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Abstract. This paper studies a tensor-structured linear regression model with a scalar response variable and
tensor-structured predictors, such that the regression parameters form a tensor of order d (i.e., a
d-fold multiway array) in R™ *72* " X"d_ In particular, it focuses on the task of estimating the regres-
sion tensor from m realizations of the response variable and the predictors where m < n =[], ni.
Despite the seeming ill-posedness of this estimation problem, it can still be solved if the parameter
tensor belongs to the space of sparse, low Tucker-rank tensors. Accordingly, the estimation procedure
is posed as a non-convex optimization program over the space of sparse, low Tucker-rank tensors,
and a tensor variant of projected gradient descent is proposed to solve the resulting non-convex prob-
lem. In addition, mathematical guarantees are provided that establish the proposed method linearly
converges to an appropriate solution under a certain set of conditions. Further, an upper bound on
sample complexity of tensor parameter estimation for the model under consideration is characterized
for the special case when the individual (scalar) predictors independently draw values from a sub-
Gaussian distribution. The sample complexity bound is shown to have a polylogarithmic dependence
on 7 = max {nl 21 € {1,2,.. .,d}} and, orderwise, it matches the bound one can obtain from a
heuristic parameter counting argument. Finally, numerical experiments demonstrate the efficacy of
the proposed tensor model and estimation method on a synthetic dataset and a collection of neu-
roimaging datasets pertaining to attention deficit hyperactivity disorder. Specifically, the proposed
method exhibits better sample complexities on both synthetic and real datasets, demonstrating the
usefulness of the model and the method in settings where n > m.
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1. Introduction. Many modern data science problems involve learning a high-dimensional
regression model, where the number of predictors is much larger than the number of samples.
We focus on tensor-structured regression models, where the predictors appear naturally in the
form of a tensor. Such regression models find applications within hyperspectral imaging [27, 6],
climatology [24], neuroscience [1, 28], sentiment analysis [34], and computer vision [12]. In
this work, specifically, we consider a linear tensor-structured regression model with response
variable y € R, tensor (multiway array) of predictors X € R™1*"2X"X"d_tensor of regression
parameters B € R™*"2>X X4 and noise n € R such that y = (X, B) + 7, where d € Z" and
(-,+) denotes the canonical inner product. Among the various applications of this model, a
major one appears in neuroimaging data analysis, where the voxels (predictors) in a brain
image naturally appear in the form of a tensor and the associated disease outcome (response)
appears as a scalar variable [29, 28, 20, 38].
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Mathematically, let us define {X;},, {vi}1", and {n;}7*, to be the realizations of X,
y, and 7, respectively, where m refers to the number of observations/measurements such that
m <& n:= ][, n;. Then, the realizations of the linear regression model can be expressed as

(1.1) yi =(Xi,B) +m, 1€{1,2,...,m}.

In this paper, given {X;}7, and {y;}", we focus on the task of learning the regression model
in (1.1), which is equivalent to estimating B. Since we are considering the high-dimensional
setting of m <& n in this work, the learning task is ill-posed without imposition of additional
constraints on the parameter tensor B. We now discuss how this challenge has been addressed
in prior work.

1.1. Relationship to Prior Work. One simple approach to estimating B is to vectorize the
regression tensor B and the realizations {X;}", of the predictor tensor such that the model
in (1.1) can equivalently be expressed as y; = (vec(X;), vec(B)) + 1;, where vec(-) denotes the
vectorization procedure. Since this reduces the original model to a vector-valued regression
model, any of the traditional sparsity promoting techniques in the literature—such as forward
selection/matching pursuit [23], least absolute shrinkage and selection operator (LASSO) [43],
elastic net [50], adaptive LASSO [49], and Dantzig selector [8]—can be employed for estimating
b :=vec(B) € R". However, a potential drawback of the vectorization operation is that the
spatial correlation structure in tensor data might be lost, and a natural question is if we can
explicitly exploit this structure for learning B.

Among the various notions of tensor decompositions that capture spatial relationships
among entries of a tensor, a popular decomposition is the Tucker decomposition [25, 39].
Specifically, the concept of low Tucker rank, which is the notion of rank associated with Tucker
decomposition, has been successfully imposed on the regression tensor B for sample-efficient
learning of tensor-structured regression models [13, 44, 36]. Some early convex approaches
for estimating B in this regard were based on minimization of the sum of nuclear norms of
matricizations of tensor B in each mode [30, 13, 44, 33]. To undertsand the sample complexity
of such learning methods, consider the special case where the d-tuple (r,r,...,r) is the Tucker
rank of B and the entries in X; independently draw values from a Gaussian distribution for
i € {1,2,...,m}. Under this special case, it was shown that convex approaches based on
sum of nuclear norm minimization require Q(rn(4~1)) samples for estimating B [33], where
n = max{ni i€ {1,2,.. .,d}}. Since the number of degrees of freedom in B are on
the order of % 4+ frd in this case, such sample complexity bound is clearly sub-optimal.
Thus, more recently, focus has shifted to solving non-conver formulations of the learning
problem for various tensor-valued regression models, in the hope of achieving better sample
complexity [47, 11, 36]. In one such recent work that studies the imposition of low Tucker
rank on B [36], it was shown that B can be learned using O((r¢ + nrd)logd) observations,
which is order optimal up to a logarithmic factor.

Although the imposition of low Tucker rank on B allows for efficient learning, the sample
complexity requirement of O ((rd—I—'ﬁrd) log d) poses a linear dependence on n, where this linear
dependence can easily become prohibitive in many application domains. For example, consider
a case from neuroimaging data analysis, where a typical MRI image has size 256 x 256 x 256
with » = 3 and d = 3 [48]. Clearly, 7 > r and 7 > d in this case, and question arises if we
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can tighten the aforementioned sample complexity bound. This goal cannot be achieved with
the imposition of low Tucker rank alone on B, since the degrees of freedom in B, in this case,
scale linearly with n. Another challenge with the imposition of low Tucker rank on B is that
the resulting regression model does not encompass the typical situation where the response
depends on only a few of the (scalar) predictors in the model (i.e., the sparsity assumption).
In this work, we address both these challenges, simultaneously, by studying the imposition of
multiple structures on B, as explained next.

1.2. Our Contributions. We study the regression model in (1.1) under the assumption
that (i) the regression tensor B has low Tucker rank (to be made precise later) and (i7) the
factor matrices corresponding to the Tucker decomposition of B are sparse. This simultaneous
imposition of structure on B allows us to address both of the aforementioned challenges. First,
the imposed sparse, low-rank structure massively reduces the number of degrees of freedom
in B, which helps get rid of the linear dependence of sample complexity on n. Second,
the imposition of sparsity on the factor matrices induces sparsity in the regression tensor B,
which reflects the a priori belief that the response variable typically does not depend on all the
(scalar) predictors, and facilitates model interpretability. Note that this simultaneous tensor
structure is reminiscent of the notion of sparse PCA from matrix decomposition literature [51].

From a computational perspective, we formulate the problem of learning the sparse, low
Tucker-rank B as a non-convex problem, and we propose a projected gradient descent-based
method to solve it. Furthermore, in our theoretical analysis, we show that the proposed
computational procedure—under a certain restricted isometry assumption on realizations of
the predictor tensor—converges linearly to an approximately correct solution. In contrast,
prior works that study recovery of simultaneously structured B either (i) formulate a convex
problem for learning the parameter tensor [35], or (ii) impose a sparse, low CP-rank structure
on B [16, 17], where [16] imposes a certain cubic structure on realizations of the predictor
tensor and [17] lacks sample complexity guarantees.

We also evaluate the introduced restricted isometry condition for the case of indepen-
dentally and identically distributed sub-Gaussian (tensor-structured) predictors, and in the
process, we characterize the sample complexity of parameter estimation for the case of sparse,
low Tucker-rank regression tensor. We show that our sample complexity bound has only a
polylogarithmic dependence on 7 := max{ni NS {1,2,...,d}}. On the other hand, in
similar prior works, the sample complexity requirement has been shown to be either linear or
super-linear in n [44, 33, 36]. We also employ synthetic data experiments to demonstrate the
efficacy of the proposed computational procedure. Finally, we conduct real-data experiments
on a collection of fMRI images pertaining to attention deficit hyperactivity disorder [32], and
we show that the imposition of multiple structures on B allows for efficient neuroimaging
analysis in the low sample size regime.

