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FAST METRIC EMBEDDING INTO THE HAMMING CUBE*
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Abstract. We consider the problem of embedding a subset of R™ into a low-dimensional Ham-
ming cube in an almost isometric way. We construct a simple, data-oblivious, and computationally
efficient map that achieves this task with high probability; we first apply a specific structured ran-
dom matrix, which we call the double circulant matriz; using that a matrix requires linear storage
and matrix-vector multiplication that can be performed in near-linear time. We then binarize each
vector by comparing each of its entries to a random threshold, selected uniformly at random from
a well-chosen interval. We estimate the number of bits required for this encoding scheme in terms
of two natural geometric complexity parameters of the set: its Euclidean covering numbers and its
localized Gaussian complexity. The estimate we derive turns out to be the best that one can hope
for, up to logarithmic terms. The key to the proof is a phenomenon of independent interest: we show
that the double circulant matrix mimics the behavior of the Gaussian matrix in two important ways.
First, it maps an arbitrary set in R™ into a set of well-spread vectors. Second, it yields a fast near-
isometric embedding of any finite subset of /3 into £7*. This embedding achieves the same dimension
reduction as the Gaussian matrix in near-linear time, under an optimal condition—up to logarithmic
factors—on the number of points to be embedded. This improves a well-known construction due to
Ailon and Chazelle.
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1. Introduction. In modern data analysis one is frequently confronted with
sets that contain a large number of points, and each point is represented by a high-
dimensional vector. This high-dimensionality causes significant storage consumption
and comes at a high computational cost. In an attempt at addressing those issues,
dimension reduction techniques have been used, for example, in clustering schemes
[37], computational geometry [22], and numerical linear algebra [44, 46] (see, e.g., [6]
and the references therein for many more examples). The idea is to map the given
set into a lower-dimensional space, while preserving its key features. And obviously,
what counts as a key feature changes according to the application one has in mind.

The Gaussian random matrix A € R™*"™ whose entries are independent, standard
Gaussian random variables, is a surprisingly powerful and versatile tool that is fre-
quently used in dimension reduction methods. The most basic result of that flavor is
the (Gaussian formulation of the) Johnson-Lindenstrauss lemma [31]: if f:R™ — R™
is defined by f(x)= \/%Ax, then for any finite set 7" and € >0,
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(L.1) A=ollz—yl3<f@@) = fFWIZ <A+l —yl3  forallz,yeT
with high probability, provided that m > e 2log|T|. Here, and throughout this

article, |T'| denotes the number of points in 7', a < b means that a < ¢b for an absolute
constant ¢ >0, and a~ b means a <b and b < a.

The Johnson—Lindenstrauss lemma is remarkable in at least two respects. First,
the map f is data-oblivious, i.e., it is constructed without any prior information on
the set one wishes to embed. This property is crucial in certain applications, e.g., one-
pass streaming applications [9] and data structural problems such as nearest neighbor
search [19]. Second, the Johnson-Lindenstrauss embedding is in general optimal:
Larsen and Nelson [35] showed that if € > min{n, |T|} %49, then any map f:T —R™
that satisfies (1.1) must also satisfy that m > e~ 2log|T|.

Despite this general optimality, the embedding dimension achieved by the Gauss-
ian matrix can be substantially lower. Indeed, for a set T, let

(1.2) T’:{th#y, x,yET},
[z = yll2
denote by G the standard Gaussian random vector, and let
(1.3) £.(8) =Esup (G, )|
zeS

be the Gaussian mean width of a set S. A result due to Gordon [18] shows that for
T C R", f satisfies (1.1) with high probability if m > ¢=2¢2(T"). Gordon’s result is
an instance-adaptive version of the Johnson-Lindenstrauss lemma: if 77 is as in (1.2),
then ¢2(T") is always upper bounded by clog|T| for an absolute constant ¢ > 0, and
it may be substantially lower if T" has a low-complexity structure, e.g., if it consists
of sparse vectors or if it belongs to a low-dimensional subspace or manifold.

It is also known that the Gaussian random matrix can be used to define dimension
reduction schemes that go beyond the Euclidean setting. Most relevant to this work is
the fact that it is possible to embed subsets of ¢4 into the Hamming cube {—1,1}™ in
an almost isometric way—by combining the Gaussian matrix with a straightforward
binarization scheme (see [39, 42] when T'C S"~! and [14] for T C R™).

At the same time, using the Gaussian matrix in dimension reduction schemes
is problematic from a computational perspective. First, a typical realization of the
matrix is fully populated and unstructured; thus, simply storing it requires plenty of
memory (O(mn)). Second, and more importantly, it takes significant time (O(mn))
to compute a matrix-vector product Ax. It is therefore highly desirable to find an
alternative to the Gaussian matrix: specifically, some structured random matrix that
requires less storage space and supports fast matrix-vector multiplication. Obviously,
one would want that matrix to be as effective in dimension reduction as the Gaussian
matrix, resulting in the best of both worlds: an optimal data-oblivious embedding
that is computationally efficient.

