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Abstract

Let M be a smooth d-dimensional submanifold of R" with boundary that’s equipped with
the Euclidean (chordal) metric, and choose m < N. In this paper we consider the probability
that a random matrix 4 € R™" will serve as a bi-Lipschitz function A : M — R™ with
bi-Lipschitz constants close to one for three different types of distributions on the m x N ma-
trices A, including two whose realizations are guaranteed to have fast matrix-vector multiplies.
In doing so we generalize prior randomized metric space embedding results of this type for
submanifolds of RY by allowing for the presence of boundary while also retaining, and in some
cases improving, prior lower bounds on the achievable embedding dimensions m for which one
can expect small distortion with high probability. In particular, motivated by recent modewise
embedding constructions for tensor data, herein we present a new class of highly structured dis-
tributions on matrices which outperform prior structured matrix distributions for embedding
sufficiently low-dimensional submanifolds of R™ (with d < v/N) with respect to both achievable
embedding dimension, and computationally efficient realizations. As a consequence we are able
to present, for example, a general new class of Johnson-Lindenstrauss embedding matrices for
O(log® N)-dimensional submanifolds of R" which enjoy O(N log(log N))-time matrix vector
multiplications.

Keywords Randomized manifold embeddings, Johnson-Lindenstrauss lemma, Manifolds with bound-
ary, Fast dimension reduction
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1 Introduction

Given a subset S of R, m < N, and € € (0,1), we will consider random matrices A € R™*

satisfying
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for all x,y € S simultaneously with high probability, where || - |2 denotes the ¢5-norm. Herein we
will refer to any successful realization A € R™ " satisfying (1) as an e-JL embedding of S into
R™ in keeping with the extensive literature (see, e.g., [16, 2, 3, 35, 24, 7]) related to the many ap-

plications, extensions, and modifications of the celebrated Johnson-Lindenstrauss (JL) Lemma [39)].
More specifically, this paper is principally concerned with the case where S is a low-dimensional
compact submanifold of RY. In such cases the primary goal then becomes to bound the mini-
mum embedding dimension m achievable by any e-JL. embedding of the submanifold in terms of its
geometric characteristics, including, e.g, its dimension, volume, and reach [22]. Of course, the suf-
ficient minimum achievable embedding dimension of a given submanifold generally depends on the
distributions of the random matrices A considered above. As a result, there is a large body of work
bounding the minimal embedding dimension of submanifolds achievable by various classes of ran-
dom matrices [27, 9, 15, 19, 20, 18, 30] including, e.g., matrices with independent sub-gaussian rows
[20, 18] as well as more structured random matrices which support faster matrix-vector multiplies
[49]. In this paper we prove three new embedding theorems of this type which apply to submanifolds
of RY both with and without boundary, including results which provide both improved embedding
dimension and runtime bounds for e-JL embeddings of sufficiently low-dimensional manifold data.

The Importance of Boundaries: The applications of random low-distortion embeddings of type
(1) are wide-ranging due to their ability to provide dimensionality reduction of incoming data prior
to the user having any detailed knowledge of the data’s characteristics beyond some rough measures
of its likely complexity (e.g., in terms of an upper bound on its Gaussian width [16, Section 7.5],
etc.). This has lead to e-JL embeddings being proposed as a means to reduce measurement costs
for many applications involving data conforming to a manifold model. Such applications include

compressive sensing with manifold models [14, 33, 31, 32, 19], manifold learning and parameter
estimation from compressive measurements [27, 9, 20, 21], and target recognition and classification
via manifold models [17]. In addition, low-distortion manifold embeddings have recently been used

to, e.g., help explain successful medical imaging from subsampled data via deep learning techniques
[28]. In most of these applications the manifold models one considers often have boundary, and often
for natural reasons. Consider, e.g., the standard “Swiss-roll” manifold one commonly encounters
in the manifold learning literature (see, e.g., [44]) which has a boundary. More pertinently, how-
ever, one might also consider applications such as the aforementioned work on target recognition
and classification [17] where one encounters image manifolds whose parameters include, e.g., the
direction of view between an overflying aircraft collecting data and the object one wishes to clas-
sify. In such settings the physical limitations of the data collection (e.g., the pilot’s understandable
desire for an above-ground flight path which limits viewing directions to at most half of 82) will
generally necessitate the presence of a boundary in the collectable manifold data. For such reasons
we believe a careful analysis of boundary effects on e-JL embeddings of submanifolds of RV to be
of fundamental importance in the context of all of the applications mentioned above.

Mathematically, the presence of a boundary in a given manifold M makes formulating covering
number bounds for M more difficult by complicating the estimation of the volume of the portion
of the manifold contained within a given Euclidean ball whose center lies too close to its boundary.
As a consequence, the types of uniform volume estimates present in prior e-JL embedding proofs for
manifolds without boundary do not apply near M. A further complication is the assumption in
prior work for manifolds without boundary that geodesics have a well defined external acceleration.
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Figure 1: The presence of boundary can cause geodesics to bifurcate. In the left figure, the geodesic
connecting A to B does not have a unique continuation as it can bifurcate at P; to reach C. This
process can repeat, as it further bifurcates at P, to reach D. Such unit speed geodesics are C*
but not C%. In the right figure, we have two Euclidean balls overlapping with a manifold with
boundary. If the center of the ball is close to the boundary, the ball will cover less of the manifold.
This situation is further amplified in higher dimensions as the volume of the collar of the boundary
typically grows exponentially [16, Remark 5.1.10]. In theorem 4.3 we address this issue by treating
the collar of the boundary and the interior regions separately.

This is not the case in manifolds with boundary as a geodesic may not be C?, and may not have
a unique continuation even if the underlying manifold is smooth (see Figure 1). In this paper we
address these difficulties in order to extend prior results to the case of manifolds with boundary
by carefully treating boundary and interior regions separately. The end result of this work is a
general bound on the Gaussian width of the unit secants of a given submanifold of R, potentially
with boundary, in terms of its dimension, volume, and reach properties. With these bounds in
hand we are then able to apply embedding results for general infinite sets with bounded Gaussian
width to prove several new manifold embedding results. To the best of our knowledge the resulting
e-JL embedding theorems proven herein are the first to apply to manifolds with boundary, and as
such greatly generalize the class of manifold models for which such embedding techniques can be
theoretically proven to work.

Improved e-JL Embedding Dimensions and Runtimes for Low-Dimensional Manifolds:
In addition to allowing for the presence of boundary, we also provide improved e-JL. embedding re-
sults for submanifolds of R via highly structured random matrices which admit fast matrix-vector
multiplies. Perhaps the most widely considered structured random matrices of this type are Sub-

IN
sampled Orthonormal with Random Signs (SORS) matrices of the form A =/ —RUD € R™*,
m

where R € {0, 1}me contains m rows independently sampled uniformly at random from the N x N
identity matrix, U € RV *¥ is a unitary matrix, and D € {—1,0,1}*¥ is a diagonal matrix with
independently and identically distributed (i.i.d.) Rademacher random variables on its diagonal.
Note that such SORS matrices A will have fast matrix vector multiplies if, e.g., the orthonormal
basis U is chosen to be related to a Discrete Fourier Transform (DFT) matrix with an O(N log N)



time matrix-vector multiply.! Herein we generalize existing results concerning SORS embeddings
of submanifolds [19] to accommodate for the presence of boundary, while simultaneously removing
a few logarithmic factors from prior lower bounds by appealing to recent concentration inequalities.

More interestingly, though, we also propose a new class of structured random matrices for em-
bedding manifold data motivated by recent developments in the construction of fast modewise
JL-embeddings for tensor data (see, e.g., [34, 7]). This new class of structured linear JL maps
has several advantages over more commonly considered random embedding matrices including (7)
lower-storage costs, (i4) trivially parallelizable data evaluations, (iii) the use of fewer random bits,
and (iv) faster serial matrix-vector multiplies for structured data. The many useful computational
characteristics of these embeddings for tensor data motivate the following naive question: Is it
possible to effectively reshape vector data into tensor data, apply one of these low-cost linear maps,
and obtain a new embedding that out-competes, e.g., SORS matrices on a rich class of vector data?
Herein we answer this question to the affirmative using a vectorized form of a two-stage modewise
tensor embedding matrix constructed along the lines of those proposed in [34]. In particular, we
show herein that a general class of random matrices exists which outperforms SORS embeddings
on sufficiently low-dimensional manifold data with respect to both their provably achievable embed-
ding dimensions and matriz-vector multiplication runtimes, all while maintaining similar embedding
quality. We consider this to be an exciting demonstration of the power of such modewise maps, and
hope it helps to spur additional analysis of such JL embedding maps for tensor data going forward.

1.1 The Proposed Construction and A Motivating Experiment

We now present the proposed matrix construction aimed at combining the benefits of (i) fast JL-
embeddings using matrices with a fast matrix-vector multiply and low memory requirements, with
(%) subgaussian matrices that have no simplifying structure but that offer optimal reduction in the
embedding dimension of the given data. In particular, we will focus on an approach where we divide
the data in blocks, apply a fast JL-map to each block, recombine the outputs, and then feed them to
a sub-gaussian JL-embedding for additional compression. See Figure 2 for a graphical illustration.
By designing each step carefully in this way we will see that one can retain the fast matrix-vector
multiplication property of the first map along with the near-optimal dimension reduction of the
second.

More specifically, the proposed matrices E € R™*" are constructed from two other matrices
2
B e R™*N/™1 and A € R™*™ where, for ease of notation, m? divides N. Given A and B as

A
above, we let C' := € RY/™>N e the block diagonal matrix formed using N/m?3

A
copies of A, and then set
E = BC € R™*V, (1)

One can now see that this construction is analogous to reshaping the vector data one wishes to
compress into a matrix, applying A to each column of the matrix, and then reshaping the result-
ing matrix back into a vector before applying B. As such, it is a specific example of a modewise

LCommon choices for U include discrete cosine transform and Hadamard matrices. In addition, one can also see
that choosing U to be a complex-valued DFT matrix outright will also work as a consequence of Euler’s formula.
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Figure 2: A Schematic diagram for an example matrix E of type (1). In this approach we split a
vector into pieces, process each part with a fast JL map, and then recombine the outputs and feed
it as a vector to a Gaussian JL map for optimal secondary dimensionality reduction. Note that this
compression scheme is intrinsically parallel in nature and so should also be easily implementable in
distributed settings.

JL-operator being applied to a vector after reshaping it into (in this case) a 2-mode tensor. When
A above is chosen to be a matrix with a fast matrix-vector multiply (e.g., either a Partial Random
Circulant (PRC) matrix [19, Corollary II1.4], or a SORS matrix), and B is chosen to be a Gaussian
random matrix, we obtain a matrix E corresponding to Figure 2.

The following lemma describes the properties of the matrices A and B that guarantee E in (1)
will have a fast matrix vector multiply. We emphasize again that this lemma is compatible with
choosing A as, e.g., either a PRC or SORS matrix, and B as a Gaussian matrix as per Figure 2.

Lemma 1.1. Let A € lexmf, B e R™>*N/mi ¢ e RN/™N and E € R™*N be as above
in (1) with my > ma. Furthermore, suppose that A € R™*™ has an m3 - f(my) time matriz-
vector multiplication algorithm. Then E = BC € R™*N will also have an O(N - f(my))-time
matriz-vector multiply.

Proof. The number of required operations for multiplying E against a vector is

N - ) + 0 (mg) = O(N - f(m1)).

1

N

Here, the first term comes from the —; multiplications of the matrix A that must be performed
my

during a multiplication of a vector € RY by C. The second term results from a naive multiplication

of a vector in the range of C' by B, together with the assumption that m, > ms. O
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Figure 3: Proposed embedding matrices E of the form (1) where B is a Gaussian random matrix and
A is a Discrete Fourier Transform (DFT)-based SORS matrix (in dotted blue), versus a standard
mx N DFT-based SORS matrix with an O(N log N)-time matrix-vector multiply (in solid red). The
reported runtimes are the average time in seconds needed to map randomly generated subsets of 100
vectors in RY into C™, averaged over 100 randomly generated subsets. The errors reported in the
accuracy plots are obtained by averaging the maximum relative errors r}{lgg(|||Ex||2 = 1x/l2] /lIx]|2

over the 100 randomly generated subsets S C RY for each given matrix £ € C™*¥. Here we
briefly note that though our theory is developed for real-valued SORS matrices, it is relatively
straightforward to extend all the results herein to the setting of complex-valued SORS matrices
built using complex unitary matrices U € CV*¥ . See, e.g., the homework exercises in [29, Chapter
4.4] for more details.

Note that if A is chosen to be, e.g., a SORS matrix, A = \/m; RUD, where U is, e.g., an m? x m?
Discrete Cosine Transform (DCT) matrix, then f(m;) above will be O(logm;). As a result, the ma-
trix E guaranteed by Lemma 1.1 will have an O(N log m1 )-time serial matrix-vector multiply in this
setting, and can also easily benefit from parallel evaluation of C' in (1) in a blockwise fashion. Thus,
for example, we can see that such matrices F of the form (1) will have o(N log N)-time matrix vec-
tor multiplies whenever m, can be chosen to be sufficiently small while still maintaining the desired
level of embedding accuracy. But, how do they perform in practice? See Figure 3 for an example
comparison between SORS and the proposed (1) random matrices when embedding finite point sets.

Looking at Figure 3 we can see that the proposed matrices F in (1) retain similar accuracy to
standard SORS embeddings (i.e., their maximum relative errors generally differ by less than 1%)



while simultaneously being twice as fast or more for sufficiently large values of N. Taking such
results as motivation, we will now turn our focus to proving theoretically that the proposed matrices
E in (1) can also accurately embed submanifolds of RY into much lower dimensional Euclidean
space. In the process we will carefully compare the developed theory for the proposed matrices to
similar embedding results via both standard SORS and sub-gaussian matrices. Our main results
along these lines follow below.

1.2 Main Results and Discussion

We will begin by proving bounds for the embedding dimension of submanifolds of R" with bound-
ary using sub-gaussian random matrices for the purposes of later comparison. The reach of a
submanifold used as a parameter below is provided in definition 4.1.

Theorem 1.1 (Embedding a Submanifold of RY with Boundary via Sub-gaussian Random Ma-
trices). Fiz e,p € (0,1) and let A be a m x N sub-gaussian random matriz. Then, there exists
a constant ¢’ depending only on the distribution of the rows of A such that the following holds.
Let M — RY be a compact d-dimensional submanifold of RN with d > 2, boundary M, finite
reach Taq, and volume Vg2 Enumerate the connected components of 9M and let 7; be the reach
of the it" connected component of M as a submanifold of RN . Set T := min{7a, 7}, let Varq be

the volume of OM, and denote the volume of the d-dimensional Euclidean ball of radius 1 by wy.