1.3. Notation. Bold upper-case letters (Z), upper-case letters (Z), bold lower-case let-
ters (z), lower-case letters (z), and underlined letters (z) are used to denote tensors, matrices,
vectors, scalars, and tuples, respectively. For any tuple z and scalar «, we use az to de-
note the tuple obtained by multiplying each entry of z by «. For any scalar ¢ € Z, we
use [[q]] as a shorthand for {1,2,...,q}. Given any vector u € R", ||ul|o and |ul|2 denote
the ¢y and ¢ norms of vector u, respectively. Given two vectors u € R"™ and v € R” of
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same dimension, u o v denotes their outer product. Given any matrix U, the i-th column is
denoted by U(:,1), the spectral norm is denoted by ||U||2, while max [|U(:,7)||2 is denoted by
1

|U||1,2. Given any two matrices Uy and Us, U; ® U denotes the Kronecker product. Given
any tensor Z, its (i1, 49, ...,1q)-th entry is given by Z(iy,i2,...,i4), the Frobenius norm ||Z||r

is given by S Z(iy,i9,...,1q9)% the £1 norm ||Z||; is given by  >_  |Z(i1,i9,...,i4)|,
11,82,...,0g 11,82,.0y0g

and the mode-i matricization Z; is the matrix obtained from column-arrangement of the

mode-i fibers of Z. The conjugate transpose of a linear map X : R™M*n2Xx%d _ R™ jg

denoted by X* : R™ — RM>72x*7d_ Following the tensor notation in [25], for matrices

ﬁ,- € R i € [[d]], and tensor S € R™*"2*™X7d we define S x ﬁl X9 ﬁQ X4 ﬁd as
> S(ir,d2,...,tq) Ui(:,i1) o Ua(z,i2) o - - - 0 Ug(:,iq). Finally, I, refers to an identity ma-

01,825 0s0

t1ri>2( of dsize q, where q € Z ..

1.4. Organization. The rest of this paper is organized as follows. In Sec. 2, we describe
the regression model, which includes a formal definition of sparse, low Tucker-rank tensors,
and then we present a non-convex formulation of the problem for estimating the regression
tensor. In Sec. 3, we propose a method for solving the posed non-convex problem, and in Sec. 4,
we provide mathematical guarantees for the proposed method, based on a certain restricted
isometry property of the predictor tensors. In Sec. 5, we evaluate the posed property for
sub-Gaussian predictors and provide sample complexity bounds. In Sec. 6, we report results
of extensive numerical experiments on both synthetic and real data, while concluding remarks
are presented in Sec. 7. Finally, in the interest of space, we present some of the proofs not
central to understanding of the implications of this work in the appendix.

2. Problem formulation. For ease of notation, let us define W := R™M *"2XXna 3 .— R,
and let us denote the collection of tensors {X;}7, in (1.1) by a linear map/measurement
operator X : W — ) such that (1.1) can equivalently be expressed as

(2.1) y =X(B)+mn,

where y = [y1,92,...,Ym), and m = [n1,72,...,Mm). In this work, we impose that the pa-
rameter tensor B € R™*M2X"XNd jg gtructured in the sense that it is r-rank and s-sparse,
simultaneously. We formally define the notion of an r-rank and s-sparse tensor as follows.

Definition 2.1 (r-rank and s-sparse tensor). Given a rank tuple r := (r1,7r2,...,74) and a
sparsity tuple s = (s1,82,...,84), a tensor Z € R™M*"2X"XNd s sqid to be both r-rank and
s-sparse if Z. can be expressed as

(22) Z:SX1U1 XQUQ'--XdUd,

where S € R™>"2XXTd qnd U; € R™>"i with ||U;(:, 7)o < si, Vi € [[d]], 7 € [[ri]]. Notice
that, trivially, r; < n; and s; < n;.

Recall from [25] that (2.2) is expressing Z in terms of a Tucker decomposition, in which
S is termed the core tensor and the U;’s are referred to as factor matrices, with additional
sparsity constraints on the factor matrices. It can also be seen from (2.2) that for the special
case when s; = n;, the mode-i matricization of Z has rank 7;: rank(Z(i)) = r;; l.e., the
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r-rank of Z is simply the Tucker rank of Z. Further, note that we are defining sparsity of
Z in terms of sparsity of the columns of the factor matrices {U;(:,)}, @ € [[d]], j € i,
that are generating the tensor. This notion of sparsity is different from the conventional
notion of sparsity, where sparsity is defined as the number of non-zero entries for the data
structure under consideration, i.e., tensor Z in this case. In contrast, the notion of sparsity
in Definition 2.1 not only induces sparsity on Z, but it also dramatically reduces the number
of free parameters in Z € R™*"2X"*"d from n := [], n; to the order of [[, r; + >, ris; logny,
which can be significantly smaller than n for r; < n; and s; < n;. (Note that the log n; factor
arises from the need to encode the locations of the s; non-zero entries in a given column of
U;.) This reduction in degrees of freedom allows us to learn the tensor regression model in
(2.1) with lower sample complexity, as we show later.

Since we are requiring the unknown tensor B to be r-rank and s-sparse in our regression
model (2.1), we formally define a set of such tensors as follows:

C :{S Xl U1 X2 UQ )(3 Xd Ud . S c RT1XT2><"'><7‘d7 and
(2.3) U; € R™X7 U (5, Do < siy1 € [[d]], 5 € [[ri]]}-

Using the definition of constraint set C, and given a known linear map &', we can pose the
following constrained optimization problem for recovery of B from noisy observations y:

R 1
2.4 B= in= ||y — X(Z)|3.
(2.4) argmin o ly — X(Z)]3

We can see that the optimization problem posed in (2.4) is non-convex because of non-
convexity of the constraint set C. In contrast, most of the prior works in tensor parameter
estimation focus on solving convex relaxations of the tensor recovery problem for various no-
tions of low-dimensional tensor structures [30, 13, 44, 33|, hence benefiting from rich literature
on theory and algorithms for convex optimization. But the issue with convex relaxation-based
solutions is that convezr relaxations can be suboptimal in terms of number of measurements
required to solve the problem [33]. While posing and solving the tensor recovery problem in
a non-convex form tends to circumvent this issue, it brings about difficulties in terms of the-
oretically characterizing behavior of the associated recovery algorithm. In the next section,
we present our proposed method for solving (2.4), while theoretical characterization of the
proposed approach follows in Sec. 4 and Sec. 5.

3. Estimation of r-rank and s-sparse Regression Tensors. In this section, we present a
method for estimation of the structured parameter tensor B in the regression model (2.1),
given the linear map X', response vector y, and the assumption that B is r-rank and s-sparse.
Our method is inspired by the various projected gradient descent-based methods in the litera-
ture, where such methods have been employed for recovery of sparse vectors [7], low-rank
matrices [22], and more recently, low-rank tensors [36, 47]. The method, termed tensor
projected gradient descent (TPGD), is summarized in Algorithm 3.1. The TPGD method
consists of two steps. First we perform gradient descent iteration over the objective func-
tion in (2.4) (Step 4, Algorithm 3.1), and then we project the iterate onto set C, which is
the set of r-rank and s-sparse tensors (Step 5, Algorithm 3.1). The projection operator,
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Algorithm 3.1 Tensor Projected Gradient Descent (TPGD)

1: Input: Linear map X, response vector y, step size u, sparsity tuple s, rank tuple r
2: Initialize: Tensor BY and k « 0
3: while Stopping criterion do
4. BF « BF — uX*(X(BF) —y)
5: Bt H(ﬁk)
6: k<« k+1

7: end while

8: return Tensor B* = B*

H o RmxnexxXna _y Rraxn2x-Xnd in Step § of Algorithm 3.1 is defined as:

(3.1) H(B) := argmin |B — B|3.
BeC

In general, computation of the best low-rank approximation of a given tensor is considered
to be an NP-hard problem [19, 36]. Despite that, several algorithms have been proposed in
the literature for computing low-rank tensor approximations corresponding to various notions
of tensor decompositions [25, 2, 14, 40]. Although these approximation algorithms do not
come with mathematical guarantees regarding the accuracy of tensor approximation, they
have been employed successfully in practice for tensor approximation within various methods
for estimating tensor-structured parameters in regression models [47, 36]. The mathematical
guarantees for these parameter estimation methods assume the goodness of the tensor ap-
proximation step, since the corresponding approximation algorithms are not guaranteed to
compute the best approximation.