Our main result achieves this goal for binary embeddings: we identify a com-
putationally friendly replacement for the Gaussian matrix that leads to a near-
isometric embedding of an arbitrary subset of R™ into a low-dimensional Ham-
ming cube.

The heart of the proof of this result is to show that the matrix we define—the
double circulant matrix—mimics the behavior of the Gaussian matrix in two impor-
tant ways: it yields an almost isometric embedding of any subset of £5 into £* and, at
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the same time, it maps an arbitrary set in R™ into a set of well-spread vectors. We will
make these statements precise in section 1.2. This behavior is remarkable because the
double circulant matrix has limited randomness and its entries are strongly dependent.
Although this may be somewhat speculative, we believe that the Gaussian behavior
exhibited by the double circulant matrix will have many additional applications—well
beyond the scope of binary embeddings.

1.1. Main result. Before stating our main result, we recall a binary embedding
that is based on the Gaussian matrix and was studied in [14]. For a matrix A € R™*"
we consider the map f:R"™ — {—1,1}" defined by

(1.4) f(x) =sign(Ax + 1),

where 7 is uniformly distributed in [\, A\]™ and is independent of A, and the sign-
function is applied componentwise. In what follows, £, (T") denotes the Gaussian mean
width of a set T' (as in (1.3)) and N (T,0) is the Euclidean covering number of T" at
scale 0, i.e., the smallest number of open Euclidean balls of radius # needed to cover
the set T. Our starting point is the following fact, which was established in [14]. Here
and throughout, dy denotes the Hamming distance on {—1,1}™.

THEOREM 1.1. There exist absolute constants cg,...,cs such that the following

holds. Let T CR™ and put R=supcr ||t[|2. Set 0<§< & u>1, and let

A>c1R+/log(R/9).

0<b6<c

)
Vog(er/d)’

Suppose that

(1.5)

2 _ n

If A € R™*™ s the standard Gaussian matriz and 7 is uniformly distributed in
[\, A]™ and independent of A, then with probability at least 1 — 2exp(—c362m/A\?),
the map f(t) =sign(At + 1) satisfies

V2T

m

(1.6) sup
z,yeT

<.

du(f(x), f(y)) =l =yl

Although the bound on the dimension m in (1.5) seems unnatural, it is, in fact,
optimal. We refer the reader to [14] for the proof of this surprising fact.

In what follows we show that a version of Theorem 1.1 is true for a certain
computationally friendly matrix—the double circulant matrix. To define that ma-
trix, let I C [n] with |I| = m and set Rjxz = ), ;we;. For vectors x,y € R”,
let Ty = 2 ® y; thus 'y, € R™ ™ is the discrete convolution operator with z. Let
D, = diag(z1,...,z,) € R™™™ be the diagonal matrix defined by z, let G € R™ be
the standard Gaussian vector, and set ”,&’,e € R™ to be Rademacher vectors, i.e.,
vectors consisting of independent random variables taking values 1 and —1 with equal
probability. We assume throughout that G,&”,¢’, and ¢ are independent.

DEFINITION 1.2. The double circulant matrix A € R™*™ is defined by
1
Vvn
Clearly, A requires O(n) storage capacity, and it is well known that matrix-vector

multiplication for a circulant matrix can be carried out in time O(nlogn) by exploiting
the fast Fourier transform.

(1.7) A=-—R;TgDT.D..
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Our main result is that the binary embedding endowed by the double circulant
matrix performs as well as the Gaussian embedding (up to logarithmic factors in n
and with a worse success probability).

THEOREM 1.3. For any v > 1, there exist ¢y, ...,¢3 that depend only (polynomi-
ally) on log(n) and v such that the following holds. Fiz 0 < d < R/2, let T C RBY,
and set

4] ~ oy
ezm, )\ZClR log(R/(S)

Suppose that n > ¢am and

& ()\2 log N(T',6) Aéi((T -T)N HBQ)) '

(1.8) m> 52 55

Let A€ R™*"™ be the double circulant matriz. If T is uniformly distributed in [—X, \]™
and independent of A, then with probability at least 1—n~"7, the map f(t) = sign(At+7)
satisfies

V2T

m

sup
z,yeT

du(f(2), f(y)) = llz = ylla| <6

This result significantly improves on earlier attempts to create a computationally
efficient, oblivious near-isometric embedding into the Hamming cube- see section 1.4
for details.

1.2. The Gaussian behavior of the double circulant matrix. The proof of
Theorem 1.1 is based on two well-known properties of the standard Gaussian matrix.

First, if A € R™*" is the Gaussian matrix, then for any 7" C R", with high
probability, A is an embedding of T into 7

7", in the following sense: for any u >0
4g( ) —mu?/(2R(T)?
o) B (sl L [Baet — el +u) e R,
o

where R(T) = sup,cr ||#]|2. The proof of this fact can be found in [42] (see Lemma
2.1 there).