Finally, define
d d—1
am = Y <41> + Vo <81) and
wq T Wa—1 T

B = (ozf\,t —|—3daM) , (2)

and suppose that

¢ (\/m(ﬁm ++/In (2/1)))2
m > :

el 62

1
—A will be an e-JL embedding of M into R™ with probability at least 1 — p.
m

NG

Proof. Apply Corollary 2.1 together with Theorem 4.5. O

Then,

Considering the sufficient lower bound on the embedding dimension m, one can analyze the depen-

¢ (VIR + VI @D))

dence of m on d while keeping the other variables fixed. * If one puts m = 3
€

as the least sufficient value of m, then m depends on d with order O(dInd). To see this we note that
1 T4 41\ ¢ 1\ 2

— = w = O(d?) so that Y <) + Vo (8> = O(d?) and By = <a + 3da> =
wq T2 wg \ T Wd—1 \ T 2

O(d*?). Comparing Theorem 1.1 to the state-of-the-art work in [20, Theorem 2], we have removed

2Note that one can prove similar results for one dimensional manifolds and for manifolds with infinite reach
using the results herein. However, they require different definitions of arq and G4 below. See Theorem 4.4 and
Proposition 4.3 for details on these special cases.

30ne can show that B, is guaranteed to be > (d-1) - 412473 in this setting so that m > ¢’’d always holds in
keeping with our intuition. See, e.g., Proposition 4.2 and (36) — (37) below for additional related discussion.
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the mild geometric condition on reach T 2> ( ) therein and can also accommodate the
T

2/d

presence of a boundary while still having the embedding dimension, m, scale like O(dlog(d)).

Most interestingly, we emphasize that the lower bound on the embedding dimension m for sub-
gaussian matrices given by Theorem 1.1 has no dependence on the ambient dimension N what-
soever. However, sub-gaussian matrices are generally unstructured which means that they can
not benefit from, e.g., fast specialized matrix vector multiplication methods such as Fast Fourier
Transform (FFT) techniques. SORS matrices, on the other hand, do allow for such fast O(N log N)-
time matrix-vector multiplies. The following result considers manifold embeddings by such fast-
to-multiply structured matrices. SORS matrices and their constant K are introduced in definition
2.2.

Theorem 1.2 (Embedding a Submanifold of RY with Boundary via SORS Matrices). Fiz €,p €

(0,1) and let A = /N/mRUD be a m x N random SORS matriz with constant K. Then, there
exist absolute constants co, 1 such that such that the following holds. Let M — RN be a compact
d-dimensional submanifold of RN with boundary OM, define B as per (2) in Theorem 1.1, and
suppose that

Co c1In(Ba) In(2/p) K2
m > e—QK2 In(Br) In? ( 2 In(2/p) In(2eN/p).
Then, A will be an e-JL embedding of M into R™ with probability at least 1 — p.
Proof. Apply Theorem 2.6 together with Theorem 4.5. O

Comparing Theorem 1.2 to Theorem 1.1 we can see that the the lower bound on the embedding
dimension m provided by SORS matrices via Theorem 1.2 now does exhibit logarithmic N depen-
dence*, though these matrices can also benefit from fast matrix-vector multiplication techniques in
practice. Comparing to prior state-of-the-art manifold embedding bounds for similar matrices [49,
Corollary I11.2] we see that they provide a sufficient embedding dimension lower bound of

m > gg (dm (TMNG> +In(Viy /p)> In*(N) In(1/p) (3)

via SORS matrices. Again noting that In(Sr¢) has no N dependence, we see that Theorem 1.2
improves the logarithmic dependence on N in (3) while again also allowing for the presence of a
manifold boundary.

We are now prepared to prove our main result concerning the embedding of submanifolds of R™ that
possibly have boundary via matrices which are structured along the lines of (1). More specifically,
the matrices we propose for submanifolds of RY herein (as well as for more general infinite sets
with sufficiently small Gaussian width) will have the form
RU
E:=,/—B D g Rm2*N (4)
RU

4\We believe that this is at least partially an artifact of the proof technique which ultimately depends on establishing
the Restricted Isometry Property for a subsampled orthonormal basis system.



2
where B € R™**N/™ has i.i.d. mean 0 and variance 1 sub-gaussian entries, R e {0,1}m >

contains m; rows independently selected uniformly at random from the m% X m1 identity matrix,

U € R™*™ is a unitary matrix with max lui ;| < K/my for a constant K, and D € {0, —1,1}V*N

is a random diagonal sign matrix Wlth ii.d. Rademacher random variables on its diagonal. We
further assume that the matrix U has a O(m? log(m1))-time matrix vector multiply (as will be the
case if it is, e.g., a Hadamard or DCT matrix). We have the following manifold embedding result
for this type of matrix.

Theorem 1.3 (Embedding a Submanifold of RY with a Matrix of Type (4)). There exist absolute
constants cy, ca, c3,cy € RT such that following holds for a given compact d-dimensional submanifold
M of RN with boundary OM and Bag defined as per (2) in Theorem 1.1. Suppose that N > 50,

€(0,1), pe (eN,1/3), In(Bm) < c26?V' N/ In®(csN/ep) and that my € 7 satisfies

n (N/ep) In(1/p)

1
ma > caln(Bum)

Then, one may randomly select an mo X N matriz E of the form in (4) such that E will be an
e-JL embedding of M into R™2 with probability at least 1 — p. Furthermore, E will always have an

o (N . (log (Vln(ﬁ/\,()/e) + log log (N/ep))) run-time matriz-vector multiply.
Proof. Apply Theorem 3.6 in light of Remark 3.2, together with Theorem 4.5. O

First, we note that the mild restrictions on p and N in Theorem 1.3 are somewhat artificial and
were made mainly to allow for greater simplification of the other derived bounds on msy and
d < In(Barm). They can be removed without real consequences beyond cosmetics. The restric-
tion that In(Ba) < c26>VN/In(c3N/ep) can also be made less severe at the cost of becoming
less interpretable. However, it can not be discarded entirely and is ultimately required to allow
for a valid choice of the intermediate matrix dimension m; < V/N to be made in the proposed
construction (4). Ignoring log factors and considering € and p to be constant, this restriction will
ultimately always force the submanifolds we seek to embed via Theorem 1.3 to have dimension
d< V/N. Removing this restriction on d while preserving the nice lower bound on mg is of great
interest, but appears to be difficult.

Similarly, retaining the restriction on d and obtaining a better lower bound on mse which is en-
tirely independent of N similar to the one provided by Theorem 1.1 for sub-gaussian matrices
would also be of great interest. This in fact appears possible if one can rigorously argue that
the Gaussian width of Sy == U (UM — M) —U(M — M)) is always independent of N for a
d-dimensional submanifold M of RY, where U here denotes normalization x — x/|x||2, and
M-M = {x -y | X,y € M,x # y}. Though this statement seems intuitively plausible, quan-
tifying a concrete upper bound on the Gaussian width of Sy in terms of the original manifold
parameters appears to be a non-trivial task. Another path toward removing the logarithmic N de-
pendence in the lower bound for mo might be to carry out a modified chaining argument using, e.g.,
a result along the lines of Corollary 3.1 below at each level. Though this idea appears potentially
promising in the abstract, the restrictions (8) that need to be satisfied in order to apply embedding
results such as Corollary 3.1 to each cover involved complicate the standard approach.



Focusing now on the positive aspects of Theorem 1.3 we note that the lower bound on the em-
bedding dimension ms it provides removes additional log factors from the embedding dimension
lower bound for structured (SORS) matrices given by Theorem 1.2. In fact, ignoring constants
and the logarithmic dependencies on € and p, we believe that the lower bound provided by Theo-
rem 1.3 for mo is the best one can ever hope to achieve in this setting via embedding arguments
that require the embedding matrices to have the RIP. In addition, the structure of the proposed
embedding matrices (4) endow them with O(N loglog N)-time matrix-vector multiplies whenever,
e.g., In(Ba) < In°(N) holds for fixed €, p. Using the earlier estimates on Sa4, it is sufficient to have
d¥e < N. Finally, we again emphasize that these results hold for a general class of submanifolds
of RY both with and without boundary.

1.3 Paper Outline and Comments on Proof Elements

The proofs of all of Theorems 1.1, 1.2, and 1.3 are split into two independent parts: A general
embedding result for infinite subsets S € RY via a particular type of random matrix in terms of
the subsets’ Gaussian widths (i.e., Corollary 2.1, Theorem 2.6, and Theorem 3.6), combined with
a Gaussian width bound for submanifolds of R” which may (or may not) have boundary (i.e.,
Theorem 4.5). These component results are proven in three different sections below.

First, Corollary 2.1 and Theorem 2.6 are proven in Section 2, and are largely the result of updating
existing compressive sensing and high dimensional probability bounds using some recent results by,
e.g., Brugiapaglia, Dirksen, Jung, and Rauhut [13]. As a result, Section 2 is written in the form of a
review of relevant prior work from these areas which makes some minor but useful (for our purposes
later) modifications of existing theory along the way. The reader who is well familiar with these
areas can safely skip to Section 3 and refer back as needed. To the less initiated reader, however,
we recommend a more careful look and hope that the section may serve as a crash course to some
current state-of-the-art results, techniques, and tools.

Next, Theorem 3.6 is proven in Section 3 in three phases. First, fast embedding results are proven
for finite point sets with cardinalities bounded by VM) using matrices of the form (1). We
note that these results can be considered a simplification and generalization of a prior and more
specialized JL-construction by Ailon and Liberty [4]. Next, these finite embedding results are
then used together with a modified covering argument to prove that matrices of the form (1) also
have the RIP for sufficiently small sparsities s < V/N. In fact, for this range of sparsities, these
structured RIP matrices have both an optimal number of rows (up to constant factors) and an
O(N(log(s) + loglog(V))-time matrix-vector multiply, a result of potential independent interest.
Finally, Theorem 3.6 is then proven by using these new RIP matrices together with results by
Oymak, Recht, and Soltanolkotabi [42].

To finish, Theorem 4.5 which bounds the Gaussian width of the closure of the unit secants of a
submanifold M of RY (potentially with boundary), i.e. w (U(M - /\/l))7 is proven in Section 4.

The proof begins by established covering number bounds for manifolds (possibly with boundary)
by applying Giinther’s volume comparison theorem from Riemannian geometry. Next, covering
number estimates for the unit secants of submanifolds of RY (possibly with boundary) are then
proven by modifying arguments motivated by the work of Eftekhari and Wakin for manifolds with-
out boundary [20]. Once finished, these covering number estimates are then used in combination

10



with Dudley’s inequality to prove Theorem 4.5.

In the next somewhat long section we will set terminology and review some relevant work from the
compressive sensing and high dimensional probability literature.

2 Definitions, Notation, and Preliminaries
A matrix A € R™Y is an e-JL map of a set T C RY into R™ if
(1= e)llx]3 < [ Ax[I3 < (1+ ¢)IxI3

holds for all x € T. Note that this is equivalent to A € R™*" having the property that
2 2
sup_[IAGe/Ixl)l2 ~ 1] = sup [ 4x]3 1] <
x€T\{0} x€U(T)

where U(T) C RY is the normalized version of T C RY defined by

U(T) = {X | xeT\ {0}}.
[1x]2
We will say that a matrix A € R™*" is an e-JL embedding of a set T C R" into R™ if A is an
e-JL map of
T-T:= {x—y ’ x,yET}

into R™. Here we will be working with random matrices which will embed any fixed set T' of
bounded size measured in an appropriate way with high probability. Such matrix (distributions)
are often called oblivious and discussed in the absence of any particular set T since they are inde-
pendent of any properties of T' beyond its size.

Of course, the discussion above now requires us to define what we actually mean by the “size” of
an arbitrary and potentially infinite set 7 C RY. The following notions of the size of a set T" will
be useful and utilized heavily throughout. We will denote the cardinality of a finite set T by |T|.
For a (potentially infinite) set 77 C RY we then define its radius and diameter to be

rad(T) := sup ||x]|2
xeT

and
diam(7T) :=rad(T = T) = sup ||x —y|l2,
x,yeT

respectively. Given a value § € R* a §-cover of T' (also sometimes called a J-net of T') will be a
subset S C T such that the following holds

Vx € T Jy € S so that |[|[x —y|2 < 4.

The d-covering number of T, denoted by N'(T,d) € N, is then the smallest achievable cardinality
of a §-cover of T'. Finally, the Gaussian width of a set T is defined as follows.

11



Definition 2.1. [/0, Definition 7.5.1] The Gaussian width of a set T C R" is

w(T) := Esup (g, x)
xeT
where g is a random vector with n independent and identically distributed (i.i.d.) mean 0 and
variance 1 Gaussian entries.

For more detail about the properties of the Gaussian width see [46, Proposition 7.5.2].

For simplicity we will focus on two general types of random matrices in this paper: sub-gaussian
random matrices with independent, isotropic, and sub-gaussian rows (referred to simply as sub-
gaussian random matrices below), and Krahmer-Ward Subsampled Orthonormal with Random
Signs (SORS) matrices [35]. We will discuss each of these classes of random matrices in more detail
next.

2.1 Sub-gaussian Random Matrices as Oblivious e-JL maps

Sub-gaussian random matrices include, e.g., matrices with i.i.d. mean 0 and variance 1 Gaussian or
Rademacher entries as special cases. We refer the reader to, e.g., [46, Section 2.5, Chapter 3, and
Chapter 4] and/or [24, Chapters 7 and 9] for details regarding this rich class of random matrices.
The following results demonstrate the use of these matrices as oblivious e-JL maps of arbitrary sets.

Theorem 2.1 (See Theorem 9.1.1 and Exercise 9.1.8 in [16]). Let A be m x N matriz whose rows
are independent, isotropic, and sub-gaussain random vectors in RYN. Let p € (0,1) and T C RN,
Then there exists a constant ¢ depending only on the distribution of the rows of A such that

sup [[|Axll> — vl < e [w(T) + Vin(/p) -rad(T)]

holds with probability at least 1 — p.

Remark 2.1. The constant ¢’s dependence on the distributions of the rows of A can be bounded
explicitly via their sub-guassian norms (see [/6, Definition 3.4.1 ]). For simplicity we will neglect
these more exact expressions and simply note here that once a distribution for A is fized this constant
will be completely independent of T and all its attributes. In particular, if the rows of A are
all distributed identically as is common in practice then ¢ will be an absolute constant with no
dependence on any other quantities or entities whatsoever.

