, in view of Remark 9 and Corollary 1,
a more straightforward comparison of the upper and lower bounds can be made; see Table 1. See
Fig. 1 for an illustration of the theoretical bounds and actual rates suggested by simulation
results in § 5. The actual rates and the theoretical upper and lower bounds exactly match when
0 < |p| £ 1—0{(@m+logd)/n}. In addition, the suggested actual rate is m/n for 1 — O{(m +
logd)/n} < |p| < 1+ O(1/n) and even faster for |p| beyond this range.

Remark 13. Han et al. (2015b) considered the estimation of a class of copula-based station-
ary vector autoregressive processes which includes the Gaussian VAR(1) process as a special
case, and extended the theoretical properties to VAR(p) processes by arguments similar to those
in Example 3. Under a strong-mixing condition on the process and the low-rank assump-
tion rank(4,) < r, the proposed estimator 4 was proved to attain the minimax error rate
|4 — Ay |lr = O{(dr/n)"/?}. While we consider different restrictions and estimation methods, the
rate {(1 — 5%*)m/n}'/? in Corollary 1 for the stable regime resembles that in Han et al. (2015b)
if we regard dr as the effective model size m of the low-rank VAR(1) model. However, similarly
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to our upper bound analysis in § 3, the factor of (1 — 52)!'/2 in our lower bound also reveals that
the estimation error may decrease as A4, approaches the stability boundary.

5. SIMULATION EXPERIMENTS

We conduct three simulation experiments to verify the theoretical results in the previous
sections, including the estimation error rates, the transition from slow- to fast-rate regimes, and
the effect of the ambient dimension d on the estimation. The data are generated from vAR(1)
processes with {n;} drawn independently from N (0, /;) and the following structures of 4,

DGP1: Banded structure defined by the zero restrictions a; = 0 if |i — j| > ko, where
1 < ky < |(d — 1)/2] is the bandwidth parameter; see Example 4 in § 3.1. As a result, if all
restrictions are imposed, the size of the model is m = d + (2d — 1)ky — kg.

DGP2: Group structure defined by equality restrictions as follows. Partition the index set
YV ={1,...,d} of the coordinates of X; into K groups of size b =d/K asV = U],le Gy, where

Gr={k—Db+1,.. kb (k=1,....K).

In each row of 4., the off-diagonal entries a,;; with j belonging to the same group are assumed
to be equal: forany 1 < k < K and 1 < i < d, all elements of {ay;,j € Gi,j F i} are equal.
Thus, m = (K + 1)d, as there are (K + 1) free parameters in each row of 4.

DGP3: 4, = pl;, where p € R. The smallest true model with size m = 1 results from imposing
zero restrictions on all off-diagonal entries of 4, and equality restrictions on all diagonal entries;
see Example 6 in § 3.1.

Throughout the experiments, the £, estimation error || B — Bl is calculated by averaging over
1000 replications. Except for DGP3, nonzero entries of A, are generated independently from
U[—1, 1] and then rescaled such that p(4,) is equal to a certain value.

The first experiment aims to verify the error rates in Theorem 3 and the implication of
Theorem 2 that the restrictions can reduce the estimation error through both the explicit rate
(m/n)l/2 and the decrease in the factor Amax(I'r k). Fixing d = 24 and p(44) = 0.2, 0.8 or
1, we generate data from DGP1 with kg = 1, DGP2 with K = 2, and DGP3. For DGP1 and
DGP3, we fit banded vector autoregressive models with kg = 1, 5 or 7 such that m = 70,
156 or 304, respectively. For DGP2, we fit the group-structured model with K = 2, 8 or 12
such that m = 72, 120 or 312, respectively. For DGP1 and DGP2, opjn(4+) < 0.1 even when
the randomly generated matrix 4, has p(4,) = 1. However, for DGP3, oyin(4x) = p(4s).
The £, estimation error || E — Bl is plotted against (m/n)'/? in Fig. 2, where we consider
(m/m)'/? € {0.15,0.35,0.55,0.75,0.95}. Our findings are summarized below.

(i) When p(4,) = 0.2, for all the data-generating processes the lines for different m coincide
completely with each other and scale perfectly linearly with (m/n)!/2. This suggests that the
actual error rate is (m/n)'/? when omin (4,) lies in the slow-rate regime of Theorem 3.