In a similar vein, in the mathematical guarantees for Algorithm 3.1 (Sec. 4), we assume
that the best low-rank and sparse approximation (projection step in Step 5, Algorithm 3.1) can
be exactly computed. However, in our numerical simulations (Sec. 6), we employ Algorithm 3.2
for computation of the projection step, where Algorithm 3.2 is essentially the Sparse Higher-
Order SVD method [2]. Moreover, within Algorithm 3.2, we employ [18] for computation of the
factor matrices {Uj};-lzl (Step 3, Algorithm 3.2). Later, in Sec. 6, our numerical simulations
show that Algorithm 3.2 can indeed be effectively employed with Algorithm 3.1 to efficiently
learn the regression model in (2.1) under certain conditions, despite the lack of mathematical
guarantees for Algorithm 3.2.

Algorithm 3.2 Sparse Higher-Order SVD

Input: Tensor ]§, sparsity tuple s, rank tuple r

for j=1,...,ddo B
Uj < First r;, sj-sparse principal components of B

end for

S%Bxll_fl XQUQ X3"'Xd[7d

return Tensor B =S x; U; xa Uy X3 -+ x4 Uy
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4. Convergence Analysis of Tensor Projected Gradient Descent. In this section we
provide theoretical guarantees for TPGD (Algorithm 3.1), which, as explained earlier, is a
projected gradient method to solve (2.4). Variants of the projected gradient method have
been analyzed for recovery of sparse vectors [7], low-rank matrices [22], and low-rank tensors
[47, 36, 11] under the assumption that the linear map/measurement operator satisfies some
variant of the restricted isometry property (RIP) [9]. Since different tensor decompositions
induce different notions of tensor rank [36, 16], and different regression models lead to different
measurement operators [36, 47], various notions of RIP have also been posed for various tensor
decompositions and regression models. Before we present the notion of RIP assumed on the
linear map in this work, let us define a set of r-rank and s-sparse tensors, with additional
constraints on (i) the ¢1-norm of the associated core tensor and (i) the f3-norm of columns
of the associated factor matrices:

g’f7§7‘r :{S X1 U1 X9 U2 X3 Xy Ud :S e erxrgx-uxrd’ ||S||1 < T, and
(4.1) U € R"*7 Ui (5 5)llo < sis 10U )2 < 1,0 € [[d]], 5 € [[ra]]}-

From the ¢;-norm constraint on S and f-norm constraint on Uj(:,j), where i € [[d]] and
J € [[ri]], it follows that ||Z||p < 7 for any Z € Grs,. These norm constraints in (4.1)
allow us to bound the covering number of the set Gy s -, which enables us to obtain a sample
complexity bound for tensor recovery, as follows in the next section. Specifically, in order
to derive a bound on the covering number of Gr g in the next section, our mathematical
analysis requires bounds on ||S||1, || Z||F, and ||U;(:,7)||2 for ¢ € [[d]], j € [[ri]]. Since the
¢1-norm constraint on S and the fe-norm constraint on U;(:, j) result in || Z]|p < 7, the
constraints in (4.1) suffice to evaluate a bound on the covering number of Gy s -.

For the recovery of r-rank and s-sparse tensors considered in this work, we consider the
following notion of RIP on the linear map X.

Definition 4.1 ((r,s, T, 0r s )-Restricted Isometry Property). The restricted isometry con-

stant oy s+ € (0,1) of a linear map X : RM*"2Xx"d — R™ qcting on tensors of order d is
the smallest quantity such that

(4.2) (1= rso)IZIE < 1X(2)]3 < (1 +0rs-)I1Z]1F

for all tensors Z € Gy g r.

In the following we provide our first main theoretical result that characterizes the convergence
behavior of TPGD under the assumption of an exact projection step (Step 5, Algorithm 3.1).

Theorem 4.2. [Convergence of TPGD] Lety = X(B)+n, and let B® € Gy s be the tensor
initialization in Algorithm 3.1. For some fized v € (0,1), suppose X : RM>n2XXnd _y RM
satisfies RIP in Definition 4.1 with doy g 2r < ﬁ. Then, fixing the step size y = Tioorsar and

ing b= LF3%rser
defining b := T Sur 50,
B”, after k iterations is given by:

, the estimation error in TPGD algorithm’s (Algorithm 3.1) iterate,

29" 0y (|2 2[|nll3 b
_— - X(B + (1+ )
1_62’[827' Hy ( )H2 1—52f,§,2r 1—~

19y

IB* — BJ[% <
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4.1. Discussion of Theorem 4.2. Let ¢ := %(1 + %) Next, define the closed

ball B(co, B) with center at B and radius ¢y as the set of all the tensors Z € R™1*"2xx"d
such that ||Z — B||% < ¢p. Theorem 4.2 shows that starting from an initial estimate B,
the solution of TPGD converges linearly to the set B(co, B) at the rate of v*. Additionally,
Theorem 4.2 also characterizes the impact of noise power ||7||3 and RIP constant dar 52, on
the convergence behavior of the TPGD algorithm. First, the radius of ball B(cg, B) scales
linearly with the noise power ||n||3. Thus, the more the noise power, the less accurate may
the solution of TPGD be and vice versa. Second, Theorem 4.2 shows that the smaller the
RIP constant dar g2r, the smaller the radius of ball B(co, B). Thus, the larger the value of
dor s,2r, the less accurate may the solution of TPGD be and vice versa. We conclude by noting
that although the mathematical guarantees in Theorem 4.2 depend on the (r, s, 7, 0r s - )-RIP
property in Definition 4.1, we evaluate this property for a known family of linear maps in the
next section.

4.2. Remarks on Proof of Theorem 4.2. A key step in proving Theorem 4.2 is to show
that any linear combination of two r-rank and s-sparse tensors has rank at most 2r and
sparsity s. We formally describe this in terms of a lemma that appears in analysis of any step
that involves linear combination of r-rank and s-sparse tensors.

Lemma 4.3. Let Z, € R™"*"2XXNd gnd Zy, € R™*"2>XX"d he members of the set Gy g7,
where v := (r1,7r9,...,74), 8 := (81,82,...,84), and 7 € RT. Define Z. = V,Zq + Ve, where
Ya: Wb € R. Then, Z. is a member of the set Gor s x, where k= (|va| + |])7-

The proof of this lemma is provided in Appendix A, and the proof of Theorem 4.2 follows in
Appendix B.

5. Evaluating the Restricted Isometry Property for Sub-Gaussian Linear Maps. In the
previous section, we provided theoretical guarantees for recovery of the parameter tensor B
using the TPGD method, based on assumption of the Restricted Isometry Property (Defi-
nition 4.1). In this section, we provide examples of linear maps that satisfy this property.
Specifically, we consider linear maps in (2.1), X, that denote the collection of tensors in (1.1),
{X;}™,, such that the entries of each X; are independently drawn from zero-mean, unit-
variance sub-Gaussian distributions. We term such linear maps as sub-Gaussian linear maps.
Before we evaluate the condition in Definition 4.1 for these maps, let us recall the definition
of a sub-Gaussian random variable.

Definition 5.1. A zero-mean random wvariable Z is said to follow a sub-Gaussian distri-
bution subG(c) if there exists a sub-Gaussian parameter o > 0 such that Elexp(AZ)] <

exp <¥) for all A € R.

In words, a subG(«) random variable is one whose moment generating function is dominated
by that of a Gaussian random variable. Some common examples of sub-Gaussian random
variables include:

e Z~N(0,02) = Z ~ subG(a).

o Z ~wif(—o, ) = Z ~ subG(a).

o Z|<E[Z]=0 = Z ~ subG(a).
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a, with prob. %,

o Z~ = Z ~ subG(a).

—a, with prob. %,
We now evaluate the Restricted Isometry Property (Definition 4.1) for sub-Gaussian linear
maps. An outline of the proof of the following result is provided in Sec. 5.2, while its detailed
proof is part of Appendix G.

Theorem 5.2. Let the entries of {X;}™, be independently drawn from zero-mean, %—
variance subG(a) distributions. Define n := max{n; : ¢ € [[d]]}. Then, for any d,e € (0,1),
the linear map X satisfies oy g - < 0 with probability at least 1 — ¢ as long as

d d )
m > 672 max {Kl 2 <Hn + Z s,n) (log(?)ﬁd)) , Ko log(sl)},
i=1 i=1

where the constants K1, Ko > 0 depend on 7 and «.

5.1. Discussion. We compare the result in Theorem 5.2 with sample complexity bounds in
the literature for estimation of the parameter tensor B in (2.1). Theoretically, we can pose the
estimation problem as (i) low Tucker-rank recovery problem [36], or (ii) sparse recovery prob-
lem [37]. Thus, in this section, we first compare the sample complexity bound in Theorem 5.2
with complexity bounds from low rank recovery and sparse recovery literature. For ease of
comparison, define 7 := max{ry,re,...,rq} and § := max{sy, S2,...,84}. With these defini-
tions, the sample requirement in Theorem 5.2 can be written as (’)((Fd + §Fd) ( log(3 ﬁd))Q).