The following simple corollary of Theorem 2.1 demonstrates how sub-gaussian matrices may be
used to produce e-JL maps of arbitrary subsets into lower dimensional Euclidean space with high
probability.

Corollary 2.1 (Sub-gaussian Matrices Embed Infinite Sets). Let S € RY and €,p € (0,1). Let A
be a m x N sub-gaussian random matriz. Then, there ewists a constant ¢ depending only on the

1
distribution of the rows of A such that ﬁA will be an e-JL map of S into R™ with probability at

least 1 — p provided that

_(wwe) v @)

= 2
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Proof. Let T = U(S) ¢ "1 .= URY) = {x € RY | ||x||]s = 1}. Since T = U(S) c SV,
rad (T) = 1 and ||x||2 = 1 for all x € T". Furthermore, for all u € R with |u — 1| < €/3 one has that

[u? — 1| = Ju+1lju—1] < (2+¢/3)(e/3) <e.

9¢c (w(T) + 111(2/;0))2

Hence, we may apply Theorem 2.1 to T' = U(S) with m > = to see that
1 2
N | REEE
holds. O

The following simplification of Corollary 2.1 to finite sets S will be useful later.

Corollary 2.2 (Sub-gaussian Matrices Embed Finite Sets). Let S ¢ RY be finite and e, p € (0,1).
Let A be a m x N sub-gaussian random matriz. Then, there exists a constant ¢’ depending only on

1
the distribution of the rows of A such that ﬁA will be an e-JL map of S into R™ with probability

at least 1 — p provided that
_ ¢'In(2)5|/p)

€2

Proof. Note that T = U(S) ¢ S¥~! will also be finite with |T| < |S|, and with diam (T) < 2.
Hence, [16, Exercise 7.5.10] implies that w(T") < ¢4/In|S| for an absolute constant ¢ € (1,00). As
a consequence it suffices to take

In(2[S1/p)

€2

,2(c?In(|S]) + In(2/p))

>/I
m > c 5

>c
d@wmw+wmmf>d@wwwmwm2

- €2 - €2

for ¢’ € R sufficiently large when applying Corollary 2.1. We also used 2(a? 4 b*) > (a + b)? in
the line above. O

It can be shown that sub-gaussian random matrices are near-optimal with respect to the embedding
dimension m they provide for e-JL embeddings [30]. However, they are generally unstructured
matrices which do not benefit from having, e.g., fast specialized algorithms for computing matrix-
vector multiplies quickly. We will discuss more structured classes of random matrices that do have
such algorithms next.

2.2 Oblivious e-JL maps for Finite Sets from SORS Matrices

SORS matrices are derived from orthonormal bases and so can benefit from their inherent structure.
They are defined as follows.

13



Definition 2.2. [SORS Matrices/ Let U € RY*N be an orthogonal matriz obeying

K
Uuv=I1 and max |u; ;| < —=
i

VN

where I is the N x N identity matriz. Let R € R™N be a random matriz created by indepen-
dently selecting m rows of I uniformly at random with replacement. Let D € RN*YN be a random

| N
diagonal matriz with i.i.d Rademacher random variables on its diagonal. Then A =/ —RUD s
m
a Subsampled Orthogonal with Random Sign (SORS) matriz with constant K > 1.

The analysis of SORS matrices as e-JL maps depends on the Restricted Isometry Constants (RICs)
of the Subsampled Orthonormal Basis (SOB) matrices v/N/mRU with constant K defined
above as a part of the SORS matrix definition. These constants are also closely associated with the
Restricted Isometry Property (RIP) from compressive sensing [24].

Definition 2.3 (RICs). [2/, Definition 6.1] The s Restricted Isometry Constant (RIC) €5 of a
matriz A € R™N s the smallest € > 0 such that all at most s-sparse x € RN satisfy

(1= ollx]3 < [[Ax[[3 < (1 + €)l|x[3-

Definition 2.4 (RIP). If a given value € € (0,1) is larger than the s RIC of A so that e, < €
we say that A has the Restricted Isometry Property (RIP) of order (s,€).

As we shall see, the following theorem by Brugiapaglia, Dirksen, Jung, and Rauhut allows one to
prove that a general class of random matrices have the RIP.

Theorem 2.2. [13, Theorem 1.1] There exist absolute constants k > 0 and co,c1 > 1 such that

the following holds. Let X1, ..., X,, be independent copies of a random vector X € CN with bounded

coordinates, i.e. max (X, e;)| < K for some K > 0, where {ei}fil is the standard basis of CV.
<i

Let T C {xeCN: H;cHl <+/s}he€ (0,k), and assume that
m > coK?e ?sIn(eN)In” (sK?/e) .

Then, with probability exceeding 1 — 2 exp (—ezm/(sK2)),

1 m
sup |~ 3 |{y, X0)|* ~ El{y, X)
i=1

yeT

< e (14 supElly. X)),

yeT

Specializing Theorem 2.2 to the case of SOB matrices we arrive at the following corollary which
upper bounds their RICs, thereby proving they have the RIP.

Corollary 2.3 (SOB Matrices have the RIP for Small €). There exists absolute constants, ag, a1 > 1
and ag > 0 such that the following holds for any € € (0,a2]. Assume A is a m x N SOB matriz

with
a1sK? )

m > a0K2i In(eN) In?
€2 €

Then A will have RIP of order (s,€) with probability at least 1 — 2 exp(—e*m/(a3sK?)).
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Proof. Using Theorem 2.2, we consider the set of unit length vectors T := {x € CV with ||x|]z = 1
and x|l < v/s}, which includes all unit length s-sparse vectors by Cauchy—Schwarz. Let X
be the uniform selection of a row of VNU for a unitary matrix U € CV*Y. We then have
E|(x, X;)|* = ||x||3 = 1. Thus, if the rows of the SOB matrix A are selected uniformly at random
we get that

sup < 2cqe.

2
= IIxI3
xeT 2

1
—Ax
W
Changing constants to account for the extra 2¢;-factor accompanying the € above gives the stated
bounds on the probability and m. O

The following additional variant of Corollary 2.3 provides an explicit probability variable, and will
be more convenient to apply in some settings.

Corollary 2.4 (SOB Matrices have the RIP). There exist absolute constants ag, a} > 1 such that
the following holds. Let e,p € (0,1). Any SOB matriz A € R™*N with constant K that has

/ s K2
m > %KQS (ln(eN) In? (al‘i) + ln(e/p))

will have the RIP of order (s,€) with probability at least 1 — p.

Proof. If € < ay then

a¥sK?In(e/p)

m > max{af,ao}f(‘ze% (ln(eN) In2 (‘“iKQ> + ln(e/p)> > . . (5)

€
Now Corollary 2.3 tells us that we will have the RIP of order (s, €) with probability at least
1 —2exp(—e*m/(aisK?)) >1—2p/e >1—p.

If € > ao Corollary 2.3 tells us that when

m > max{a%,ao}K2% <1n(eN) In> (al‘SKz> + ln(e/p)> > @isKEIn(e/p) (6)

min?{as, 1 min{as, 1} a3

we will again have the RIP of order (s, €) with probability at least
1 —2exp(—aim/(a?sK?)) >1—2p/e > 1 —p.
Combining (5) and (6) we can, e.g., set ap = max{a?,ag}/min{a3, 1} and a} = a;/min{az,1}. O

With Corollary 2.4 in hand we can now make a minor improvement to the embedding dimension
m provided by the Krahmer-Ward theorem in the case of SORS matrices [35, Section 4].

Corollary 2.5 (SORS Matrices Embed Finite Sets). Let S € RY be finite and e, p € (0,1). Let A
be a m x N random SORS matriz with constant K. Then, there exist absolute constants cj,c},
such that A will be an e-JL map of S into R™ with probability at least 1 — p provided that

2

m > 06[:—2 In(c}|S|/p) - <ln2 (W) In(eN) + 1n(2€/p)> .
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Proof. There are two steps: establishing an RIP bound and obtaining a JL map from the RIP
bound. In both steps there is a failure probability which we control via the union bound. Let
s =161n(8|S|/p). For this choice of s [24, Theorem 9.36] guarantees that A will be an e-JL map of
S into R™ with probability at least 1 —p/2 provided that \/N/mRU has the RIP of order (2s,¢/4).
This RIP condition is provided by Corollary 2.4 with probability at least 1 — p/2. Applying the
union bound and adjusting the absolute constants now yields the desired result. O

Looking at Corollary 2.5 we can see that the embedding dimension m provided there is about a
factor of O (ln2 (In|S])log N) worse than that provided by Corollary 2.2 for sub-gaussian random
matrices (holding €, p, and K constant). One the other hand, if the unitary matrix U used to build
the SORS matrix has an efficient matrix-vector multiply, then the SORS matrix will also have one.
To try to get the best of both of these worlds (i.e., a near optimal embedding dimension together
with a fast matrix-vector multiply) we will use the proposed construction (1). However, in order
to demonstrate that this construction can in fact embed arbitrary (and potentially infinite) sets we
will need a few more tools. These will be discussed in the next section.

2.3 Oblivious e-JL maps for Infinite Sets via Structured Matrices

Referring back to Corollary 2.1, we can see that sub-gaussian random matrices can embed arbitrary
infinite sets into lower dimensional Euclidean space. Note that we have not seen such a result for
SORS matrices yet (note that, e.g., Corollary 2.5 only applies to finite sets). This is due to the
proofs of such embedding results for infinite sets using structured matrices (such as SORS matrices)
being significantly more involved in general. In this section we will outline a general approach for
proving such results by Oymak, Recht, and Soltanolkotabi [42] which will require, among other
things, the use of a couple of modified RIP definitions. The first one is essentially identical to the
original RIP.

Definition 2.5 (Extended Restricted Isometry Property (ERIP) [12]). Let s € [N] and
e € RT. A matriz A € R™*YN satisfies the extended RIP of order (s, €) if

|43 — [Ix[3| < max{e, e }||x|[3

holds for all at most s-sparse x € RY.
Remark 2.2. Note that the above definition only differs from the RIP in Definition 2./ when € > 1.

One can use results about the RICs of matrices to see that RIP results can be used to imply the
ERIP for € > 1. In particular, the following facts are useful for this purpose.

Proposition 2.1. [2/, Proposition 6.6] For a matric A € R™YN, let e, be the s restricted
isometry constant of A. Then for integers 1 < s < t,

t—d d
€25 + gesv d= ng(S’t)'

€ <
In particular since €, < €o5 we have that

€ < —€25.
S
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Proposition 2.2. Let s € N, and k > 1 be a real number. Then
€g S kE(Z[S/k])
t
Proof. From proposition 2.1, for 1 < s < t, we have ¢, < —eg,. Since kK > 1 and s is an integer,
s

1< [s/k] < s, and hence €5 < [—%16(2(%}) < ke<2[%1) O

As noted above, the RIP and ERIP coincide for € < 1. With the following two propositions we
can now further see that the ERIP of order (s,¢) with € > 1 follows from the RIP of order, e.g.,

(2[s/€%],0.9).

Lemma 2.1. Let b,a € (0,1] with a < b, s € [N], € € [b,00), and suppose that A € R™*N has the
RIP of order (2[sb?/€*],ab). Then, A will also have the ERIP of order (s,€).

Proof. Note that A will have the RIC 6(2 fsbg/ezw) < ab by assumption. Applying Proposition 2.2
with k& = eQ/b2 > 1 we can then see that e, < 276(2[31)2/62*‘) < 62% <2< max{e, 62}. O

We are now prepared to define the central RIP variant of this section.

Definition 2.6. (Multiresolution Restricted Isometry Property (MRIP))//2, Definition
2.2]. A matriz A € R™N satisfies the MRIP of order (s,€) if it possesses the extended RIP of
order (2's,2"%€) for all integers | with 0 < | < [logy(N/s)].

The following theorem can be used to convert RIP guarantees into MRIP guarantees.

Theorem 2.3 (RIP implies MRIP). Let a € (0,1], A € R™ be a random matriz, and fy :
[N] x (0,a) x (0,1) = R™" have the property that

m > fn(s',€,p') = A has the RIP of order (s',¢’) with probability at least 1 — p’.

Fiz e,p € (0,1) and s € [N]. Then, A will have the MRIP of order (s,€) with probability at least
1 — p provided that

mzmc{n (2| ] o) e (2 i)} O

where L := min {2log,(a/€), [logy(N/s)] + 1}.

Proof. We need to establish that A has the ERIP of order (2's, 2/2¢) for all integers | with 0 < [ <
[log,(N/s)]. To do so we will consider two separate ranges of the integers I:

a e integers [ < S (6] a/e) 10r wnic e < a ho S, an
(a) The L integers [ < L < 2log,(a/€) for which 2!/2 holds, and

(b) The remaining [logy(N/s)] + 1 — L integers [ for which 2!/%¢ > @ holds.
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For integers [ in range (a) the ERIP of order (2's,2!/%¢) is equivalent to the RIP of order (2's, 2/2¢),
and so choosing m as in (7) immediately provides each of these L ERIP conditions with probability
at least 1 — p/([logy(IN/s)] + 1). For each of the integers [ in range (b) the assumed RIP of order
(2 [2%@2/(2[/26)21 ,a2/2) together with an application of Lemma 2.1 with b < a and a + a/2
yields the desired result, where = < y means substitute y for x. Again, one can see that choosing
m as in (7) therefore provides each of these [log,(N/s)] +1 — L ERIP conditions with probability
at least 1 — p/([logy(N/s)] + 1). An application of the union bound now establishes that A will
therefore satisfy all of the [logy(N/s)] + 1 required ERIP conditions with probability at least 1 —p
as claimed. O

Using Theorem 2.3 with a = 1 together with Corollary 2.4 we can now see that SOB matrices have
the MRIP.

Theorem 2.4 (SOB Matrices have the MRIP). There exist absolute constants cp, ¢} > 1 such that
the following holds. Let e,p € (0,1). Any SOB matriz A € R™N with constant K that has

e chsK?
m > e—ngsln(eN/p) In? <162>

will have the MRIP of order (s,€) with probability at least 1 — p.

Having defined and discussed the MRIP condition we can now state the main theorem of [42] which
will ultimately allow us to construct e-JL. maps for arbitrary infinite sets using their Gaussian width
via structured matrices (including, e.g., SORS matrices).

Theorem 2.5 (MRIP implies Embedding of Infinite Sets [42] ). Fiz p,e € (0,1). Let T € RN and
suppose that E € R™Y has the MRIP of order (s, €') with

I e-rad(T)
~ ¢ -max{rad(T),w(T)}

s =200(1+1n(1/p)) and

where ¢ > 0 is an absolute constant. Let D € RN*N be a random diagonal matriz with i.i.d
Rademacher random variables on its diagonal. Then, the matrizc A = ED will obey

sup || Ax||3 — [[x[[5] < € - rad®(T)
xeT

with probability at least 1 — p.