(i1) When p(44) = 0.8 or 1, for DGP1 and DGP2, although ||,3 — Bs«|| is still proportional to
(m/ n)1/2, the three lines for the same 0 (44), but different m do not coincide: fixing p(4,), the
slope increases as m increases, and the variation in slope is greater as p(4,) is larger. For DGP1
and DGP2, oiy (45) is very small. As finding (i) suggests that the actual error rate is (m/ n)1/2 for
small oyin(4+), this extra variation in slope may be partially explained by the factor Amax (I'z x)
in the error bound in Theorem 2 due to the effect of R. However, || ,3 — B« actually depends on
the spectrum of T'gx, and its largest eigenvalue merely serves as an upper bound. When p(4y4)
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Fig.2. Plots of ||,3 — B. |l against (m/n)'/? for three data-generating processes with p(4,) = 0.2 (dashed lines, grey-

filled symbols), 0.8 (dotted lines, unfilled symbols) or 1 (solid lines, black-filled symbols) and different m. DGP1 and

DGP3 were fitted as banded vector autoregressive models with m = 70 (squares), 156 (circles) or 304 (triangles), and
DGP2 was fitted as grouped vector autoregressive models with m = 72 (squares), 120 (circles) or 312 (triangles).

is smaller, we will have more control over the spectrum of 4., and hence that of ' 4. This may
explain why the variation in slope is smaller when p(4,) is smaller.

(iii) For DGP3 with p(4,) = 0.2 or 0.8, the three lines corresponding to different m still com-
pletely coincide with each other. This can be explained by the fact that Amax (I'z £) 1s independent
of R when 4, = ply; see (20).

(iv) For DGP3 with p(44) = 1, in sharp contrast to all other cases, the error rate appears
to be a quadratic function of (m/n)!/2. This matches the implication of Theorem 3 that when
omin(4x) = 1, the error rate falls into the fast-rate regime.

(v) Fixing both m and n, ||;§ — B«|| always decreases as p(4,) increases. Moreover, when
omin(dx) < 1, fixing m, the lines become less steep as p(4,) increases. Note that o, (44) 1s
larger when p(4,) is, due to our method of generating A4,. Thus, this finding can be explained by
the factor {1 — "riin (45)}/? in the error bound for the slow-rate regime in Theorem 3.

In the second experiment, we focus on DGP3 to further investigate the error rates and the
phase transition. We set d = 24 and m = 1, 70, 156 or 304, where m = 1 results from fitting the
smallest true model, and m = 70, 156 or 304 from fitting a banded model with ko = 1, 3 or 7,
respectively. Figures 3 and 4 display the results, where we have the following findings:

(1) The combination of results from the first experiment and Fig. 3(a) suggests that || B — Bl
scales as O[{(1 — p?)m/n}'/?] when |p| is fixed at a level well below one.

(i1) Figure 4 suggests that when |p| = 1 the actual error rate is m/n. Specifically, when m is
fixed, Fig. 4(a) shows that nllﬁ — Bx|l becomes stable for n sufficiently large, while ||,[§ — Bl
multiplied by #'/% or n/ log n appears to diminish as » — 0o. On the other hand, when 7 is fixed,
Fig. 4(b) shows that || B — Bl /m becomes stable for m sufficiently large.

(iii) Figure 3(b) suggests that the regime of rate m/n is reached as early as [p| = 1 — O{(m +
log d)/n} and maintained even as the process becomes slightly explosive with |p| = 1+ O(1/n).
This lends support to the boundaries of the fast-rate regime suggested by Theorem 3; see
Remarks 9 and 12. By contrast, when p = 0.99 the rate appears to be (m/n)!/2, similar to
our findings in the first experiment. On the other hand, when p is fixed at a level slightly above 1,
the rate becomes even faster than m/n. This matches the conclusion in Remark 12 that the
corresponding lower bound diminishes at a rate faster than |p|"” as n increases.

The third experiment aims to check whether the ambient dimension d directly affects the
estimation error. We generate data from DGP3 with p = 0.2, 0.8 or 1, » = 100 or 500 and
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Fig. 3. Errorrates for DGP3 as p is fixed or approaching 1 at different rates. (a) Plot of ||;§ — B, || against {(1 — p?)/n}!/?

with p = 0.2 (dashed lines, squares), 0.4 (dotted lines, circles) or 0.6 (solid lines, triangles), and m = 70. (b) Plot of

||/§ — Bl against m/n with p = 0.99 (squares), 1 — (m+log d)/n (circles), 1 4+ 1/n (triangles) or 1.01 (diamonds), and

m = 1 (solid lines, filled symbols) or 70 (dotted lines, unfilled symbols). The case of (i, p) = (70, 1.01) is omitted as
the process becomes so explosive that the computation is numerically infeasible.
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Fig.4. Error rates for DGP3 when p = 1. (a) Plot of 18 — B || multiplied by n/8 (squares), n/(2logn) (circles) or
n'/? (triangles) against n, fixing m = 70. (b) Plot of || — B divided by m (squares) or 8m'/? (triangles) against m,
fixing n = 400.

d € [25,500]. For the estimation, we consider m = 1 or 20, where m = 1 corresponds to the
smallest true model, and m = 20 corresponds to a model subject to (i) ax11 = - -+ = dy4q, and
(i1) the restriction that all but m — 1 of the off-diagonal entries of 4, are zero. To generate the
pattern in (ii), we sample the m — 1 positions uniformly without replacement from all off-diagonal
positions of A4,.