We now compare this result with complexity bounds in prior works.

5.1.1. Low Tucker-rank recovery. Among the many works that study the problem of
estimating B under the imposition of low Tucker rank on B [13, 44, 33, 36], the most tight
sample complexity bound has been shown to be O((Fd +nrd) log(d)) [36]. If we apply this
complexity bound for estimating the parameter tensor B in (2.1), the sample complexity
requirement scales linearly with n. In contrast, since we consider sparsity on columns of the
factor matrices within Tucker decomposition of B, our sample complexity bound has a linear
dependence on § and only a polylogarithmic dependence on 7, where § < 7.

5.1.2. Sparse recovery. The regression model in (2.1), or equivalently the model in (1.1),
can be vectorized such that the model can be expressed as y; = (vec(X;), vec(B))+n;, i € [[m]],
and the problem of recovering B can be posed as a sparse recovery problem. It has been shown
that if the entries of vec(X;), ¢ € [[m]], draw values from a Gaussian distribution, vec(B) can
be recovered using O(klog(n?/k)) samples [3], where k is the number of non-zero entries in
vec(B). The number of non-zero entries in vec(B) are upper bounded by (57)¢, which leads
to the worst-case sample complexity requirement of O(d (57)%log(n/57)). Thus, the sparse
signal recovery literature poses a worst-case sample complexity requirement that has linear
dependence on d (57)?. In contrast, since we consider the multi-dimensional structure within
B, our sample complexity requirement has only linear dependence on 7 4 57 d.

Finally, note that the number of free parameters in the parameter tensor B are on the
order of HZ T —I—Ei r;s; log n;, where the log n; factor encodes for the s; non-zero entries in each
of the r; columns of the i-th factor matrix of the tensor B. More compactly, this number of free
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parameters can be expressed as 74457 dlog ii. Thus, the posed sample complexity requirement
of (’)(('Fd—i—E 7d)(log(3n d))2> in Theorem 5.2 is order-optimal up to a polylogarithmic factor.

5.2. QOutline of the Proof. The general idea of the proof of Theorem 5.2 is similar to
that of [22, Theorem 4.2], [10, Theorem 2.3], [26, Theorem 4.1], and [36, Theorem 2], where
the main analytic challenge is to analyze the complexity of the set that is hypothesized to
contain the regression parameters. In this work, the challenge translates into characterizing
the complexity of the set Gy s -, for which we employ the notion of e-nets and covering numbers,
defined as follows.

Definition 5.3 (e-nets and covering numbers). Let (V,h) be a metric space, and let T C V.
The set X C T is called an e-net of T with respect to the metric h if for any T; € T, 3X; € X
such that h(X;, T;) < e. The minimum cardinality of an e-net of T (with respect to the metric
h) is called the covering number of T with respect to the metric h and is denoted by W(T, h,¢€)
in this paper.

Next, we provide an outline to the proof of Theorem 5.2. In the first step, we provide an upper
bound on the covering number of Gy s » with respect to the Frobenius norm, which forms our
main contribution. In the second step, we employ a deviation bound from prior works [36, 20]
to complete the proof of this theorem. A formal proof of Theorem 5.2 follows in Sec. G.

5.2.1. Bound on covering number of Gy s .. The following lemma provides a bound on
the covering number of Gy g - with respect to the Frobenius norm.

Lemma 5.4. For tuples r := (r1,72,...,74), s := (S1,82,...,84), and for any T > 0, the
covering number of

gféﬁ :{S X1 U1 X9 U2 X3 X(g Ud : S S Rr1><7“2><m><rd7 HSH1 S T, and
Ui e R" UG )2 < LU )llo < sivi € [[d]] 5 € [[ri]]}

with respect to the metric hg satisfies

37(d+ 1)>f[1 T <3ﬁ7-(d + 1))?%1 8iTi

V(Gr s hg, €) < < ;

760717
) c€(0,1)

where i := max{n; : i € [[m]]} and hg(GH,G?) = ||IGM — GO for any GV, G? ¢
g’l:,§,7"

Let us provide an outline to the proof of Lemma 5.4, while a formal proof is provided in Sec. C.

Define Cartesian product of metric spaces (Ds, hs), (Du,,hv,), (Duy, hvs), ---, (Duy, hu,),
that is
(5.1) Dp = Ds ><’DU1 XDU2 X XDUd7

where Dg = {S € RM>r2xxra . ||§||; < 7}, hg(SW,8@) := L1SW) — 8@, for any

s, 8% € Ds, Dy, == {U € R+ [UG5)l2 < LU0 < sij € [[ri]}, and
hUZ.(UZ-(l), Ui(Q)) = HUZ-(l) - UZ-(Z)HLQ for any Uz-(l), UZ»(Z) € Dy,, for all i € [[d]]. First, we need to
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compute an upper bound on the covering number of Dp with respect to the metric hp defined
as

(5.2) hp(PM, PP = max { Z‘Iél[%j}ﬁ{hUi(Ui(l)a Ui(2))}’ hs(SW), S(2))}’

where P, P@) ¢ Dp, SU 82 ¢ Dg, and Ui(l),Ui(z) € Dy,, © € [[d]]. Specifically, using
Lemma H.2, a bound on ¥(Dp, hp,€) can be obtained as

d

(53) \I/(Dp,hP,G) < \IJ(DS7hS:€) H\P<DUi?hUi7e)‘
=1

Thus, to compute an upper bound on ¥(Dp, hp,€), we need upper bounds on ¥(Dg, hg, €)
and U(Dy,, hy,, €), respectively. To obtain a bound on ¥(Ds, hs, €), we employ the following
lemma, which is proved in Appendix D.

Lemma 5.5. Define Dg := {S € R™*"2x*7d . ||S|; < 7} with distance measure || .||1.
Then the covering number of Ds (with respect to the norm ||.||1) satisfies the bound

3T
U(Ds, |16 < (=

d
[Ir
LR

Similarly, to obtain a bound on ¥(Dy;,, hy,, €) for any ¢ € [[d]], we employ the following lemma,
which is proved in Appendix E.

Lemma 5.6. Define Dy :={U € R™" || U(:, 7)ll2 < L U, 9)|lo < s for all j € [[r]]} with
distance measure hy, where hy (UM, UR)) = |[UD — U@y 5 for any UV, UP € Dy, Then
the covering number of Dy with respect to the metric hy satisfies the bound

3 ST
U(Dy, hy, ) < (?”) e (0,1).

Therefore, the bound in (5.3) is evaluated using Lemma 5.5 and Lemma 5.6.
Given a bound on ¥(Dp, hp,€) from (5.3), we are ready to derive a bound on the covering
number of Gy s » with respect to the metric hg. To this end, define a mapping ® such that

®(S,U1,Us,...,Uq) =S x1 Uy x2 Uz x3--- xqUqg

where (S,U;,Us,...,Uy) € Dp. Note from this definition that ® : Dp — Gr s,. We now
employ the following lemma, which is formally proved in Sec. F, to establish that this mapping
® is Lipschitz with a Lipschitz constant of 7 (d + 1).

Lemma 5.7. Consider (Dp,hp) to be the Cartesian product of metric spaces (Dg,hs),
(Du,, ht,), (Du,, huy)s -5 (Du,, hu,), as defined in (5.1) and (5.2). Define mapping ® such
that

®(S,U1,Us,...,Ug) =S x1 Uy xa Uz x3--- xq Uy
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where (S,Uy,Us,...,Uq) € Dp. Further, define metric space (Gr sr,hg), where Gr s is
defined in (4.1), and hg(GM,G?) = |G — GA||p for any GV G?) € Grs.. Then,
given P1), PR € Dp, we have

(5.4) hg(®(PM), ®(P?)) < 7(d + 1)hp(PY, PA?).

Finally, the application of Lemma 5.7 with (5.3) and Lemma H.3, where (5.3) follows from
Lemma H.2, establishes the statement of Lemma 5.4.

5.2.2. Deviation bound. Since &y5, = sup ||X(Z)|3 - E[HX(Z)H%]‘, we derive a
T ZeGr s -

probabilistic bound on the right hand side of this equality to evaluate the condition in (4.1).

To this end, we use techniques similar to those in [36, 26]. Specifically, define € to be a ran-

dom vector in R™"2"4™ with independent entries from zero-mean, unit-variance, subG(B)

random variables. Further, let Z € Gr s, and define Vz to be a matrix in R™*"1 72 nam

such that
1

Vz=—==1 z'
VA m m ®
where z € R™ "2 nax1 i5 the vectorized version of Z. Then, we have the equivalence relation-
ship X(Z) = Vz&. For ease of notation, let us further define a set M :={Vz :Z € Gr s }.