We can now use Theorems 2.4 and 2.5 to prove a generalized version of Corollary 2.5 that still holds
when S is an infinite set.

Theorem 2.6 (SORS Matrices Embed Infinite Sets). Let S ¢ RY and ¢,p € (0,1). Let A =

VN/mRU'D be a m x N random SORS matriz with constant K. Then, there exist absolute
constants cg,c1 such that A will be an e-JL map of S into R™ with probability at least 1 — p
provided that

Co
m > 2 K20

€2 €2

Cl’sz n 2
(U(S))an( (U(S) In(2/p) K >ln(2/p) In(2eN/p).
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Note: We use the U’ notation for the unitary matrix in the theorem 2.6 above to avoid confusion
with the notation U(.S) for the set of unit vectors corresponding to set S.

Proof. We will apply Theorem 2.5 with T'= U(S) and p < p/2 noting that rad(T") = 1. Hence, by
the union bound it suffices to invoke Theorem 2.4 for v/N/mRU’ € R™*¥ with s = 200(1+1n(2/p))
and € = ¢/(c+ c-w(T)) again with p < p/2. Doing so we learn that we will obtain the desired
result as long as

m> ‘;—gwa +w(T))2(1 + In(2/p)) In(2eN/p) In? (03’(1 w0+ 1n(2/p))K2) .

2
Simplifying and combining absolute constants now leads to our final bound. O

Looking at Theorem 3.3 in [42] we can see that Theorem 2.6 improves the bound on m provided
there while retaining the fast O(N log V)-time matrix-vector multiplies provided by SORS matrices.
It is important to remember, however, that unstructured sub-gaussian matrices provide the smallest
bounds on m (recall Corollary 2.1) in the setting where fast matrix-vector multiplies are of secondary
importance. We now have all the tools necessary to prove that our proposed construction (1) can
serve as an oblivious e-JL. map for infinite sets.

3 New Fast Embeddings for Infinite Sets

This section is devoted to showing that the variant of the proposed construction (1) corresponding
to Figure 2 can indeed embed arbitrary infinite subsets of RY into R™ with m near optimal. We
will do this in four steps. First, we will establish that the proposed construction (1) can indeed
embed finite point sets near-optimally provided that their cardinality is not too large. As mentioned
above, this result can be considered a simplification and generalization of a prior embedding result
due to Ailon and Liberty [1]. Once we have the embedding result for finite point sets, we will then
show that, in fact, it also means that our proposed matrices (1) have the RIP for sufficiently small
sparsities. Next, having established the RIP we will then prove the MRIP for the proposed matrices
by applying Theorem 2.3. Finally, Theorem 2.5 ([42, Theorem 3.1]) can then be used to prove the
desired oblivious embedding result for arbitrary infinite sets. We are now prepared to begin.

3.1 The Case of Finite Point Sets

The following lemma shows that a very general set of choices for both A € R™*™ and B €
R™2*N/™1 in the proposed construction (1) lead to a matrix E € R™2*" which will embed arbitrary
finite subsets of R™. Before stating the result, however, we need some additional notation that will
be useful later. Let P; : RN R™ for j € [N/m3]o := {0,...,[N/m?7] — 1} be the orthogonal
projection defined by (P;j(x)), := 2,24, for all £ € [m3] := {1,...,m3}. For notational simplicity
we will generally assume that m? divides N below. If not, Prn/m21-1 can still map into m? by
padding its output with zeros as needed. All instances of N/mj can then also be replaced by
m1[N/m?] in such cases without harm. We have the following result.

Lemma 3.1. Let e € (0,1), S € RY be finite, and A € R™ > B e Rm2XN/m ¢ ¢ RV/mixN
and E = BC € R"™*N be as above in (1). Furthermore, suppose that
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(a) A is an e-JL map of P;S into R™ for all j € [N/m3]o, and that
(b) B is an e-JL map of C'S into R™2.
Then, E will be a 3e-JL map of S into R™2.

Proof. To begin we note that C' will be an e-JL map of S into RY/™ since

lCxl3—Ixl15] = | D IAPx[5—IPx|5| < > |IAPx|3 — [Px|3]
JE[N/m3]o JEIN/mTlo
<e > IPx|3 = ellx|3
JEIN/m3]o

holds for all x € S by assumption (a) about A. As a result, we can further see that E will be a
3e-JL map of S into R™? since
(1 —26)[x[3 < (1 = e)*x[3 < (1 = )l|Cx|3 < [ Ex|3
< (L+llox]3 < (14 [x5 < (1 +3¢)1x]3

will hold for all x € S. Here we have used assumption (b) about B to obtain the third and fourth
inequalities just above. O

We can now use Lemma 3.1 to prove the promised fast e-JL. mapping result for finite sets.

Theorem 3.1 (Fast Embedding of Finite Sets by General Setup). Let e,p € (0,1), S € RY be
finite, A = \/m1RUD be an my X m% random SORS matriz with constant K, and B € R™**N/™
have i.i.d. mean zero, sub-gaussian entries. Furthermore, suppose that mi,my € Z satisfy

In(coN|S|/mip) K>
€

K2
VN > my > 0062111(01N|S|/m%p)-1n2<

_ esIn(4]S1/p)

= 2

) In(4eN/p) and

where ¢y, c1,ca,c3 € RY are absolute constants. Then, E = BC € R™*N gs in (1) will be

vimz ,
an e-JL map of S into R™? with probability at least 1 — p. Furthermore, if U € R™™ has an
m3 - f(my) time matriz-vector multiplication algorithm, then E will have an O(N - f(my))-time
matriz-vector multiply.

Proof. Note the stated result follows from the union bound together with Lemma 3.1 provided that
its assumptions (a) and (b) both hold with probability at least 1 —p/2 for € « ¢/3. Hence, we seek
to establish that both of these assumptions will hold with probability at least 1 —p/2 for our choices
of A and B above. This can be done by applying Corollaries 2.5 and 2.2, respectively, utilizing the
union bound and adjusting constants as necessary. Finally, the runtime result for F follows from
the structure of A combined with Lemma 1.1 after noting that ¢y and ¢; can easily be increased, if
necessary, to ensure that mq > mso always holds. O
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Note that an application of Theorem 3.1 requires a valid choice of m; to be made. This will
effectively limit the sizes of the sets S which we can embed quickly below. In order to make the
discussion of this limitation a bit easier below we can further simplify the lower bound for m; by
noting that for a fixed and nonempty S ¢ R with, e.g., N > 4e we will have

In(coN|S|/m3p)K?
€

2
In(c; N|S|/m?p) - In? ( NK )

) In(4eN/p) < cIn(N|S|/p) - In® (

for an absolute constant ¢ € R™, provided that |S| < pm?e’ /N. As a consequence, we may weaken
the lower bound for m; and instead focus on the smaller interval

K? NK?
VN >my > ¢ —-In(N|S|/p) -In® (p)
€ €

for simplicity. Further assuming that K is upper bounded by a universal constant below (as it
will be in all subsequent applications) we can see that our smaller range for m; will be nonempty

whenever D o .
1§‘S|§Necem/ln (5)§pm¥€N/N (8)

holds for another sufficiently small and absolute constant ¢’ € R*. We will use (8) below to

limit the sizes of the sets that we embed so that Theorem 3.1 can always be applied with a valid
2

K NK?
minimal choice of m; < ¢’ —In(N|S|/p) In’ () < VN below. The following corollary of
€ €p

Theorem 3.1 is based on making more explicit choices for both A and B.

Corollary 3.1 (Fast Embedding of Finite Sets by SORS and Sub-gaussian Matrices). There exist
absolute constants ¢, € RT such that the following holds. Let e,p € (0,1) and S C RN with
N > 4e be finite with cardinality satisfying (8). Then, one may randomly select an m x N matriz
E of the form (1) such that E will be an e-JL map of S into R™ with probability at least 1 — p
provided that

m > ce ?In(|S|/p) .

Furthermore, E will always have an O(N log N) run-time matriz-vector multiply, and will in fact
have, e.g., an O(N log(log N))-time matriz-vector multiply for all S,p,e with |S|/p < N¢ and
e>1/N¢.

Proof. We will let B have, e.g., i.i.d. Rademacher entries and will choose U € R™mE to be, e.g.,
a Hadamard or DCT matrix (see, e.g., [24, Section 12.1].) Making either choice for U will endow A
with an O(m? log(m1))-time matrix vector multiply via FFT-techniques, and will also ensure that
K = V/2 always suffices. As a result, we note that f(m;) = O(log(mm,)) in Theorem 3.1. Combining
this with the runtime guarantee of Theorem 3.1 gives the runtime bound when using the minimal
choice of m1. The lower bound for m results from the ms lower bound in Theorem 3.1. O

Looking at Corollary 3.1 we can see that the resulting matrices E achieve near-optimal embedding
dimensions while simultaneously having o(N log N)-time matrix vector multiplies for sufficiently
small finite sets. Comparing Corollary 3.1 to Corollary 2.5 we can see that our proposed matrices
of the form (1) have matrix-vector multiplies which are always at least as fast as SORS matrices
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while simultaneously improving on their current best embedding dimension, m, bounds by a multi-
|
plicative factor of size roughly © (1112 <n(cS|/p)> In(eN) + ln(26/p)>. Of course, it must also be
€

remembered that Corollary 3.1 only applies to finite sets S whose cardinality satisfies (8) whereas
Corollary 2.5 applies more generally to larger sets.

3.2 New Fast Oblivious Subspace Embeddings and RIP Matrices

Let S € RY be a d-dimensional subspace. The following fact will be useful.
Lemma 3.2 (See, e.g., Corollary 4.2.13 in [16]). Let S%~' ¢ S ¢ RY be the d — 1-dimensional unit

d
Euclidean sphere in S. Then N(S?71,8) < <(?;) for all § > 0.

We are now prepared to apply Corollary 3.1 in order to produce an oblivious e-JL map of S into
R™ with m near-optimal.

Theorem 3.2 (Fast Oblivious Subspace Embedding). There exist absolute constants c,c’ & R*
such that following holds for d-dimensional subspaces of RYN. Let €,p € (0,1) and S C RN with
N > 50 be a d-dimensional subspace with d < 662\/N/ ln4(N/ep) — 1. Furthermore, suppose that
m € Z7T satisfies

m > c'de % 1n (1/e¢/p).

Then, one may randomly select an m x N matriz E of the form in (1) such that E will be an
e-JL embedding of S into R™ with probability at least 1 — p. Furthermore, E will always have an
O (N - (log(d/€®) + loglog (N/ep)))-time matriz-vector multiply.

Proof. Note that, e.g., Lemma 3 in [34] implies the desired embedding result if F embeds an €/16-
net of S471 = the d — 1-dimensional unit Euclidean sphere in S. Applying Corollary 3.1 to such a
minimal net whose size is bounded by Lemma 3.2 then finishes the proof. O

With Theorem 3.2 in hand we can now easily consider RIP matrices of order (s,¢) of the form
in (1). The approach proposed in [8], for example, would be to simply apply Theorem 3.2 to all

(]:f ) subspaces of R" spanned by s canonical basis vectors, and then to use the union bound. The

following bound on (]:] ) is useful for such a strategy.

Lemma 3.3. [2/, Lemma C.5] For integers N > s > 0,
— ] = <{— ) -
s s s

Pursuing the simple strategy above yields the following RIP result which we will not use going
forward due to its highly strict requirements on the size of s. Nonetheless, we state it here for the
purposes of comparison.
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Theorem 3.3. There exist absolute constants c, d, " € RT such that following holds for N > 50.
Let e,p € (0,1) and s° < CGQW/ 1114(0’]\7/55])).O Furthermore, suppose that m € 7 satisfies

m > c’se”?1In (eN/se/p) .

Then, one may randomly select an m x N matriz E of the form in (1) such that E will have the
RIP of order (s, e) with probability at least 1 — p. Furthermore, E will always have an
O (N - (log(s/€*) + loglog (N/ep)) ) -time matriz-vector multiply.

Remark 3.1. Note that Theorem 3.3 requires s° < ce*v/N/In*(¢'N/sep) to hold. In fact, simply
being more careful about the p dependence in the derivation of (8) can improve the exponent 5 on s
above, even within this simple proof framework. However, achieving linear scaling on s appears to
require us to use a different argument that avoids aggressive use of the union bound at this stage.

The following alternate and improved RIP result achieves better scaling on the allowable size of
s. It is proven using a covering argument over all unit length s-sparse vectors as opposed to the
simpler approach outlined above. Effectively this alternate argument allows us to scale |S| in an

expression analogous to (8) by a factor of (]:[ ) while leaving p fixed, instead of forcing us to apply
. N
(8) with p — p/ . )

Theorem 3.4 (Fast RIP Matrices). There exist absolute constants c,c, ¢’ € R such that following
1 1
holds for N > 50. Let ¢ € <0, 3) ,andp € (eN, 3>, and s < 662\/N/ In°(¢'N/ep). Furthermore,

suppose that m € Z™" satisfies
m > c’se ?In (N/e/p) .

Then, one may randomly select an m x N matriz E of the form in (1) such that E will have the
RIP of order (s, €) with probability at least 1 — p. Furthermore, E will always have an
O (N - (log(s/€?) + loglog (N/ep)) ) -time matriz-vector multiply.

Proof. See Appendix A. O

Comparing Theorem 3.4 to Theorem 3.3, we can see that Theorem 3.4 applies to a much larger
range of sparsities s. Nonetheless, both theorems achieve a near-optimal scaling of the embedding
dimension m and have fast matrix-vector multiplies. Comparing Theorem 3.4 to Corollary 2.4 we
can see that our proposed matrices of the form (1) have matrix-vector multiplies which are always
at least as fast as SOB RIP matrices while simultaneously improving on the current best bounds
for their embedding dimension, m, by a multiplicative factor of size roughly © (ln2 s), having fixed
e and p. Of course, it must also be remembered that Theorem 3.4 applies to a smaller range of
sparsities than Corollary 2.4 does. We are now equipped with the tools necessary to prove our main
oblivious embedding result for infinite sets.

5The condition on s here is highly pessimistic. See Remark 3.1 for additional discussion about other admissible
upper bounds which scale better in s.
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3.3 Fast Embeddings of Infinite Sets with Small Gaussian Width

Having proven the RIP for matrices of the form (1) we can now establish the MRIP for such matrices
using Theorem 2.3 with a = 1/3. Doing so while carefully considering the domain of the function
fn corresponding to Theorem 3.4 produces the following result. As usual, the absolute constants
have been adjusted and simplified as needed.