Figure 5 shows that the estimation error is constant in d for almost all cases. This confirms
that d does not affect the estimation error when |p| < 1 — O {(m + logd)/n}; see Remark 12.
Moreover, the extra factor of log d in the theoretical upper bounds for the other regimes might not
be necessary. For (n,m, p) = (100,20, 1), the estimation error seems less stable when d < 75;
see Fig. 5(a). This might be explained by the indirect effect of R on Amax(I'zx) in Theorem 2.
As m is fixed at 20, different d corresponds to different R. The spectrum of I'g x may be more
sensitive to R when d is smaller, and the resulting impact on the estimation error may be more
pronounced when 7 is smaller. However, as d grows, the restrictions will become relatively more
sparse, so eventually the spectrum of I'g ; will be stable, and the impact of d will be negligible.
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Fig.5. Plots of ||B — B« |l against d for DGP3 with (a) » = 100 and (b) n = 500, when p = 0.2 (squares), 0.8 (circles)
or 1 (triangles), and m = 1 (solid lines, filled symbols) or 20 (dotted lines, unfilled symbols).

6. DISCUSSION

An interesting future direction is dimensionality reduction for vector autoregressive models
with data-driven restrictions. Such a procedure involves first suggesting possible restrictions
based on subject knowledge and then selecting the true restrictions by a data-driven approach.
The lasso method (Basu & Michailidis, 2015; Davis et al., 2015) can be viewed as a procedure
where zero restrictions are initially suggested for all entries of A4, and then the true zeros are
identified by penalized estimation. Adopting a more general point of view, the modeller can
initially suggest the general linear restrictions (1) instead. This will enable a more flexible and
data-driven integration of expert knowledge. On the other hand, if it is known that only zero and
equality restrictions are true, yet the locations of the restrictions are unknown, we can select the
true restrictions efficiently by the delete or merge regressors algorithm proposed by Maj-Kanska
et al. (2015) based on the Bayesian information criterion. The consistency of this procedure can
be easily extended to vector autoregressive models.

ACKNOWLEDGEMENT

We thank the editor, associate editor and two referees for their invaluable comments, which
have led to substantial improvements of our paper. Cheng’s research was partially supported by
the U.S. National Science Foundation, an Adobe Data Science Faculty Award and the Office of
Naval Research, and he wishes to thank the Institute for Advanced Study at Princeton for its
hospitality during his visit in Fall 2019.

SUPPLEMENTARY MATERIAL

Supplementary Material available at Biometrika online includes all technical proofs of this
paper.

REFERENCES

AnN, S. K. & REINSEL, G. C. (1988). Nested reduced-rank autogressive models for multiple time series. J. Am. Statist.
Assoc. 83, 849-56.

120z AelN 0z uo 1sonb Aq 8625685/69%/2/80 L /S101E/A8WOIC/W0D dNO"0lWapeoe)/:SAY WO} POPEOJUMOQ


https://academic.oup.com/biomet/article-lookup/doi/10.1093/biomet/asaa065#supplementary-data

Finite-time analysis of vector autoregression 489

Basu, S. & MICHAILIDIS, G. (2015). Regularized estimation in sparse high-dimensional time series models. Ann. Statist.
43, 1535-67.

BRINGMANN, L. F., VISSERS, N., WICHERS, M., GESCHWIND, N., KUPPENS, P., PEETERS, F., BORSBOOM, D. & TUERLINCKX,
F. (2013). A network approach to psychopathology: New insights into clinical longitudinal data. PLoS ONE 8,
e60188.

CHANG, Y. (2004). Bootstrap unit root tests in panels with cross-sectional dependency. J. Econometrics 120, 263-93.

Davis, R. A., ZANG, P. & ZHENG, T. (2015). Sparse vector autoregressive modeling. J. Comp. Graph. Statist. 25,
1077-96.

DoOWELL, J. & PINSON, P. (2016). Very-short-term probabilistic wind power forecasts by sparse vector autoregression.
IEEE Trans. Smart Grid 7, 763-70.