With this additional notation, we have dy s » = sup ‘HM&H% —E[||M&]|3]|, and we apply the
Mem

following theorem to obtain a deviation bound on the right hand side of this equality.

Theorem 5.8 ([26, 36]). Let Mg be a set of matrices, and let & be a random vector with
independent entries from zero-mean, unit-variance, subG(ag) random variables. For the set

My, define

dr(Mo) = sup [M]r, drso(My) = sup [ Mo,
MeMo MeMo

N

and dy(My) := sup ||Ml||s, = sup (tr[(MTM)Q]) .
MeMg MeMy

Furthermore, let yo(Mao, || . ||2) be the Talagrand’s ~o-functional [/2]. Finally, set

Eo = v2(Mo, || - [[2)(v2(Mo, || - l2) + dr(Mo)) + dr(Mo)da—2(Mo)
Vo = d3(My), and Uy = d3_,5(My).

Then, fort > 0,

2t
IP’( sup HMEH% — ]E[HMﬁH%H > c3Fy —|—t> < 2exp ( — C4min{2, }),
MeMgy VE) UO

where the positive constants cg, c4 depend on .
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For the application of Theorem 5.8, we need to evaluate bounds on the metrics dp(M),
da—2(M), dgy(M), and vo(M,||.]|2). However, the main analytical challenge in this appli-
cation is evaluation of a bound on the Talagrand’s ~o-functional y5(M, || . ||2), which encom-
passes a geometric characterization of the metric space (M, || . ||2). We obtain a bound on the
Talagrand’s 7o-functional using the following inequality [42, 36]:

da—y2 (M)
(5.5) (M, 1) < C /0 Viog UM, [ ]Iz, ) de.

where C' > 0 and ¥(M, || . |2, u) denotes the covering number of the metric space (M, ||.]2)
with respect to the metric || . ||2. Thus, we employ the bound on covering number of Gr s , from

Lemma 5.4 to evaluate (5.5), which enables us to obtain a bound on sup ‘ | ME(3—E[||ME|3] ‘
MeM

using Theorem 5.8. A formal proof of Theorem 5.2 follows in Sec. G.

6. Numerical Experiments. In this section, we perform experiments on synthetic and
real-world data to analyze the performance of the proposed TPGD method (Algorithm 3.1),
which, as explained before, is a tensor variant of the projected gradient descent (PGD) method.
We compare TPGD with learning methods based on (i) vectorization of the parameter tensor,
(74) imposition of low Tucker-rank, and (7i¢) imposition of low CP-rank [25] on the parameter
tensor B. To analyze linear vectorization-based methods, we employ LASSO [43] and linear
support vector machine regression (SVR) [21]. To analyze imposition of low Tucker-rank and
low CP-rank, we employ Tucker-rank and CP-rank variants of the tensor projected gradient
descent method, respectively. Specifically, in the first variant, projection is performed onto
a set of low Tucker-rank tensors [36], and we call this method PGD-Tucker. In the second
variant, projection is performed onto a set of low CP-rank tensors [48], and we call this
method PGD-CP. Thus, we draw comparisons of TPGD (Algorithm 3.1) with LASSO, SVR,
PGD-Tucker, and PGD-CP.

Some relevant implementation details for these learning methods are as follows. For com-
putation of the projection step H in Algorithm 3.1, we employ Algorithm 3.2, within which
we employ the inverse power method from [18] for computation of Step 3. For computation
of the projection steps in the Tucker rank (PGD-Tucker) and the CP rank (PGD-CP) based
methods, we employ the tensor toolboxes in [45] and [4], respectively. Finally, we employ
MATLAB’s built-in fitrlinear function [31] for implementing LASSO and SVR methods.

6.1. Synthetic Experiments. For synthetic-data experiments, we generate the r-rank and
s-sparse tensor B € R™1*m2XX%d jp (2.1) as follows. We set d = 3, ny = 50, ny = 50, ng = 30,
and in (2.2), we set s; = 6, so = 6, s3 =4, with r, = 3, ro = 3, and r3 = 3. For each j € [[d]],
we generate the column vector Uj(:, i), for each i € [[r]], such that ||U;(:,7)]|o < s;. The
locations of the s; non-zero entries in Uj(:,4) are chosen uniformly at random from [[n;]].
Setting a = 0.5, we sample the non-zero entries in Uj(:,7) from (—1)"(a + |2|), where u is
drawn from a Bernoulli distribution with parameter 0.5 and z is drawn from a standard
Gaussian distribution, i.e., Gaussian(0,1). Finally, to generate the parameter tensor B, the
entries of the core tensor S are sampled from a uniform distribution with parameters 0 and
1, and the tensor B is generated as in (2.2). To generate the response vector y, the tensors
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{X;}*, are generated such that their entries are i.i.d. Gaussian(0,1/m), the noise vector n
is sampled from Gaussian(0,02I), and then, the response vector y is generated as in (2.1).

The aforementioned experiment is performed for various values of m, repeating each ex-
periment for increasing value of o, to analyze the impact of increasing noise power. For each
value of m and o, (i) the parameter tensor B, the linear map X', and the response vector y
are generated as explained above, and (i) a parameter estimate B* is computed using each
of the learning methods. The algorithmic parameters for each of the learning methods are set
using separate validation experiments. The performance of each learning method is charac-
terized using the normalized estimation error, which is defined as %. For each value
of m and o,, this experimental procedure is repeated 50 times, and the median estimation
error is reported in Fig. la—Fig. 1c, along with the 25th and the 75th percentile of estimation
error. Further, in order to compare the ‘failure’ rates of different methods, which correspond
to relatively large estimation errors, we plot the histograms of estimation errors for o, = 0.1
and m = 1100 in Fig. 1d for the three methods of TPGD, PGD-Tucker, and PGD-CP. It can
be seen from these histograms that the failure rates of both TPGD and PGD-Tucker are quite
small. Finally, in order to characterize the empirical distributions of the estimation errors over
all experiments, we also report violin plots of the estimation errors for the three methods in
Fig. le for values of m around the phase transition region for the TPGD algorithm. Note that
LASSO and SVR perform considerably worse than the other learning methods; thus, they are
not included in Fig. 1 for clarity of plots.

We gain two interesting insights from Fig. 1. First, the plots show that the projection step
H in Algorithm 3.1 (TPGD method) can be computed accurately enough by Algorithm 3.2,
enabling the TPGD method to achieve better sample complexity compared with the other
learning methods, by exploiting the low-rank and sparse structure in the parameter tensor. In
other words, despite the lack of theoretical guarantees for Algorithm 3.2, it can be employed
in practice to compute the projection step (3.1) in Step 5, Algorithm 3.1. Second, comparing
Fig. 1a, Fig. 1b, and Fig. 1c, we see that as the noise power decreases, the accuracy of the
solution of TPGD increases. This is also reflected in the statement of Theorem 4.2: the lower
the noise power, the more accurate the solution of TPGD, and vice versa.

Finally, we numerically investigate the computational complexity of our specific imple-
mentations of TPGD, PGD-Tucker, and PGD-CP for various values of ny, ns, and nz. To this
end, we repeat the aforementioned experiment for m = 500, o, = 0.1, and n1 = no = ng =: n,
except that we fix the maximum number of iterations to 100 and we vary n to have values
of (i) n = 10, (é4) n = 20, and (i) n = 40. For each of these values of n, we report the
per-iteration computational time of each method in Table 1. It can be seen from this table
that the mean computational time is comparable for the three tensor-based methods.