Theorem 3.5 (Fast MRIP Matrices). There exist absolute constants ci,co,c3 € R such that
following holds for N > 50. Let ¢ € (0,1), and p € <6N([log2(N/sﬂ +1),£1))), and s <
0162\/N/ In°(cyN/ep). Furthermore, suppose that m € Z+ satisfies

m > czse 21In (N/e/p) .

Then, one may randomly select an m x N matriz E of the form in (1) such that E will have the
MRIP of order (s,€) with probability at least 1 — p. Furthermore, E will always have an
O (N - (log(s/€*) + loglog (N/ep)) ) -time matriz-vector multiply.

Finally, we may now apply Theorem 2.5 in light of Theorem 3.5 in order to obtain the main result
of this section.

Theorem 3.6 (Fast Embedding of Infinite Sets). There exist absolute constants c},ch,cy,cj € RT
such that following holds. Let S C RN be nonempty for N > 50, ¢ € (0,1), p € (e_cllN, 1/3), and

D' € RV*N be q random diagonal matriz with i.i.d Rademacher random variables on its diagonal.
Furthermore, suppose that w?(U(S)) < che>V/N/In®(c4N/ep) and that m € Z* satisfies

In (N/ep) In(1/p)

m > cuw?(U(9)) .
Then, one may randomly select an m x N matriz E of the form in (1) such that ED" will be an
e-JL map of S into R™ with probability at least 1 — p. Furthermore, ED’ will always have an
O (N - (log (w(U(9))/€e) +loglog (N/ep))) run-time matriz-vector multiply.

Proof. We will apply Theorem 2.5 with T'= U(S) and p < p/2 noting that rad(T") = 1. Hence, by
the union bound it suffices to invoke Theorem 3.5 with s = 200(1 + In(2/p)), € = ¢/(c+ ¢ w(T)),
and p < p/2. Simplifying using the fact that ¢ < w(U(S)) < w(U(RY)) < VN +¢” and combining
absolute constants now leads to our final bounds. O

Comparing Theorem 3.6 to Theorem 2.6 one can see that our proposed matrices (1) have matrix-
vector multiplies which are always at least as fast as SORS matrices while simultaneously improving
on the current best bounds for their embedding dimension, m, by a multiplicative factor of size

2(U(9))In(2
roughly © ( In? (cw (0l )2) n(2/ p)>>, with e fixed. Of course, it must also be remembered that
€

Theorem 3.6 applies to a smaller range of Gaussian widths than Theorem 2.6 does.

Remark 3.2. Note that there is some redundancy in the final form of the embedding matrices
constructed by Theorem 3.6. In particular, they look like

RUD

A
ED = | ~BcD =/ B D =,/"p D’
meo meo A mo

RUD
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2
where B € R™*N/™1 has ii.d. mean 0 and variance 1 sub-gaussian entries, R € {0,1}™*™

contains my rows independently selected uniformly at random from the m% X m% identity matriz,

UeR™*™ s q unitary matriz with a bounded SOB constant, D € {0, —1, 1}"”?””? is a diagonal
matriz with i.5.d. £1 Rademacher random variables on its diagonal, and D" € {0,—1, 1}NXN is a
random diagonal matrixz with i.i.d. Rademacher random variables on its diagonal. Now one can

see, for example, that the same embedding result will hold without having to use the smaller diagonal
D D

matriz D since D' =D and D' are identically distributed.
D D

Of course, before we can apply Theorem 3.6 to, e.g., submanifolds of R™ we will need covering
bounds for their normalized secants. We derive such bounds in the next section.

4 Generalized Covering Bounds for Compact Smooth Sub-
manifolds of R" with Respect to Reach

In this section we prove four main theorems. In Theorem 4.2 we give upper bounds for the covering
numbers of compact and smooth submanifolds of Euclidean spaces with empty boundary. The
method of proof is based on Giinther’s volume comparison theorem [25, page 169, Theorem 3.101,
part ii]. In Theorem 4.3 we use Theorem 4.2 to give upper bounds for the covering numbers of
a compact and smooth submanifold with nonempty boundary. We do so by first covering the
boundary as an independent manifold. This covers a collar of the boundary, after which we cover
the interior. In Theorem 4.4 we utilize our bounds for the covering numbers of submanifolds to
bound above the covering numbers of their unit secant sets.

Finally, Theorem 4.4 is applied in Theorem 4.5 to bound the Gaussian widths of the unit secant
sets of submanifolds of RY with boundary. These Gaussian width bounds can then be employed
together with the general embedding results from Sections 2 and 3 to produce our main theorems
in Section 1.2.

4.1 Reach and its Basic Properties for Submanifolds of R"

Here we review the definition and basic properties of the reach of a subset of Euclidean space.
We specialize to the case when the subset is a compact and smooth submanifold and review the
relationship of reach to intrinsic Riemannian geometric features of the submanifold. We include the
case when the submanifold has nonempty boundary as is often the case for a manifold modeling
real world data.

Reach is an extrinsic parameter of a subset S of Euclidean space defined based on how far away
points can lie from S while having a unique closest point in .S. Reach has been used extensively as a
regularity parameter for S since 1959 when it was defined by Federer in [22]. A historical viewpoint
of its development can be found in [15]. Its applications can be found in [1], [10], and [20].

Here, our focus will be on the case when S is a smooth submanifold of Euclidean space. In this case,
the inner-product on the ambient R restricts to a Riemannian metric gg on S. The Riemannian
metric gg equips S with the structure of a geodesic metric space

ds:SxS =R
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described below. While reach is defined extrinsically, it bounds some intrinsic properties of the
metrics gg such as its sectional curvatures and the injectivity radii of its points. With these bounds
in place, we employ Riemannian geometric techniques to obtain lower bounds on the intrinsic vol-
umes of metric balls in S having sufficiently small radii, and in turn, upper bounds on the covering
numbers of compact and smooth submanifolds.

We begin by recalling the definition of reach and will then review some of its basic properties.

Definition 4.1. (Reach [22], Definition 4.1) For a subset S of Euclidean space S C RY , the reach
Ts is defined as

Ts = sup {t >0 ‘ Vx € R"™ such that d(x,S) < t, x has a unique closest point in S} .

Open subsets of Euclidean space have zero reach. Closed subsets can also have zero reach. For
example, the closed subset {(z,|z|)|z € R} of R? has zero reach because of the singular point
(0,0). However, sufficiently regular closed subsets have nonzero reach. In particular, compact
smooth submanifolds of Euclidean spaces, the subsets under consideration herein, have positive
reach [22]. The reach of a closed subset can also be infinite; the closed convex subsets of Euclidean
space are precisely the closed subsets having infinite reach. We include a proof of this well-known
characterization of convexity as it will be used below.

Lemma 4.1. A closed subset of RY is convex if and only if it has infinite reach.

Proof. First assume S is a closed and convex subset of RY. Seeking a contradiction, assume
S has finite reach. Then there exists a point x € R™ and distinct points p,q € S such that
d(x,8) = ||lx — pll]2 = ||lx — q||l2- Let z be the midpoint of the line segment pq. As S is convex,
z € S. The Pythagorean Theorem implies ||x — z||2 < ||x — p||2, a contradiction.

Now suppose that S is a closed subset of RYY with infinite reach. As S has infinite reach, the nearest
point projection map P : RY — § is well-defined. By [22, Theorem 4.8(8)], P is 1-Lipshitz. Let
P,q € S be distinct points, and seeking a contradiction, suppose the line segment pq does not lie
entirely in S. Then since P(pq) is a continuous path joining p to q lying entirely in S, it cannot
lie entirely in pq. Therefore, there exists a point z € pq with P(z) ¢ pq.

We now have

Ip—dallz <|p—P(z)ll2 + [ P(z) — all2 = [[P(p) = P(z)|]2 + | P(z) — P(q)]2
<lp—zl2+ [z —dll2 = lp — a2,
a contradiction. Here the last inequality uses that P is 1-Lipshitz. O

We now restrict to the case of compact smooth d-dimensional submanifolds of RY (d < N).
Throughout we denote such a manifold by M to emphasize the manifold setting. We quickly
review the definition of these spaces.

By a slight abuse of notation, below we let
RY = {x=(z1,...,2n) €ERY |2g1 =--- =25 =0} and H?={xecR? |z, >0}.

By definition, M is a compact subset of RN having the property that for each x € M there exists
open subsets U and V of RY with x € U and 0 € V and a smooth diffeomorphism ¢ : U — V with
#(x) = 0 and such that
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L ¢(UNM)=VNR? or
2. p(UNM)=VNH

Precisely one of 1 or 2 holds for each x € M. The interior of M, denoted intM is the union of
points for which 1 holds. The boundary of M, denoted M is the union of points for which 2 holds.
The following Lemma is readily deduced from the definition; we omit its standard proof.

Lemma 4.2. Let M be a compact smooth d-dimensional submanifold of RY.
1. intM is nonempty.
2. OM has finitely many connected components.

3. If C is a nonempty connected component of OM, then C is a compact smooth (d — 1)-
dimensional submanifold of RY with dC = 0.

Lemma 4.3. Let M be a compact smooth d-dimensional submanifold of R with infinite reach.
Then

1. There exists a d-dimensional affine subspace V of RY such that M C V.
2. The boundary OM is homeomorphic to the (d — 1)-dimensional sphere.

Proof. By Lemma 4.1, M is convex. Let x € intM. For each p € M the line segment xp lies
entirely in M and so also in the tangent space, concluding the proof of 1. The manifold M is a
compact convex subset of the d-dimensional affine space TxM with nonempty interior and so has
boundary homeomorphic to a (d — 1)-dimensional sphere, concluding 2. O

We will now briefly review relevant facts from Riemannian geometry used to establish our covering
number bounds. Let M be a connected, compact, and smooth d-dimensional submanifold of RY.
The Euclidean inner-product on RY induces a Riemannian metric g on M defined by restricting,
for each x € M, the Euclidean inner-product to the tangent space Ty M. Each sufficiently regular
curve in M has a well defined gas-length: If 7 C R is an interval and v : I — M is a piecewise
C'-regular curve in M, then v has guq-length

L(y) = / (7 B,y D)t

Define
d/\/l M XM—)R,

by setting d(p,q) equal to the infimum of the gaq-lengths of piecewise C'-regular curves joining
p to q for each (p,q) € M x M. It is routine to check that (M, dx ) is a complete metric space
majorizing the Euclidean (chordal) metric on M: For all (p,q) € M x M,

Ip—dallz < dm(p,q).

Given x € M and r € (0,0), let

Bum(x,r) = {y € M|dm(x,y) <r} and B(x,r)={y e RV ||x—y]> <r}
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and note that
Bum(x,7) C MNB(x,7). 9)

When the manifold M has empty boundary, geodesics in M are classically defined as the smooth
curves v : I — M with zero internal acceleration: For each ¢t € I, v”(¢) is normal to the tangent
space T ;) M. It is standard, albeit nontrivial, to argue that geodesics are equivalently defined as
the locally distance minimizing curves in M. This metric-geometry approach is the starting point
for defining geodesics in a Riemannian manifold with possibly nonempty boundary.

Herein, a geodesic in M is defined to be a locally distance minimizing constant speed parameterized
path: A continuous path v : I — M such that there exists v > 0 having the property for each ¢t € T
there exists a subinterval J C I with ¢ € J and such that for each t;,t5 € J,

dm(v(t),7(t2)) = v|t1 — tal.

A geodesic can be reparameterized so that its speed v = 1. In this case, it is said to be parameterized
by arclength. A geodesic v : I — M is minimizing if the above equality holds for all ¢1,t, € 1.
Geodesics in Riemannian manifolds with boundary are C'-regular [5] and have one sided second
derivative [6]. In particular, since M is compact, for each (p,q) € M, there exists a Cl-regular
minimizing geodesic v joining p to q. We define an interior geodesic to be a geodesic v : I —
M with image disjoint from OM, or equivalently, with image in intM. An interior geodesics
has C*°-regularity, is characterized by having zero internal acceleration as above, and is uniquely
determined by a pair (y(¢),7/(t)) for any t € I. In contrast, when M # (), geodesics need not be
C*-regular and may no longer be determined by an initial position and velocity due to possible
bifurcations at M (see Figure 1). Our analysis below avoids these complications by working with
interior geodesics. To this end, we adopt the convention that if 9M = @, then for each x € M,
dp(x,0M) = co. With this convention, if x € intM, 0 < r < dp(x,0M), and if B, C TueM
denotes the ball of radius r in T%xM centered at the origin, then for each v € B, there is a unique
interior geodesic
Y i [0,1] = intM

with 7, (0) = v. This gives rise to the exponential map
exXpy . : Br — intM,
defined by for each v € B, expy ,.(v) = 7v(1). Note that
exPy . (Br) = Bum(x,7).

The derivative of exp, , at the origin in B, is the identity map of T5xM. It follows from the
inverse function theorem that if r is sufficiently small, then exp, , is a diffeomorphism onto its
image. In Lemma 4.5 below, we estimate, in terms of the reach of M, how large r can be while
retaining this property. As a preliminary step, we first consider how large r can be while having
the property that exp, , is a local diffeomorphism. To do this, we will apply the well known Rauch
comparison theorem stated below. This theorem bounds the range of r for which exp, , is a local
diffeomorphism from below in terms of an upper bound on the sectional curvatures of intM.

Intuitively, the sectional curvatures of M quantify how much M bends in RY along each two-
dimensional tangent plane. A precise definition can be found in any Riemannian geometry textbook.
Here we are concerned with their relationship to the reach parameter. As an example, let S be a
Euclidean sphere in RY of radius 7. Then S has constant sectional curvatures equal to 72 and
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reach 7¢ = r. For more general submanifolds, the reach bounds sectional curvatures above as in
the following well-known lemma.

Lemma 4.4. Suppose M has reach T.
o If 7 < o0, then intM has sectional curvatures bounded above by 2.
o If T =00, then int M has sectional curvatures equal to zero.

Proof. By Gauss’ equation [11, page 100, Theorem 5|, it suffices to argue that the norms of the
second fundamental forms at points in intM are bounded by 77'. See [10, Lemma 4] or [40,
Proposition 6.1] for a proof of this bound. O

Having bounded the sectional curvatures above, we may now bound the local diffeomorphism range
of r below using the Rauch comparison theorem.

Theorem 4.1 (Rauch comparison). Let x € M and 0 < r < dp(x,0M), and assume int M has
sectional curvatures bounded above by K € [0, 00).