Fang, K.-T., Kotz, S. & NG, K. W. (1990). Symmetric Multivariate and Related Distributions. New York: Chapman
and Hall/CRC.

FARADONBEH, M. K. S., TEWARI, A. & MICHAILIDIS, G. (2018). Finite time identification in unstable linear systems.
Automatica 96, 342-53.

GORROSTIETA, C., OMBAO, H., BEDARD, P. & SANES, J. N. (2012). Investigating brain connectivity using mixed effects
vector autoregressive models. Neurolmage 59, 3347-55.

Guo, S., WANG, Y. & YA0, Q. (2016). High-dimensional and banded vector autoregressions. Biometrika 103, 889—903.

HAMILTON, J. D. (1994). Time Series Analysis. Princeton: Princeton University Press.

Han, F., Lu, H. & Liu, H. (2015a). A direct estimation of high dimensional stationary vector autoregressions. J. Mach.
Learn. Res. 16, 3115-50.

Han, F., Xu, S. & Liu, H. (2015b). Rate-optimal estimation of a high-dimensional semiparametric time series model.
Preprint, University of Washington. https://sites.stat.washington.edu/people/fanghan/paper-VAR.pdf.

HorN, R. A. & JoHNSON, C. R. (1985). Matrix Analysis. New York: Cambridge University Press.

KANoO, Y. (1994). Consistency property of elliptical probability density functions. J. Mult. Anal. 51, 139-47.

Kotz, S. & NADARAJAH, S. (2004). Multivariate t-Distributions and Their Applications. Cambridge: Cambridge
University Press.

LUtkerOHL, H. (2005). New Introduction to Multiple Time Series Analysis. Berlin: Springer.

MAJ-KANSKA, A., POKAROWSKI, P. & PROCHENKA, A. (2015). Delete or merge regressors for linear model selection.
Electron. J. Statist. 9, 1749-78.

MENDELSON, S. (2014). Learning without concentration. Proc. Mach. Learn. Res. 35, 25-39.

NEGAHBAN, S. & WAINWRIGHT, M. J. (2011). Estimation of (near) low-rank matrices with noise and high-dimensional
scaling. Ann. Statist. 39, 1069-97.

RECHT, B. (2018). A tour of reinforcement learning: The view from continuous control. arXiv:1806.09460v2.

REINSEL, G. C. (1993). Elements of Multivariate Time Series Analysis. New York: Springer.

RUDELSON, M. & VERSHYNIN, R. (2015). Small ball probabilities for linear images of high-dimensional distributions.
Int. Math. Res. Not. 2015, 9594-617.

SiMCHOWITZ, M., MANIA, H., Tu, S., JORDAN, M. & RECHT, B. (2018). Learning without mixing: Towards a sharp
analysis of linear system identification. Proc. Mach. Learn. Res. 75, 439-73.

Sims, C. A. (1980). Macroeconomics and reality. Econometrica 48, 1-48.

Stock, J. H. & WATSON, M. W. (2001). Vector autoregressions. J. Econ. Perspect. 15, 101-15.

Tsay, R. S. (2013). Multivariate Time Series Analysis: With R and Financial Applications. Chichester: John Wiley &
Sons.

VERSHYNIN, R. (2018). High-Dimensional Probability: An Introduction with Applications in Data Science. Cambridge:
Cambridge University Press.

WiLms, 1., Basu, S., BIEN, J. & MATTESON, D. S. (2017). Interpretable vector autoregressions with exogenous time
series. In Proc. Symp. Interpretable Machine Learning, 31st Conf. Neural Information Processing Systems (NIPS
2017).

Wu, J. C. & XA, F. D. (2016). Measuring the macroeconomic impact of monetary policy at the zero lower bound. J.
Money, Credit Banking 48, 253-91.

ZHANG, B., PaN, G. & Gao, J. (2018). CLT for largest eigenvalues and unit root testing for high-dimensional
nonstationary time series. Ann. Statist. 46, 2186-215.

Znou, W.-X., Bosg, K., Fan, J. & Liu, H. (2018). A new perspective on robust M-estimation: Finite sample theory
and applications to dependence-adjusted multiple testing. Ann. Statist. 46, 1904-31.

Zuu, X., PaN, R, L1, G., L1u, Y. & WANG, H. (2017). Network vector autoregression. Ann. Statist. 45, 1096—123.

[Received on 4 April 2019. Editorial decision on 18 May 2020]

120z AelN 0z uo 1sonb Aq 8625685/69%/2/80 L /S101E/A8WOIC/W0D dNO"0lWapeoe)/:SAY WO} POPEOJUMOQ


https://sites.stat.washington.edu/people/fanghan/paper-VAR.pdf