6.2. Neuroimaging Data Analysis. We also analyze the performance of TPGD for pre-
dicting attention deficit hyperactivity disorder (ADHD) diagnosis, using a preprocessed repos-
itory of ADHD-200 fMRI images [32] from the Donders Institute (Neurolmage), the Kennedy
Krieger Institute (KKI), and the NYU Child Study Center (NYU). Specifically, we use pre-
processed brain maps of fractional amplitude of low-frequency fluctuations (fALFF) [52] that
were obtained using the Athena pipeline [5]. Note that fALFF is defined as the ratio of power
within the low-frequency range (0.01-0.1 Hz) to that of the entire frequency range and as such
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Figure 1: Comparison of TPGD with PGD-Tucker and PGD-CP over synthetic data for (a)
o, = 0.1, (b) 0, = 0.4, and (¢) 0, = 0.7. For each value of m, the markers in (a)—(c)

correspond to the median estimation error over 50 experiments; whereas, the shaded region
for each marker pertains to the 25th and the 75th percentiles of the estimation error. Note
that we report median error since an occasional failure in recovering the parameter tensor

may lead to a spike in mean error. In order to analyze the failure rates, (d) shows histograms
of estimation errors for o, = 0.1 and m = 1100 for the three methods. In addition, (e)

shows empirical distributions of the estimation errors for ¢, = 0.1 in terms of violin plots,
corresponding to the values of m around the phase transition region of TPGD.
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Table 1: Per-iteration computational time (in seconds) of TPGD, PGD-Tucker, and PGD-CP
implementations for (i) n = 10, (#i) n = 20, and (4i7) n = 40, reported as an average over the
50 experiments. The variance is also reported in parenthesis in each cell of the table.

n =10 n =20 n =40
TPGD 0.0096 (1e-6) | 0.031 (5e-7) | 0.32 (8e-5)
PGD-Tucker 0.0021 (1e-7) | 0.021 (5e-7) | 0.24 (4e-5)
PGD-CP 0.047 (3e-4) | 0.060 (2e-4) | 0.27 (8e-5)

it characterizes the intensity of spontaneous brain activity. Altered levels of fALFF have been
reported in a sample of children with ADHD relative to controls [46], so fALFF brain maps
form a useful feature space for predicting ADHD diagnosis.

The train data consists of fALFF brain maps for individuals pertaining to Neurolmage,
KKI, and NYU. For each of these imaging sites, each individual’s fALFF map forms a third-
order tensor X; € R49%58x47 "and the ADHD diagnosis y; (1 = ADHD, 0 = normal control)
forms the response, where i € [[m]] and m is the number of train samples. In our experiments,
we have m = 39 for Neurolmage (ADHD = 17, control = 22), m = 78 for KKI (ADHD = 20,
control = 58), and m = 188 for NYU (ADHD = 97, control = 91), and we learn a regression
model for each site, independently. Given fALFF maps {X;}/"; and responses {y;}/", for each
site, the task of learning the regression model in (1.1) is equivalent to learning the parameter
tensor B. We estimate the unknown parameter tensor using TPGD, PGD-Tucker, PGD-CP,
LASSO, and SVR.

Table 2: Comparison of TPGD with PGD-Tucker, PGD-CP, LASSO, and SVR for predicting
diagnosis of test subjects corresponding to (a) Donders Institute (Neurolmage), (b) Kennedy
Krieger Institute (KKI), and (¢) New York University Child Study Center (NYU), respectively.

(a) The Donders Institute (NeuroImage)

TPGD PGD-Tucker | PGD-CP LASSO SVR
Specificity 0.68 0.57 0.57 1 0.89
Sensitivity 0.73 0.45 0.64 0.18 0.36
Harmonic mean || 0.70 0.50 0.60 0.31 0.51

(b) Kennedy Krieger Institute (KKI)

TPGD PGD-Tucker | PGD-CP LASSO SVR
Specificity 0.63 0.50 0.50 1 1
Sensitivity 0.67 0.33 0.33 0 0
Harmonic mean || 0.65 0.40 0.40 0 0

(c) New York University Child Study Center (NYU)

TPGD PGD-Tucker | PGD-CP LASSO SVR
Specificity 0.58 0.67 0.67 0.42 0.17
Sensitivity 0.52 0.52 0.48 0.55 0.59
Harmonic mean || 0.55 0.59 0.56 0.48 0.26
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To analyze the performance of these learning methods, we employ separately provided
test datasets for Neurolmage, KKI, and NYU, pertaining to fALFF maps of 25, 11, and 41
test subjects, respectively. To analyze the performance for each method, we use the estimate
of B to compute the responses for the test subjects using (1.1). If the computed response is
more than 0.5 for a test subject, the subject is labeled with ADHD and vice versa. To evalu-
ate the predictive power of each method using test data, we use the notion of (i) specificity,
which is the ratio of subjects not diagnosed with ADHD that are correctly labeled as normal
controls, and (ii) sensitivity, which is the ratio of subjects diagnosed with ADHD that are
correctly labeled with ADHD. The explained experimental procedure is repeated 50 times for
each method and imaging site, and the median results on test data are reported in Table 2,
along with the harmonic mean of reported specificity and sensitivity. The TPGD method
tends to perform well in the low sample size regime, given that it provides the highest har-
monic mean on test data for the Neurolmage and the KKI sites, respectively. Moreover, we
observe that vectorization-based methods of LASSO and SVR perform poorly on the KKI test
dataset, which entails a challenging prediction task because of the high class imbalance in the
KKI train dataset. For the NYU imaging site, the PGD-Tucker method tends to work best;
however, the performance of PGD-CP and TPGD methods is not much worse either. The
slightly worse performance of TPGD compared to PGD-Tucker is attributable to differences
in implementations of the projection steps for each method.

7. Conclusion. In this work, we studied a tensor-structured linear regression model, with
simultaneous imposition of a sparse and low Tucker-rank structure on the parameter tensor.
We formulated the parameter estimation problem as a non-convex program, and then we
proposed a projected gradient descent-based method to solve it. In our analysis, we provided
mathematical guarantees for the proposed method based on the restricted isometry property.
Furthermore, we evaluated the property for the case of sub-Gaussian predictors, characterizing
the sample complexity of parameter estimation in the process. Finally, in our experiments
with real-world data, we demonstrated that the simultaneously-structured tensor regression
model is not restrictive, and it can be effectively employed for neuroimaging data analysis.

Appendix A. Proof of Lemma 4.3. Since Z, € Gr s -, it can be expressed as
Za = Sa X1 Ua,l X2 Ua,2 ce Xy Ua,d>

where S, € R™M*"2XX7d guch that [|S,|l1 < 7, and U,,; € R™*" with ||[Uai(:, )|l < si,
Vi € [[d]], j € [[ri]]. Similarly, since Zj € Gy s 7, it can be expressed as

Zy, =Sy x1Up1 x2Upa--- xqUpg,

where S, € R™*72XX7d guch that ||Spl|1 < 7, and Up; € R™*"i with ||Up;(:,7)|l0 < si,
Vi € [[d]], 7 € [[ri]]. Let Ze = vaZq + WwZc, where v, € R, v, € R, so that Z. is some linear
combination of Z, and Z;. Define the Cartesian product Dp := [[r1]] X [[r2]] x -+ x [[rd]]-

Using the definition of Dp, define S, € R?"1X2r2X X214 where

’yasa(il,’ig,...,id) :(il,ig,...,id)EDp
Sc(it, iz, .- yia) = W Sp(i1,i2,...,0q) (i1 —7T1,i2 —72,...,iqg —Tq) € Dp
0 : otherwise
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for (i1,12,...,iq) € [[2r1]] x [[2r2]] X -+ x [[2r4]]. Note that ||Sc|l1 = [|[7aSallt + [|[76Ssll1 <
(|Val + [])7. Furthermore, for i € [[d]], define U.; € R"*?" such that U.; := [Us; Upl.
Finally, with these definitions, Z. can be expressed as

Zc = Sc X1 Uc,l X2 Uc,2 c Xy Uc7d7

where S, € R¥1x2r2x--x2ra gyuch that ||Se[l1 < (|9a| + |7|)7, and U.; € R™*?" such that

|Uci(:,9)llo < si, for all @ € [[d]], j € [[2r3]]. Therefore, Z. is a member of the set Gor s 1,
where & = (|7a| + [])7-

Appendix B. Proof of Theorem 4.2. Let £(Z) := |y — X(Z)||3 be the loss function for
any Z € RmMxn2X.-Xn"d_ Then, we have

LB — £(BY) = |y — X(B|3 — [ly — ¥(B)[13

= [|X(B*H]3 — ¥ (B[ - 2(y, ¥(B*! — BY))
= [l BH3 + X (B3 - 2 X (B3 - 2(y, ¥(B"! - BY))
= [|X(BM — BN + 2(x (BY), X (B**)) — 2(x(B*), X(B"))
—2(y, ¥(B"! - B"))
= [|x (B — BN + 2(x(B*) —y, ¥(B*' — BY)
= [|X(B¥* — BY)| + 2(x*(x(B*) —y), B"! —B")

(B.1) < (1+ Gor,5,27) B! = BY|[f, + 2(x*(x(BY) —y), B¥! — BY),

where the last inequality follows from application of Definition 4.1 with Lemma 4.3.
For any Z € R™*"2X.-X"d  define

9(Z) := (1 + bar.520)|Z — BY||% +2(X*(X(B") ~y), Z — BY)

a ~
@) (1 4 by g0)1Z = BY + p*(y — X(BR)|2

+2(X"(X(BY) —y), Z - BY + & (y — X(BY)))