1. If K > 0,then expy , is a local diffeomorphism provided r < o

VK

2. If K =0, then expy ,. is a local diffeomorphism.

We now apply the local diffeomorphism bound to obtain a bound for the range of r for which exp, ,.
is a diffeomorphism.

Lemma 4.5. Let M be a smooth and compact d-dimensional submanifold of RN with reach T > 0.
Further assume that x € M and r € R satisfy

O<r<zr and dym(x,0M) > r.

Then the exponential map expx , : By — intM is a diffeomorphism onto its image Ba(x, 7).

Proof. Since r < 77, [0, Theorem 3] implies that exp, ,. is one-to-one and so a bijection between
B, and Ba(x,r). Applying Lemma 4.4 and Theorem 4.1, exp, , is a local diffeomorphism. This
concludes the proof since a bijective local diffeomorphism is a diffeomorphism. O

Let H? denote the d-dimensional Hausdorff measure on RY. The Riemannian volume of a measur-
able subset of a compact smooth d-dimensional submanifold M coincides with its H%measure. We
adopt the following notional conventions. Given d € N and s > 0,

e Let D? denote the closed Euclidean ball in R? with center 0 and radius s. Furthermore we
let D¢ = DY,

e Let S? = 9D denote the d-dimensional sphere in R with center 0 and radius s, and let
S = 4.

o Let wy = H(D?).

e If 0 < 7 < s, let V(d, s,r) denote the H?-measure of one (hence any) intrinsic metric open
r-ball in S?. Note that 7s equals diam(S?) with respect to the Riemannian metric on the
sphere.
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e If M is a compact smooth d-dimensional submanifold, let Vo, = H¥(M).

Given x € M and r as in Lemma 4.5, we obtain a lower bound on H%(B(x,7)) as described in
the next Proposition.

Proposition 4.1 (Giinther’s Volume Comparison). Let M be a smooth and compact d-dimensional
submanifold of RN with reach 7 > 0 and d > 2.

1. If x € intM and r € R satisfy 0 < r < w7 and dy(x,0M) > r, then

HYBm(x,7)) > V(d,T,7).

2. If r < 67, then

22\ 41
V(d,r,7) > wy (1 — 67'2> re.

Proof. If the reach of M is infinite, then by Lemma 4.3, M is a convex subset of a d-dimensional
affine space. Since x is at least r away from the boundary, we have H%(Baq(x, 1)) = wqgr?, concluding
the proof in this case. In the remainder of the proof, we assume 7 is finite.

Let x € intM and r > 0 be as in the statement of 1. By Lemma 4.5, exp, ,. is a diffeomorphism onto
its image, the geodesic ball Byg(x,r). By Lemma 4.4 and Giinther’s volume comparison theorem
[25, page 169, Theorem 3.101, part ii], HY(Baq(x,7)) is bounded below by the volume of a metric
r-ball in the sphere Sﬁ having constant sectional curvatures 72, concluding the proof of 1.

To prove 2, let f(z) = &(w) We use a formula derived from [38]:

V(d,T,r) = dw </0 (acf (%)) dx) o

As f(z) is positive and decreasing on (0,7) and 7 < V67 < 77, it follows

r , d—1 Py do1
> — — _ d
V(d,r,r) > dwqg (/0 (xf <T>>dz> waf (7_) r

2

Now using 0 < 1 — % < f(x) on (0,V/6), we obtain

AN .
V(d,r,7) > wq (1_67'2> r?,
concluding the proof. O
Given a compact and smooth d-dimensional submanifold M of R with reach 7, the ratio
Viu
%

is invariant under a rescaling of the ambient RY. The preceding Proposition 4.1 applies to show this
ratio is uniformly bounded below for compact smooth d-dimensional submanifolds with M = 0
as in the next proposition.
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Proposition 4.2. Let M be a compact smooth d-dimensional submanifold of RN with d > 1. If
OM =0, then

Vm
d
TMm

> HYSY).

Proof. By Lemma 4.3, the reach 74 is finite. Since TM is scale invariant, it is sufficient to consider
T

M

the case where o4 = 1. The case of d = 1 is classical |

Proposition 4.1 to deduce

, 23]. When d > 2, let x € M and apply

Vi > HYBuMm(x, 1) > V(d, 1,7) = HUSD).
O
With the volume comparison Proposition 4.1 in place, we are now prepared to prove covering

number bounds for compact smooth submanifolds of RY in terms of reach.

4.2 Upper Bounds for the Covering Numbers of Compact Smooth Sub-
manifolds of RY

We begin by reviewing the related covering and packing numbers of a subset of a metric space.
Definition 4.2. Let (X,d) be a metric space, E a subset of X, and r > 0.

1. The packing number NP**(E) is the largest number of points x1,...,x, € E such that the
metric balls B(x1,71), ..., B(xn,r) are pairwise disjoint.

2. The covering number N:°U°"(E) is the fewest number of points x1,...,x, € E such that E
lies in the union of the metric balls B(x1,71), ..., B(xy,r).

This section presents upper bounds for the covering numbers of compact smooth submanifolds of
Euclidean spaces. The method employed is to give upper bounds for the packing numbers of these
submanifolds and to apply the following well known lemma [416, lemma 4.2.8].

Lemma 4.6. For each r > 0, N°V*"(E) < fo;k(E)

Theorem 4.2 (Covering a Compact Smooth Submanifold with Empty Boundary). Let M be a
compact smooth d-dimensional submanifold of R™ with OM = 0. Let Toq, Vg € (0,00) denote the
reach and volume of M, respectively.

1. Ifd=0 and € > 0, then N" (M) < V.
Vm

. d—1 . d'
wi(l-52)  (5)

Proof. First assume d = 0. Then V4 € N and there exists a set of V4 points

2. Ifd >0 and if 0 < € < 2V/67pq, then NV (M) <

{x1,..., Xy} CRY
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such that M = {x1,...,xv,,}. The Euclidean balls B(x;,€) with ¢ = 1,...,V cover M, con-
cluding the proof in this case. Next assume d > 0. By Lemma 4.6, it suffices to establish the
inequality

ack
NP (M) < o
Wd (1 - 24Tj2w> (5)
Recall from (9) that for each x € M and r > 0,

Bum(x,r) C B(x,7) N M.

Conclude that if {x1,...x,} are p-points in M such that the Euclidean balls B(x;,r) are pairwise
disjoint, then the intrinsic metric balls Baq(x;,7) are also pairwise disjoint. In this case, since He
is additive,

Vo > pmin{”Hd(BM(xi,r)) [i=1,...,p}.

With this in mind, applying Proposition 4.1 with r = % yields the desired conclusion. O

We will now apply our theorem to S? to judge its tightness. A standard estimate for covering S?

3

with balls of radius € centered on the sphere is (> , see [16, corollary 4.2.13]. Theorem 4.2 yields
€

an upper bound of comparable quality.

2.14
Corollary 4.1. For 0 < € < 1, S* ¢ RY can be covered with at most (3.4\&?)7 Euclidean
€

N-dimensional balls of radius e centered in S°.

v
Proof. By Theorem 4.2, we need at most ———17; Palls. We have 7 = 1, V =
d s (1= 552)" (3)
2z 72 14 I'(¢+1)
, Wy = ———, and — = 2 2 < 2V7wd. This leads to an upper bound of
r(&h)y 7 1+ wa VI (L) T PP
d

< 3.4Vd <21>d O

> In(d)

While there are tighter bounds on the order of O ( v ) ([12, Theorem 6.8.1]), they only
€

apply to S?, whereas Theorem 4.2 has the advantage of applying to a general submanifold.
Using Theorem 4.2 and Lemma 4.2 we now present a covering estimate for a manifold with nonempty

boundary. We first introduce some notation. Given a compact smooth d-dimensional submanifold
M of RN with OM # 0,

e Let Cy,...,Cr (k> 1) denote the nonempty connected components of OM.
e Let 77 denote the reach of M.

e For each i € {1,...,k} let 7¢, denote the reach of C;.

Sk}

e Let ppr = min{re,
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e Let Vg = HYM) and Vop = HIHOM).
e For each i € {1,...,k}, let Vo, = HI1(C)).
Note that i
Vom =Y Ve,
i=1
Theorem 4.3 (Covering a Compact Smooth Submanifold with Nonempty Boundary). Let M be

a compact smooth d-dimensional submanifold of RN with d > 1 and OM # 0. Further assume
e € (0, min{4v6 1, 2V67r}].

1. If d =1 then
V,
Necover(M)S M + Vom.
€

2. If d > 2, then

V V
M i oM

d—1 a2 -
Wa (1 - ﬁ) (5)" winr (1 - ﬁ) (5"

Proof. First consider the case when d = 1. Each connected component of M is either an embedded
circle or an embedded closed interval. Let D denote a connected component and let Vp denote its
length. We claim

NECO’UE’I‘ (M) <

V
1. If 9D = 0, then N*"(D) < -2 and
€

v
2. If 0D # (), then N°"*"(D) < —2 + 2.
€
Assuming the claim, the desired upper bound follows from summing the above upper bounds over
the connected components of M, noting those components D with 9D # () have Vopp = 2 and those
with 0D = () have Vyp = 0.
We now establish the claim. We apply Lemma 4.6, and instead give an upper bound for N g k(D).

In case 1, by (9), each Euclidean ball of radius €/2 centered in D contains a geodesic ball of the
same radius. The length of this ball is 2(¢/2). Therefore, N***(D) < @, where we have used
2 €

thatV—DZ Vp > Vp > 2m
€ 2/610  2V6mp  2V6
all but at most two of the Euclidean balls in an €/2 packing of D will meet D in a geodesic interval
of length at least e. The two potentially exceptional balls are those centered at points nearest to
the two boundary points. Now 2 follows, concluding the proof of the theorem when d = 1.

> 1 by Proposition 4.2. By the same reasoning, in case 2,

Now assume d > 2. We will cover the following two subsets of M separately:

€

Slz{xeM]dM(x,aM)<§} and Sy = M\S,.
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We begin by obtaining a covering number bound for S;. We first claim

Nﬁcover(sl) < Ngover(aM). (10)

Indeed, assume that OM has been covered by a finite set of Euclidean € balls and let C ¢ OM
denote the set of centers of these balls. Given x € S1, there exists y € 9M and ¢ € C such that

€
dm(x,y) < 5 and |y —cflz <e/2.

Then,
[x—cl2 < [x=yllz+ ly = cll2 < dm(x,y) + €/2 <&,

demonstrating that C' is the central set for an e covering of S; and establishing (10).

By Lemma 4.2, the boundary dM is a compact smooth (d — 1)-dimensional submanifold with
empty boundary and with finitely many connected components Ci,...,Cqp. As e < 4v6usr and
pom =min{re, |i € {1,...,k}}, we may apply Theorem 4.2 to each component C; to deduce

VC. Vc.

521 d—2(€\d—1 =< 621 d—2(€\d—1" (11)
wg—1(1 — 96"'c2~) (Z) wg—1(1 — 9614%/\4) (Z)

Ngover (Cl) <

k
Combining (10), (11), and the obvious inequality N¢**"(OM) < Z Ngov"(C;) we have

=1
k Zk Ve. Vo
NEEr($1) < 3O NET(C) < o = - (12)
€ _ 3 Wy 1(1_ €2 )d—2(£)d—1 Wy 1(1_ €2 )d—2(5)d—1
i=1 - 9613 g 4 - 9613 5 q 4

We next obtain a covering bound for S using the method employed in Theorem 4.3. By Lemma
4.6,

Nézover(SQ) < Ngack(SQ).
If C C S5 is the set of centers of a packing by Euclidean %—balls, then the da( metric %—balls are

€
pairwise disjoint in M. As e < 2v/67r1, Proposition 4.1 applies with r = 3 to show each such ball

2 d—1 d
has H%-measure at least wy (1 - ) (E) . It follows that

247'M 2
Vm
NEver(5,) < - — (13)
call = 3821 5)!

The claimed upper bound for N&°¢" (M) now follows from (12), (13), and the obvious inequality
NEVET(M) < NEOVET(Sy) + NE°U¢(S1), concluding the proof of the theorem. O

To illustrate Theorem 4.3 we will now apply our estimate to the standard closed d-dimensional unit
ball D¢ (e.g., the closed unit disk for d = 2) as a manifold with boundary.
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Corollary 4.2. Consider D% ¢ RY withd < N and N > 2. Ife € (0,1), then

d d—1
2 4.
Necover(ID)d) S () + o ( 05) .
€ €

Vpa Vga-
Proof. From Theorem 4.3, we need at most D = + s )
€2 e\ ad €2 eyd—1
wa |\ 1= g2, (3)" war{1-gem (%)
balls. The relevant parameters are
M VDd Tpd 8]D)d ‘/Sd—l Tgd—1 Wq Wd—1
Z TET
T2 T2
D4 o | St 2 1 Vipa | Viga—
I'4+1) I
d d—1 d d—1
2 95 (964 2 4.05
Using 0 <e<1weget, (-] +2r— - <|(-) +27n| — . O
€ 96 \ 95 € € €

4.3 Covering Estimate for the Unit Secants of a Submanifold from Above

Recall from Section 2, the unit rescaling map
U:RY\ {0} —sV!

defined by U(v) and that for a subset S of RY,

o v
[[vIl2

S—S={p—-q|p#4q, p.geS}.

Elements in S — S are the secants generated by S and elements in U(S — S) are the unit secants
generated by S. In this section we provide an upper bound for the covering number of the closure
of the unit secant set generated by a compact smooth d-dimensional submanifold M of RY. Such
an object, denoted herein by

UM - M),

has been studied previously in [37, Section 3], [13, Page 1323], [17, Section 1], and [18, Section 3].
We first consider two special simple cases.

Proposition 4.3. Let M be a compact smooth d-dimensional submanifold of R™. Let Vi denote
the volume of M and Taq denote its reach. Let 0 < e < 1.

1. If d =0, then
NP (UM = M)) < V/%,l.

2. If d > 1 and Tpq = 00, then

oo GO < (1+2)

€
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Proof. 1. As d = 0, M consists of V4 points in RY. From its definition, UM — M) has cardi-
nality at most the cardinality of M — M. The latter is bounded above by the cardinality of M x M.

2. By Lemma 4.3, there is a d-dimensional affine subspace V of RY such that M is a compact smooth
convex body in V. Tt follows that U(M — M) is congdruent to the (d — 1)-sphere ¥ ¢ sV-1,
This sphere has the standard covering bound (1 + 2) [16, Corollary 4.2.13].

‘ O
We now move to the general case of a compact smooth d-dimensional submanifold M, with d > 1

and 74 < oo. We allow the possibility that OM # @ and adopt the notation preceding Theorem
4.3. Further, we let

T = min{TM7 MaM}>

where we set pgrg = oo when OM = ().