(b)

(B.2) = (L4 Gor,s.20)|1Z = BY||F: — 1x*(y — X(B*)|1%,

L+ dar 5,27

where (a) follows by substituting B¥ = BF + X *(/\,’N(Bk) —y) and (b) follows by substituting
= ﬁ Then, since |B¥*! — B¥||r < [|B — B*||, which follows from B¥*! = #(B¥),
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we have g(B*+1) < ¢(B). Using g(B**!) < ¢(B) with (B.1), we obtain
LB*) = L(B*) < (1+ 82r,527)|B — BF|[7 + 2(x*(X¥(B*) —y), B~ BY)
= 200,527 |B — B|[%: + (1 — b2r,5.27)||B — B*| %
+2(X*(X(B*) ~y),B - B")
< 205r,5.27|B — B[} + | X(B — BY)|3
+2(X*(¥(B") —y),B - BY)
= 202752, |B — BX||} + | X(B — BY)|3
+2(X(B"), ¥(B - B")) - 2(y, ¥(B - B"))
= 20or,s.2-| B — B¥|[% + | X(B) |3 — X (B")|3 - 2(y, ¥(B — BY))
= 202752, |B — BX||E + [ly — X(B)[3 — |y — X(B")|3

2 .
(B.3) < 2ms2 y (B BH|2 4 £(B) - L(BF),
1 —dor s2r

where the last two inequalities follow from application of Definition 4.1 with Lemma 4.3.

Thus, we have

2 .
(B.4) LB < 20282 (B B2 4 £(B).
1 —dor s2r

Using X(B) =y — n, we have
(B.5) [[X(B B3 = [ly — X(B*) —nll3 < 2(ly — XB) |3+ IInl3) = 2(£B") + [nll3),

where the inequality follows since (u + v)? < 2(u? + v?) for all u,v € R. Using (B.4) with
(B.5), and observing £(B) = ||n||3, we obtain

40 T
LB < 182 (Lh) oy g)2) +

T 1= sor
4021 5,27 402 5,27
(B.6) — S (B (14 R g,
1 —dar 5.2 1 —dar 5.2
. 14305 G0r .
Using dor s.2r < #, v<1,and b= % yields
(B.7) LB) < 7 LB") + bl|nf3.
Iterative application of this inequality leads to
b
(B.8) L(B") <~ £(B%) + ﬁHnH%

for all £ > 1.
Next, using Definition 4.1 with Lemma 4.3, we obtain

2
|X(B B < ———

(B9)  |B*-BJ}< -
2r,8,2t

Bk 2
T (£B") +lim3).
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where the last inequality follows from (B.5). Finally, using (B.8), we get

b
IBE =B} < ————(y"£B%) + —— 0l + |n]3)
1 62’[:’§,2'r ’Y
(B.10) - Lz(BO) 4 2l (1 T )
1 — oy s2r 1 —dor 507 1—x

Appendix C. Proof of Lemma 5.4. Recall the metric space (Dg, hg), where Dg := {S €
Rrixr2x-xra : |I§||; < 7} and hg(SM,8(?)) = %Hs(l) — S8@)||; for any SM),S?) € Dg. Using
Lemma 5.5, the covering number of Dg with respect to the metric hg satisfies the bound

d

[T
W(Ds,hs.e) < (3)=" e (0.1)

€

Further, recall the metric space (Dy,, hy,), where Dy, := {U € R"*" : |U(:, j)|l2 < 1, |U(:
o < si.d € [ril)} and b (U7, U?) 2= U = U |12 for any UV, U € Dy, i € [[d]).
Using Lemma 5.6, the covering number of Dy, with respect to the metric hy, satisfies the
bound

RITANIL
) ) < ([—
U(Du, hue) < () e (0.1),
for any i € [[d]]. Next, recall the metric space (Dp, hp), where
Dp ::DS ><'Z>U1 ></Z>U2 Xoeee xDUd,and
hp(PY, P®) = max { max {ho, (U, U)}, hs (S, 8P},

ic[[d]]

such that P, P?) € Dp, S S(2) ¢ Dy, and Ui(l), Ui(z) € Dy,, for any i € [[d]]. Then, using
Lemma H.2, the covering number of Dp with respect to the hp metric satisfies the bound

(1) w(Dp ) < ()57

d
Y\ 2o SiTi
3n)i:1 ,e€(0,1).

€

To finally derive a bound on the covering number of Gr g -, recall that we use the metric based
on the Frobenius norm, denoted by hg, in order to cover the set Gr s ,. Further, recall the
mapping ¢ defined as

@(S,Ul,UQ,...,Ud):leUl ><2U2 XS"'XdUd7

where (S, Uy, Us,...,Uq) € Dp. From this definition, it follows that ® : Dp — Gr s . Then,
given P, P(2) € Dp. from application of Lemma 5.7, it follows that

(C.2) hg(®(PM), &(P?))) < 7(d + 1)hp(PY, P?)),
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which implies the mapping @ is Lipschitz with a Lipschitz constant of 7 (d 4+ 1). Using (C.2)
with (C.1) and Lemma H.3, the statement of this lemma follows.

Appendix D. Proof of Lemma 5.5. Define Dg := {% : S € Dg}, so that ||§|]1 < 1 for all
Se Dg. By application of Lemma H.1, we have

d
3 H Ti
U(Dg, |- ll1,e) < (E),Zl 7
for e € (0,1). The bound on ¥(Dsg,||.||1,€) follows from a volume comparison argument

between Dg and Dg.

Appendix E. Proof of Lemma 5.6. The set Dy can be expressed as the Cartesian
product of the sets Dg) ={x e R": ||z]lo < s,||z|l2 < 1}, j € [[r]]. For any j € [[r]], since
there are (Z) ways to choose the support of an s-sparse vector, we have

(B.1) w001 < (7) (2)"

with the application of Lemma H.1. Then, the covering number of Dy with respect to the
metric hy, for any € € (0, 1), satisfies the bound

vt fom e ? ()] < 52)"

- () =)

where (a) and (b) follow from Lemma H.2 and (E.1), respectively.
Appendix F. Proof of Lemma 5.7. Let G, Gy € Gy s~ such that

Ga = Sa X1 Ua71 X9 Ua72 X3 Xqg Ua,d s and
Gy =Sy X1 Upg X2 Upa X3+ xqUpq ,
where S,, S, € Ds, and U, 3, Up; € Dy, i € [[d]]. Then, we have
hg(Gm Gb) :HGa - Gb”F
=|1Sq x1 Ug1 X2 Ug2 X3+ XqUqsq —Sp X1 Up1 X2 Upa X3+ Xqg UpallF
=|ISq x1 Ug1 X2 Ug2 X3+ XqUqsq
£ S, X1 Ug1 X2 Ug2 X3+ Xq—1 Ugg—1 Xq Upq
£ S, x1Ug1 X2 Ug2 X3+ Xq—2Ugg—2 Xa—1 Upa—1 Xq Upq
£ £S, x1Upg X2 Upa X3+ Xg—1 Upg—1 Xq Upq

=Sy X1 Up1 X2 Up2 X3+ Xq-1 Upg—1 Xq UpdllF
<||Sa %1 Uaq X2 U2 X3+ Xg—1 Ugd—1 Xqa (Ug,a — Upa) || F
+[|Sq x1 Uat X2 Ug2 X3+ Xg—2Ugg—2 X4—1 (Ug,a—1 — Up.a—1) Xq Up dl|F
+ o+ 1Sa X1 (Ua1 — Upp) X2 Upa X3+ Xg—1 Upa—1 Xq UpdllF

(F.1) +[(Sa —Sb) x1 Up1 x2 Up2 X3+ Xg—1 Upa—1 xq Upal F,
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where £V denotes +V —V for any tensor V. € R"1*"2XX"d - Define b; := ||Sq X1 Ua,1 X2
S X Ua,j—l X (Ua’j — Ub,j) Xj+1 Ub,j+1 Xjag -+ Xy Ub,dHF- With this definition, (Fl) can
be re-written as

d
(F.2) 6(Ga, Gp) Szb + [|(Sa — Sp) x1 Up1 X2 Up 2 X3 -

We will bound the first d terms and the last term in (F.2) separately. Beginning with any
term from among the first d terms in (F.2), for any j € [[d]], we have

b7 =180 X1 Uay X2 -+ X1 Uaj1 % (Uaj — Usj) Xji1 Up g1 Xjya -+ Xa Upalli

= > [(Sax1Usa X2+ X1 Uaj1 Xj (Uay = Upj) X1 Upj1 Xjp2- -
11,502,004

ce Xy Ub7d)(i17i2a e aid)]g

= Z ( Z Sa(k1, ko, ..., kq) Ugi(in, k1) -+ (Uay — Usj) (ij, kj) -+ Ub,d(id,kd)>

11,82, 0%d  k1,k2,.. kg

(D2 Saltilaesla) Uaalinta) -+ (Uag = Usg)(issly) -+ Unaliasla) )

l,l2,..lg

= > D> Salkikae ka) Sallnla, - 1a) Uaa(in, k) Ua(in, 1)

11,02,..5td k1,k2,.. kg L1,l2,.00lg

+ (Uayj = Usj)(i5,k5) (Uaj — Usj)(i5,15) -+ Upalia, ka) Usa(ia,la)
= > > Salki ko, ka) Sp(la, 12, - la) ZUal i1, k1) Uq,1 (i1, 1)

ki kzoka Uzl
Y (Uag = Us;j) (ig, k) (Uay — Uss) (g, 1) ZUbd idy ka) Upa(id,la)

2 14

S Y Salkika, .. k) Sally,la, . la)

k1,k2,...ka 11,02, la

(Z(U i = Ubj) (i, k) (Uag — Usg) (i, 1 ))

iJ
< NUaj = Ussllis Y. D Salki,ka,... kg) Sally,la, ., La)
kl,kz, Lka li,la,.0lg
(F.3)
< [|Ua,j — Us 1Salli < Ua = Usjlli 2 72,

where (a) follows since u'v < 1 for any column vectors u and v such that ||uls < 1 and
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|lv]|e < 1. Similarly, to bound the last term in (F.2), note that

(Sa — Sb) X1 Up1 x2 Upa X3+ Xg-1 Upg—1 Xq Upal%
Z Z (Sa — Sp) (k1, ko, ..., kq) Up1(i1, k) Upa(iz, k2) -+ Upq(ia, kq)

11,02,..50d K1,k2,...,kq

D> (Sa—8y)(lla, - 1a) Upa(in, 1) U (in,la) -+ Upa(ia, la)

ll2,.0lg

= > Y (Sa—Su) (ki k... ka) (Sa—Sp)(In,la, . Lg)

Kt kizorkia 11zl
> Upalin, k1) Upa(in,1h) > Upalia, ko) Upa(in,la) -+ Y Usa(ia, ka) Usa(ia, la)

i1 2 iq

(F4) < > > (Sa=Sy) (ki ke ka)(Sa = Sp) (Lo la) < [ISa — Sl
k1,ko2,.. kg l1,l2,..lg

Finally, using (F.2) with (F.3) and (F.4), we obtain

d
hG(Ga,Gp) <D 7 |Uayj — Usjlliz + [1Sa — Sulla
j=1

<(d+1 a Se—S
< (d+ 1) 7 max { max {100 = Unslha) " S0~ Syl )
(F.5) = (d+1)7 hp(PWY, PA),

which completes the proof of this lemma.

Appendix G. Proof of Theorem 5.2. We employ Theorem 5.8 with Lemma 5.4 to obtain
a probabilistic bound on the restricted isometry property constant in Definition 4.1. Before
we can employ Theorem 5.8, we need to evaluate bounds on the quantities dp(M), da—2(M),
ds(M), and v2(M, | .||2), which we obtain as follows. We obtain a bound on dp(M) as

(a) (b)
(G.1) dp(M) = sup [[M|p= sup [Z|r<T,
MeM €0r.s,+

where (a) follows from the definition of M and (b) follows from the definition of Gy s ». Next,
to obtain a bound on dy—,2(M) and d4(M), note that for any Z € Gy s - we have

2
VZVZT N Hm ®ZTZ — HZ||2 ]Im
m
which leads to
(G.2) da—2(M) = sup [[M]}., = sup 1Zllr < ——, and
Mem Zegr s - \/7% \/m
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dj(M) = sup ||M|]f194 = sup tr{(MTM)ﬂ = sup tr{(MMT)z}
MeM MeM MeM

7z 2 2 7 4 4
(G.3) = sup tr{(” e ]Im> } = sup H HQF tr[ﬂm} < T
ZeGr s, m ZeGr s, M m

Finally, to obtain a bound on the Talagrand’s ~o-functional, we employ (5.5) with Lemma 5.4
to obtain a bound on 2 (M, || . ||2) as

da—2(M) 7=
Yo (M, |- 1l2) 30/ \/log\I/(M,H.HQ,u) duﬁC/ \/log\If(M,||.||2,u) du
0 0

c [T — .

]

d d

(c) l:[ i + 2 5T r -

e, z—ll—l/ log <3”T<d+1)> dii
m 0

d d
@ | Wrrzsno e saraea
< C =1 =1 / IOg (3n7(d+ )) da
0

m a
d d
H r; + Z ST
=0\ T [P log (30(d + 1)) + 7]
d d
T2 ( H T + Z siri)
(G.4) =C =1 — =1 log (37d),

where C' > 0, (c) follows from Lemma 5.4, and (d) follows since +/log,(x/a) < log(z/a) for
x/a € RY b e RT x> ab. Now that we have evaluated bounds on dg(M), da_o(M), dgy(M),
and y2(M, | .|l2), we can evaluate the quantities £, U, and V' in Theorem 5.8. Evaluating a
bound on F, we get

E =M, | [2)* +72(M, || [l2)dr (M) + dr(M)d22(M)

d d
7'2< [ITri+> Sﬂ‘i> log (Sﬁd) 5
i=1 i=1 +

m vm

(e) 72 < fl[l ri + é sm>

<0 =

- <log (3ﬁd))2+57

(G.5)
@ 52 C2 N 76C L8 (§> 5C? . 76C LT 5(C2+Cr+7)
- K VK1 VK1 T K VK1 VK T min{Kl,\/Kl} ’
where (e) follows from application of (G.1) and (G.2) with (G.4), (f) follows from the bound on
o~ 2 -
m, and (g) follows since 6 € (0,1). Setting K7 > max { (201(02—1—0 7'—|—T)> ,2¢1(C?4-C T+T)}
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in (G.5) for some ¢; > 0, we obtain

601(52+5’T+T) )
G.6 E< < —.
(6.6) ar= min{Ky,vVK,} ~ 2
Next, we can evaluate bounds on U and V as
(h) ;2 (i) ;2
(G?) U= d2_>2(M) < —_— and V = d4(M) < \/m,

where (h) follows from (G.2) and (i) follows from (G.3). Finally, we use these bounds on U
and V to bound the quantity 2 exp ( — min{‘%, %})as

2

2exp<—02min{%,5}) §2exp<—02min{ ( ) })
) 0 o (<"
%26xp<02m1n{(272) 2 1 g -1 ,K2 ;—g?((g 1)})

(G.8) = 2exp ( c2 Kz log( ) {2— %}) (E)E,

where (j) follows from setting ¢ = % and using the bound on m, while (k) holds true for

Ky > max{(27'2)2,267'2} (m + 012>

Using (G.6), (G.8), and t = g with Theorem 5.8, the proof of this theorem follows.
Appendix H. Auxiliary Lemmas.

Lemma H.1. [[10]] For any fized notion of norm ||.||, define a unit-norm ball By := {z €
"ozl < 1} with distance measure || .||. Then the covering number of By (with respect to
the norm || .||) satisfies the bound

W0 < (2)ee ),

Lemma H.2 ([15]). Define metric spaces (Di,h1, (D2,h2), ..., (Dp,hy). Further, define
the Cartesian product Dy := Dy x1 Dy Xo -+ X, Dy with respect to the norm hO(D(l),Dg) =
max;e () 17 (D}, D )}, where Dy, D§ € Dy such that D§ = Dy x1 Dy Xg -+ x, D}, D§ =
D? x1 D3 xg -+ %, D , and D1 D2 € D; for any j € [[p]]. Then, ¥(Dy, ho,€) satisfies the
bound \IJ(D(), ho, 6) < H ‘I’(Dj, hj, 6).

j=1

Lemma H.3 ([41]). Define sets D1 and Do with distance measures hy and ha, respectively.

Further, define map ® : K — Dy such that I C Dy. Then, for some L > 0, if ® satisfies

hg(fb(Kﬂ,(I)(Kg)) < th(Kl,Kg) for K1, Ko € K,
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i.e. ® is a Lipschitz map with constant L, then, for any € > 0, we have

(10]
(11]
(12]
(13]
(14]

(15]

(16]
(17]

(18]

(19]
20]

(21]

U(P(K), he, Le) < U(KC, hy,e€).
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