Given a sufficiently small number € > 0, we will estimate the covering number NV (U(M — M))
following related arguments for manifolds without boundary presented in [15], [20], and [36]. The
strategy is to separate the secants M — M into long and short secants and to cover their images in
U(M — M) separately. Before proceeding, we record three lemmas that will be useful in the course
of the proof. For long secants, we will use the following lemma.

Lemma 4.7. [15, Lemma 4.1] Let p,p*,q and q* be 4 points in RY. Let 0 < 1:=||p — ql|2 and
4d
lp — p*ll2;[la —a*ll2 <d € RT. Let 0 < e <1 and assume T <e. Then,
[U(p—a)—U(P" —a’)l, <e
For short secants, we will use the following two lemmas.

Lemma 4.8. Assume p,q € M satisfy 0 < |[p—ql|| < g Given a unit tangent vector w € T, M, let

w* € TuM be a unit tangent vector obtained by parallel translating w along a minimizing geodesic
joining p to q. Then

1. d/\/l(pv q) S T,
2|lp—q
2 duatpa) < o= al (14 2222 g

77_ .

3. if 0 is the angle between w and w*, then 6 <

Proof. By [40, Lemma 6.3] and [20, Lemma 7],

/ 2 _
dM(paq)ST_T 1_Ma (14)

implying the first inequality in the Lemma. Note that for each = € [0, 1],

2
1-«1—xgxzx. (15)
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2|lp — dll2

Using this with z = in (14) implies the second inequality in the Lemma. See [10, Lemma

-
6] for the third inequality in the lemma. O

Lemma 4.9. Assume p, q € M satisfy 0 < ||p — qll2 < g Let u € T, M be the initial unit length

velocity vector of a minimizing unit speed geodesic in M joining p to q. Let ¢ denote the angle
between u and U(q— p). Then

2
— 2y —

sin(6) < Il — dll2 (1+ Ip q||2> .
T

2T

Proof. See Figure 4. Let h be the distance between q and the line through p with direction u, and

let d = ||p — ql|2. We claim
d? 24\ °
h< —(1+—| . 16
27 ( + T) (16)

Assuming (16), we have

d? 2d 2 2
d? (4 2d _ 9Mp —
sn(@) =" < ZU+Z) _Ip—als <1+ Ip qllz)

d 2T T

[SHIRSY

as stated in the lemma. We conclude by establishing (16).

To this end, let 7 : [0, da (P, q)] = M be a unit speed minimizing geodesic joining p to q. For each
s € 10,dm(p,q)], let Vs = 4(s) and let (s) denote the angle between u = Vj and V;. By Lemma
4.8,

dm(p,a) <7 (17)
and
o(s) < 2 (18)
= 7_'
By (17) and (18), for each s € [0, drq(p,q)],
o(s) < < dm(p,q) <17
T T 2

As sin(t) is increasing on [O, g],
sin(A(s)) < sin (£> .
T

The incremental gain of v(s) in the direction h is at most sin(f(s)). Therefore

h< /OdM(p’Q) sin(6(s)) ds < /OdM(p’Q) sin (g) ds=T <1 — cos (W)) . (19)

Use (19) and the fact that
t2
1-— t —
cos(t) < 5
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for nonzero ¢t to conclude

2
dm(p,9) 9
2 2T

Combining (20) with inequality 2 in Lemma 4.8 establishes (16), completing the proof.

q

Figure 4: Two points with the geodesic and secant line between them. We bound the angle between
U(q—p) and Vp = u using 7.

O

Theorem 4.4 (Covering the Unit Secants). Letd > 1 and let M be a compact smooth d-dimensional
submanifold of RN with Tyy < 00.% Let € € (0,1).

2
1. If d =1, define a == 07VM+V3M. Then
T

N (UM = M) < (o +20) 1

d d—1
v 41 Vi 81
2. If d > 2, define a:= M () 4 oM () . Then

wq T wWd—1 T

Neover (M — M) < (o2 + 3%) 64%

I 2
Proof. Note that U(M — M) C RY includes all the unit tangent vectors to M. Fix a (7;0)—net

C in M having least cardinality and for each ¢ € C, let V. be an %—net in the unit tangent sphere
Sc M having least cardinality. Let
V=|JVe and D=U(C-C)UV.

ceC

SFor infinite reach, see Proposition 4.3.
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To prove the Theorem, we will prove that D is an e-net for U(M — M) and then give an upper
bound for its cardinality |D].

Proving D is an e-net for U(M — M).

To this end, subdivide M — M into disjoint subsets consisting of long and short secants:
Si={veM-M|vlo> T} and S={veM-M|v|o<}.

Note that the elements of U(M — M) that do not lie in U(M — M) are the unit tangent vectors
to M obtained as limits of elements in U(S3). Hence

UM = M) =U(S) UU(S).

We argue in two steps, first showing that U(C — C) is an e-net for the unit-rescaled long secants
U(S1), and then showing that V' is an e-net for the closure of the unit-rescaled short secants U(S3).

Step 1: Proving U(C — C) is an e-net for U(S7).

Given v=p—q € 51, let p* and q* be closest points to them in C. The triangle inequality implies

2
" T€ T€
P —a’[=lp—al =lp-pll-lla-a"l 2 = =255 >0.
5 20
In particular, p* # q*, and so
vii=p'—q*eC-C.
T€2
Applying Lemma 4.7 with [ = ||p — q|2 and d = 50
2 2
4(TE T
&) D,

W =000 = o =al < &

concluding the proof that U(C — C) is an e-net for U(Sy).

Step 2: Proving V is an e-net for U(S2).

The proof is based on the following two claims.

Claim 1. If v € U(S2), then there exists a unit tangent vector w to M such that

€
lv—w|2 < 3 (21)

Claim 2. If w is a unit tangent vector to M, then there exists ¢ € C and a unit tangent vector
w* € T,.M such that
€

: (22)

lw —w"[|s <
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We now prove that V' is an e-net for U(S2) assuming the validity of these claims. Given v € U(S3),
let w, ¢, and w* be as in the statements of the two Claims. By the definition of V., there exists
v* € V. C V such that

* * €
[[w* —v*|2 < 3 (23)
The triangle inequality and (21)-(23) now imply

v =vi <e

concluding the conditional proof. It remains to prove the claims.

Proof of Claim 1: Let v € U(S2). Without loss of generality, v is not a unit tangent vector to
M and so there exist p,q € M with

Te
0<llp—al=<+ (24)
such that v = U(p — q). There exists a unit speed minimizing geodesic v : [0,dpm(p,q)] — M

joining p to q. Consider the unit tangent vector u = 4/(0) and let ¢ denote the angle between u
and —v = U(q — p). Using Lemma 4.9, (24), and the hypothesis 0 < € < 1, we have

. Ip—als (|, 2lp—al2)’ _ e(5+2)> _ 49
< 1 < —. 2
sin(9) < T A =720 250 (25)
1
By (25), sin(¢) < 3 and so 0 < ¢ < % It follows
2sin(¢/2) < 3/2sin(g). (26)
Let w = —u and use (25)-(26) to conclude
14
Iv—wla=|—v—ul,= 2sm(§) < gsin(qﬁ) < 5026 <3

concluding the proof of Claim 1.

Proof of Claim 2: Let x € M and let w € Tx M be a unit length tangent vector. Let ¢ € C be
a closest net point to x so that

2
TE
— —. 2
Ix—ells < o (27)

Consider a unit speed minimizing geodesic
v : [0,dm(x,c)] = M

joining x to ¢ and let w* € T, M be the unit-tangent vector obtained by parallel translating w
along the geodesic v. In addition, let § denote the angle between w and w*. By Lemma 4.8,

0 < dM(Xac)
T

(28)
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and )
daalc) < e ol (14 A1) (20)

Using (27)-(29) and the hypothesis 0 < € < 1, we now have

. (0 IIx — cl|2 2|x — c||2 € €2 €
— Wiy =2sin( =) <6< 1 i+ )<E
fov—we e =20 () <o < el (1 2emell) 0 (40 o

concluding the proof of Claim 2.

As we have now established that D is an e-net for U(M — M), we have
NPT (UM = M) < [DI.
It remains to bound |D| from above.

Bounding |D| from above.

2
We first consider the case when d > 2. As C' is an 7—260

4.3 implies
2
c1=n (55), (30)

-net for M of minimal cardinality, Theorem

20

where

N(z) = Vm n Vom

d—1 d—2 L
wll-5ig) (B e (-wi) O

As |U(C - C)| < |C x C, (30) implies that

U(C - 0)| < (N (7'2602»2 (32)

€
Next, we estimate |V|. For each ¢ € C, V, is a minimal g-net in the unit tangent sphere Sc M. This

(31)

d
3
sphere is isometric to the unit sphere S*~1. By [46, Corollary 4.2.13], |V,| < (€> CAsV = U Ve,
ceC

vea ) s (2) ()"

Finally, since D = U(C — C) UV,
re2\\’ T€? 3\
< - < = —)(2) .
przwe-onms (v () o n () (2 -

This right hand side of (34) is rather inconvenient so we will simplify it.

we have
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One has

7€ Vm Vom
N(20> 2\ T at 2\ 2\
() )

We note 0 < € < 1, 7 = min{7q, uom}, and so

(2 x 20)4
o d—1

(1w (%))

(4 x 20)4-1
64 T 2
<1 - woom () >
d d—1
Define o = V—M <41> + Vom <81) . Then

Wy T Wda—1 T
7‘62 (%

Finally, substitute (35) in (34) and use 0 < € < 1 to obtain

< 40.005% < 41¢

< 80.003% < 81¢

d—2

—_— 1
Newer (M= M) < D] < (o +a3%)

as in the statement of the Theorem.
We conclude with the case when d = 1. By Theorem 4.3,

U(C - 0N <10 xCl=ICP < (205 + Vi

For each ¢ € C, there are precisely two unit length tangent vectors in T..M and so |V¢| < 2 and

20V
VI <2|C| <2 (M + Vam) .

T€2

Therefore,

T€2 2

20V, 2 20V
DI 10(C = O+ V1= (204 4 Vina ) 42 (2204 Voue)
20V,
Let @ = —2 4+ Vs Then
T

cover (Tr{ AA _ A4 1
NEP (UM = M) < D] < (o® +20) =,

as in the statement of the Theorem. O
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One might be concerned about the existence of a sequence of d-dimensional submanifolds of R
with @« — 0 as such a sequence would invalidate Theorem 4.4. In fact, no such sequence of manifolds
exists. Indeed, if d > 2 and OM = (), one can apply Proposition 4.2 to M directly to obtain

414
a> —HYSY, (36)
wq

and if OM # (), one can apply Proposition 4.2 to a boundary component, a d — 1-manifold without
boundary to obtain

811
a> ——HITHsE). (37)
Wd-1
Similarly, if d =1 and OM = (), Proposition 4.2 implies
a > 20H(SY), (38)
and if OM # (), then Voprq > 2 whence
a > 2. (39)

As a final example we apply our covering estimate again with M = S in Corollary 4.3 below, noting
that in this case, UM — M) = S?. There is considerable redundancy in this example as many
pairs of secants project under U to the same unit secant. It is an interesting geometry question to
find submanifolds such that their secants avoid being parallel. In this direction there is the work
on totally skew embeddings [26]. Such submanifolds would be great candidates for benchmarking
JL maps as their unit secants are expected to be large and “worst case” in terms of size. Here we
lose constant factors in the exponent compared to prior bounds for S¢ we have stated due to the
high level of redundancy present in the unit secants of S* which our general argument over counts.

Corollary 4.3. Let d > 2 and consider S% as a submanifold of RN . If € € (0, 1), then

20d412¢

Neer OET—5) < 2

Proof. Using Theorem 4.4, it suffices to show
a? + a3? < 2044177,

Y (“>d+ Vaga-1 <81>d_1 _ Vg <41)d
Wy T Wd—1 T wq T
d
2

since 9S? = (). We have 7 = 1, Vaa = 2%

We have

. Therefore a < 2v7d41%, and
a? + a3? < 4xd4a1?? + 2v/mda193 < 16d412% + 4d41%¢.
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Having established covering number bounds for the unit secants of general compact smooth sub-
manifolds of R, we are now able to bound the Gaussian Widths of these sets. After doing so
we will then be able to use the established bounds together with results from Sections 2 and 3 to
produce a variety of new embedding results for submanifolds.

4.4 A Gaussian Width Bound for Unit Secants from Above

Theorem 4.4 will now be used to bound the Gaussian width of the closure of the unit secant set for
a compact smooth submanifold of RY.

Theorem 4.5 (The Gaussian Width of the Unit Secants of a Submanifold of RY with Boundary).
Let M be a compact smooth d-dimensional submanifold of R with d > 2 and with Ty < co. Let a
and T be as in Theorem 4.4 and let ¢ = o 4+ a3®. Then the Gaussian width of U(M — M) satisfies

w(U(M — M)) < 8V2y/In(c) + 4d.

Proof. Note that by (36)-(39), ¢ > 1. We use the covering number bounds in Theorem 4.4 and
Dudley’s inequality (see, e.g., Theorem 8.23 in [24]):

o (TM=M) < 43 /0 ” wn (Neower (DM = D)) de. (40)

By Theorem 4.4, for each € € (0, 1),

C
edd :

NEPT(U(M = M)) <
As the covering numbers NV¢" (m) are non-increasing in e, for each € > 1,
Neover (m) <e
As UM — M) c SV~ for each € > 2,

Neever (DM~ M)) = 1.

Therefore

o () <ava ( [\ (S) ae v [ Vinw a)
:4\/5/01 \/ln(c)+4d1n (1) de + 4v2y/In(c)
§4\/§\/m<1+/01\/1+ﬁé)1n(1> de)

< 4v/2y/In(c) 1+\//011+hf(dc)ln<1> de |,

€
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where the last inequality follows from Cauchy-Schwartz. Note that for £ > 0

1

! 1
/ 1+kIn () dz =1+ lim —k(zIn(z) — z)|
0 €T a—0 a
=1+k.

Hence,
w (TM=M)) <4v2y/in(e) (1 T hi‘;)
< 8v2y/In(c) + 4d
as claimed.

We have now established all the results needed to prove our main theorems.

Data Availability The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.
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The proof of Theorem 3.4

The following lemma describes properties that the matrices A and B can have in order to guarantee
that E in (1) will approximately preserve the norms of all elements of an arbitrary bounded set
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S ¢ RY. Though we will present the proof in general, we will be primarily interested in the case
where S contains all unit norm s-sparse vectors so that

S=U U span <{ej}j€5”) . (41)

S’C[N], |S’|=s

1
Lemma A.1. Let e € (o, ) S CRY, and A € R™>*™i, B ¢ Rm2XN/mi ¢ ¢ RN/™*N  gng

3

E e R™*N be as above in (1) with my > my. Furthermore, let ap = max{ sup || Ex]2, 1},
x€U(5-9)

Cs C S be a finite §-cover of S for § < e/ag, and suppose that
(a) A is an e-JL map of P;Cs into R™ for all j € [N/m3]o, and that
1
b)) —B i -JL CCs into R™2.
(b) T is an e-JL map of CCs into

Then,
(1= 20)[xll2 = e(1 +v/5/3) < [|Ex]l2 < (1+ 3¢/2)||x[|2 + (1 + v2) (42)

will hold for all x € S. If, in addition, S is a subset of the unit sphere so that ||x||2 = 1 for all
x € 5, then E = BC € R™*N will also be a 14e-JL map of S into R™2.

/12
Proof. By Lemma 3.1 we see that £ will be a 3e-JL map of Cs into R™? since

(1—26)[Ix[I3 < (1= &)?|Ix]l3 < (1 - 9)llCx]3 < [|Ex]3 (43)
< (1 +lIox]3 < (1+€)?[x3 < (1 +3¢)1x]3

will hold for all x € Cs5. Continuing, let y € S and choose x € C5 C S be such that ||y — x|z < 0.
Using (43) we have that

1EY |2 < [|1Bx]l2 + [ E(y — x)[l2 < V1 + 3elx[|2 + aplly — x|l (44)
< V1 +3e|lylla + 0V1 + 3e 4+ apd < (1+3¢/2)|lyll2 + e(1 + V2).

Similarly, we will also have that

1Eyl2 > |Ex|l2 — [[E(y — %)[l2 > V1 = 2¢|[x][2 — aglly — x| (45)
> V1 —2¢|lylla — 0vV1+2e —agd > (1 — 2¢)|yll2 — (1 ++/5/3).

Combining (44) and (45) gives us (42). Finally, if all the elements of S are unit norm, then we can
see from (44) and (45) that

(1=56)[lyllz < [[Eylla < (1 +4€)[ly]2

will hold for all y € S. Squaring throughout now proves the remaining claim. O
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Note that Lemma A.1 requires the matrix B/ /ms to be an e-JL map of a finite subset S¢ of C(.S)

(see assumption (b)). In addition, we need to have some way of bounding ag = sup [|Ex||2
xeU(S—S)

from above in order to safely upper bound the cardinality of S¢ = C(Cjs) in the first place. The

next lemma addresses both of these needs for sub-gaussian matrices B.

1
Lemma A.2. Let €,p € (O, 3), S c RN, and S¢ c C(S) ¢ RY/™ be finite. Furthermore,

suppose that B € R™2*N/™ iy the definition of E in (1) has my > c1e”2In(|S¢|/p) independent,
isotropic and sub-gaussian rows. Then, all of

B will be an e-JL map of Sc into R™?, and

1) s

w(U(S*S))Jrq/ln(%) ||A|| 1
(2) o | Ex|l2 < ¢ ||A] Nos +1| <es <\/n72) (x/ﬁ+ In <p)>

will hold simultaneously with probability at least 1 — p. Here c1,ca,c3 € RY are constants that only
depend on the distributions of the rows of B (i.e., they are absolute constants once distributions for
the rows of B are fized).

Proof. To prove that both conclusions (1) and (2) above hold simultaneously with probability at
least 1 — p, we will prove that each one holds separately with probability at least 1 — p/2. The
desired result will then follow from the union bound.

To establish conclusion (1) above with probability at least 1 — p/2 one may simply appeal, e.g., to
the proof of [24, Lemma 9.35].

Toward establishing conclusion (2) above we first note that

ICI = sup [Cx[2< [ sup [Cx[3 = sup > AP}
x€U(RN) x€U(RN) xcU(R FElN/m2]o

< \/ sup Y AP = 14l (46)

CUMRY) je[N/m3lo

Continuing, we have

1
sup |[Bx|z < sup ||| Bx|[2 — v/ma|[x[l2| + v/maz|lx]|2
2 xeC(U(S-9)) m2 xec(U(S-S))

sup [ Bx|[z = v/malx[l2] | +  sup [|Cx]l2.
) xeU )

xeC(U(S—S

%
m
=
T
2

. §

$

2
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Now appealing to Theorem 2.1 and (46) we can see that

¢ (w(C(S = 9)) +/n(2) - subsecqis—sy Ixll2)
ren g, 1%l < NG
¢ (w(C(s - 9) +,/m(2)- 4])
NG

will hold with probability at least 1 — p/2, where & € R" is a constant that only depends on the
distributions of the rows of B. Finally, using properties of Gaussian width (see, e.g., [16, Exercise
7.5.4]) the last inequality can be simplified further to

¢ (el ww(s - 8) + ,/ 9)-lan)
sup || Dx]z < + l14].
xeU(S—-5) Al

Using (46) one last time and simplifying using that In(1/p) > 1 now yields the first inequality in
(2) above.

+lcl

<

+ Al

To obtain a different version of the second inequality in (2) one might be tempted to use, e.g.,
[16, Theorem 4.4.5 ] and then repeat analogous simplifications to those just performed above.
Indeed, doing so provides a slight better bound on  sup ||Ex]|2 than the second inequality in
xeU(S-95)
(2) does in the end. However, for our purposes the second inequality in (2) suffices and also follows
automatically from what we have already proven given that w(U (S — S)) < w (U(RY)) < VN4’
for an absolute constant ¢” (see, e.g., [16, Example 7.5.7]). Simplifying using that N/msy > 1 finishes
the job. O

Lemma A.2 proposes that the matrix B in the definition of F in (1) be chosen as a sub-gaussian
random matrix. Indeed, it demonstrates that doing so will at least partially fulfill the require-
ments of Lemma A.1 with high probability. Our next lemma proposes an auspicious choice for the
remaining matrix A € R™ xmi

Lemma A.3. Fiz p,e € (0,1/3), a finite set S C RN, K € [ Ni), and suppose that m; € 7
satisfies

VN > mi > cthl(NMIn( ( ) ,

€2

where ¢ € RT is an absolute constant. Next, let U € R™ ™ pe g unitary matriz with BOS
2 2
constant mq ‘max lug k| < K, D € {0,—1,1}"*™ be a diagonal matriz with i.i.d. £1 Rademacher

random variables on its diagonal, and R € {0,1}™ xmi pe my rows independently selected uniformly
at random from the m? x m3 identity matriv. Set A := \/miRUD. Then, [|A| < m; always.
Furthermore, A will be an e-JL map of P;S into R™ for all j € [N/m3]o with probability at least
1-p

o1



Proof. Due to the unitary nature of both U and all admissible D we have

m% my
1Al < vmuIRINU D] = v/mul|RI| = v/mi sup | > (Z Re,j) ;> < Vma || R,

xcUR™) \ j=1 \r=1

mq
where ||R||; ;== max Z |R¢,;| < my for all admissible R. This proves the claim regarding ||A||.
1<j<m? £

Now fix j € [N/m?]y and let s := 161n (86N|S|/p) > [IlIvlleQ] 161n <8N|Pj5’|/m%p). For this
VIS milo

choice of s [24, Theorem 9.36] guarantees that A will be an e-JL map of PjS' into R™ with

probability at least 1 — p/(2N/m?) provided that \/m;RU has the RIP of order (2s,¢/4). The

union bound then guarantees that A will be an e-JL map of P;S into R™ for all j € [N/m?]o with

probability at least 1 — p/2. To finish, by a final application of the union bound it suffices to prove

that /m1RU will indeed have the RIP of order (2s,€/4) with probability at least 1 — p/2. This

RIP condition is provided by Corollary 2.4 for any BOS matrix ——=R'U € €™ %™ with at least

vm

In <N|5'|/p) L (m (N|§\/p) K2

m' > Muyin 1= CK2721n(m1/p) n“| ——%4—
€ €

rows, where ¢ € R" is a sufficiently large absolute constant. Note that our assumed bounds on m;
guarantee that m; > mui,. Furthermore, if m; > muyj, we can simply increase m’ to m; without
losing the desired RIP condition. 0

We are now prepared to prove the main result of this section.

1 1
Theorem A.1. Let S ¢ URYM), K € [I,N%), € € (0, 3), pe (e, 3), and fix a sequence
X =X4,... of i.i.d. mean zero, sub-gaussian random variables from which to draw the entries of
B in (1). Neat, suppose that my € 7 satisfies
In (NA(S, 55) /) K

In (NN(S. 757)/p) O

€2 €

\/NZ mq Z Cng

and that my € 7" satisfies
my > mg > cze 2In (N(S,6)/p)

for § := cqe/ (m1 (w(U(S— S)) + ln(l/p))) . where c1,cy,c3,c4 € RY are absolute constants.
Finally, choose A € R™*™ and B € R™*N/™1 jp, (1) so that:

1. A:=\/m1RUD where U € R™*™ pe g unitary matriz with BOS constant mq -rrllcazx lugi] <

K, D € {0,-1, 1}’”?”"f be a diagonal matriz with i.i.d. £1 Rademacher random variables

on its diagonal, and R € {0,1}™ xmi pe m1 rows independently selected uniformly at random
from the m? x m? identity matri.
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2. B has i.i.d. mean zero, sub-gaussian entries drawn according to the first moN/my random
variables in X.

Then, E = BC e R™*N will be an e-JL map of S into RS with probability at least 1 — p.

V12
2
Furthermore, if A € R™>*™ has an m3 - f(my) time matriz-vector multiplication algorithm, then
E will have an O(N - f(my))-time matriz-vector multiply.

Proof. Note the stated result follows from Lemma A.1 provided that its assumptions (a) and (b)
both hold with € «— ¢/14 and ¢ sufficiently small. Hence, we seek to establish that both of these
assumptions will simultaneously hold with probability at least 1 — p for our choices of A and B
above. We will use Lemmas A.2 and A.3 to accomplish this objective below, thereby proving the
theorem.

To begin, we will apply Lemma A.2 with S + S, p < p/3, € + €¢/14, and S¢ + CCs where
Cs C S is a minimal é-cover of S. In doing so we note that ¢y, co, c3 in Lemma A.2 will be absolute

1
constants given X.” As a consequence we learn that both the event Ee) = {B is an €/14-JL
VAL

map of CCs into R™? }, and that

ag < sup ||Ex|z2+1<ecmy G

xeU(S—5) Vma
<dmy (w (U(S—8))+ \/ln(l/p)) =:ad’y (47)

SclNa

will simultaneously hold with probability at least 1 — p/3, where ¢,c’,c; are absolute constants.

In (47) we have used the assumptions that m; < VN and (1/p) < eV as well as the fact that

| A]| < my always (see Lemma A.3), and that w (U(S — S)) < V.N +¢” for an absolute constant ¢’
/

(see, e.g., [16, Example 7.5.7]). Furthermore, we note that (47) implies that . <d= ¢ 0,46 < ‘

aN ap ap

holds provided that, e.g., ¢4 is chosen to be 1/c’.

Next, Lemma A.3 with p « p/3, € + €/14, S « Cs5, K + K reveals that Epy = {A is an €/14-JL
map of P;C;s into R™ for all j € [N/ mﬂo} will also hold with probability at least 1 —p/3 provided

that (47) holds. Here we have used the fact that A/ (S, EN) > N(S,8) = |Cs| when 6 > €/c1N.
a1

As a consequence we can finally see that both assumptions (a) and (b) of Lemma A.1 with € + ¢/14

"Note that c1,c2,c3 depend on the subgaussian norms of the rows of B in Lemma A.2 through an application
of Theorem 2.1. However, after the distributions of B’s entries, X, are fixed these norms are also both fixed and
independent of the final length of the rows (see, e.g., [16, Lemma 3.4.2 and Theorem 9.1.1] in connection with the
use of Theorem 2.1 in the proof of Lemma A.2).
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will hold with probability at least 1 — p since
P [£0 N(4T) NEw] 2 1-P [(I1) NEw | —p/3 =P [(47) Ny - p/3
=P [Ey) | 4T)] P [(4T)] = p/3 = (1 — p/3)P [(47)] — p/3
>(1-p/3)" =p/3>1-p.
Lemma A.1 now finishes the proof. The runtime result follows from Lemma 1.1. O

Note that an application of Theorem A.l requires a valid choice of m; to be made. This will
effectively limit the sizes of the sets which we can embed below. In order to make the discussion
of this limitation a bit easier below we can further simplify the lower bound for m; by noting that

for all fixed S C U(RN), K € [1,N7), e € (0,1/3) and p € (e_N, ;) we will have

In (NN (S, =55 )/p) K? 2
o (o (M <o () < ()
€

€ €p

for an absolute constant ¢ € R", provided that N/ (S, 6]\[) < pel /N. As a consequence, we may
¢l

weaken the lower bound for m; and instead focus on the smaller interval

In (N(S, =5 )/p In (NN(S, =%)/p
VN >m; > K> ( L ) In* (2:) > chK? ( N ) In? (N)

€2 €2 €p

for simplicity. Further assuming that K is upper bounded by a universal constant below (as it will
be in all subsequent applications) we can see that our smaller range for m; will be nonempty when

N(S,8) <N (s, C:N> < pece®VN/ () (48)

for a sufficiently small absolute constant ¢ € R™. We will use (48) in place of (8) below to limit the
sizes of the sets that we embed so that Theorem A.1 can always be applied with a valid minimal

In (./\/(S, CILN)/p) I (N> < VN below.

choice of m; < ¢/ K?
2 p

€

A.1 Theorem 3.4 as a Corollary of Theorem A.1

As above, we let B have, e.g., i.i.d. Rademacher entries and will choose U € R™ ™ to be, e.g., a
Hadamard or DCT matrix (see, e.g., [24, Section 12.1].) Making either choice for U will endow A
with an O(m? log(my))-time matrix vector multiply via FFT-techniques, and will also ensure that
K = /2 always suffices. As a result, we note that f(m;) = O(log(m;)) in Theorem A.1.

We may therefore apply Theorem A.l with S as in (41). To upper bound the final embedding
dimension we note that we may safely choose

ma > cse2In (N (s, C:N) /p) > c3e2In (V(S, 6) /p) .
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Furthermore, applying Lemmas 3.2 and 3.3 we can further see that

eN\°® (3c;N\? €
— >N(S,— ).
() (%) =¥ (s3v)
The stated lower bound on m now follows after adjusting and simplifying constants. Finally, and
most crucially, the condition it suffices for s to satisfy now also follows from (48).
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