Second, the Gaussian matrix maps any T into a set of “well-spread” vectors: for
any 1 <k <m and u > 1, with probability at least 1 — 2exp(—cu?klog(em/k)),

(1.10) sup [| Az < C (E*(T) +uR(T) klog(em/k)) ,
zeT
where
1/2
el = s (z) |
el

The proof can be found, for example, in [14] (see Theorem 2.5 there).

Together with a generic binary embedding result, stated in Theorem 2.1, these
two facts imply Theorem 1.1.

With that in mind, the heart of the proof of Theorem 1.3 is to show that the
double circulant matrix “acts as the Gaussian matrix”; specifically, that it satisfies
suitable versions of (1.9) and (1.10). This behavior is surprising in view of the limited
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randomness in the double circulant matrix and the strong dependence of its entries.
As a result, the approaches used to prove (1.9) and (1.10) fail in the case of the
double circulant matrix. We will develop an entirely new approach to establish those
properties.

We first develop a general recipe for constructing a matrix that maps an arbitrary
set to a collection of vectors that are well spread. The key feature that we introduce
for this purpose is the notion of strong regularity. Intuitively, a matrix B € R™*™ is
strongly regular if it acts as a Euclidean almost-isometry on sparse vectors, and also
maps sparse vectors into well-spread ones (see Definition 3.1 for a formulation of the
strong regularity property). We prove that the matrix BD,, obtained by randomizing
the column signs of a strongly regular matrix B, satisfies an estimate similar to (1.10)
for an arbitrary set T" and with high probability with respect to e. The accurate
formulation of this statement can be found in section 3.

Next, with the notion of strong regularity in mind, the second component of the
proof of Theorem 1.3 is to show that

1
B=-——R;T¢DoTy
ﬁmn 11 G

is strongly regular (obviously, A =+/mBD,). That fact is established in section 4 by
using known (but nontrivial) tools, developed in [33] and [13].

Combining those facts, it follows that a typical realization of the double circulant
matrix A maps an arbitrary set to a collection of well-spread vectors, thus leading to
an estimate as in (1.10).

Once a version of (1.10) is established, we turn our attention to (1.9): showing
that just like the Gaussian matrix, the double circulant matrix satisfies a uniform
{1-concentration phenomenon. To that end, we first prove that for a fixed vector y,

the random variable ||R;Tgy|l1 concentrates sharply around its mean m\/gHyHg if

the discrete Fourier transform of y is well-spread- see section 5. The exact notion of
well-spread needed here is clarified in what follows. Next, recalling that

1
A—%

we prove that ||At||; concentrates by showing that the discrete Fourier transform of
D T2 Dt is well-spread. The concentration for any fixed vector ¢t € T' is sufficiently
strong to derive a uniform concentration estimate in a straightforward manner- see
section 6. Note that in this final part of the argument we make essential use of the
fact that A is a double circulant matrix- simplifying the construction to a “single”
circulant matrix of the form R;I'¢D.~, say, would require a nontrivial effort (if it is
possible at all).

RIFGDE”FE/D67

1.3. Fast £5-£; dimension reduction of finite sets. As a side product, our
analysis yields a result of independent interest: a new fast embedding of any finite set
of points in ¢§ into ¢7. The embedding has runtime O(nlogn) and achieves the same
dimension reduction as the Gaussian matrix. This improves a well-known construction
by Ailon and Chazelle [2]; most significantly, we remove a strong restriction on the
cardinality of the set that one wishes to embed. The condition obtained here is
optimal up to a polylogarithmic factor if the goal is maximal dimension reduction-
see the next section for a detailed discussion. Note that the embedding dimension |I|
lies between m/2 and 3m/2, say, with probability at least 1 —e~“™.
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THEOREM 1.4. For any~y > 1, there exist ¢y, ¢1, Co that depend only (polynomially)
on vy such that the following holds. Let m < n/(élog*(n)) and consider the scaled
double circulant matriz C' = %\/gA, where I is chosen using random selectors: I =
{ie[n] : 0; =1}, where 01,...,0, are independent and 1 —P(6; =0) =P(0; =1) =
m/n. Let T CR™ be finite and let e <log=>/?(n). Then, C satisfies

(1.11) A=ollz—yl2<Ce—Cyli <A+e)z—yll2  foralz,yeT
with probability at least 1 —n~" if m > é1e 2log|T| and |T| < exp(e?n/ (& log®(n))).

Remark 1.5. If T is finite, then one can similarly improve Theorem 1.3 by selecting
I using independent and identically distributed (i.i.d.) random selectors. In this case,
one can show that this result remains true under the optimal condition m > §=2log |T|
if n > ~2log|T| and & depends only (polynomially) on log(n) and 7. We omit the
details of this argument.

1.4. Related work.

Fast ly-ly dimension reduction with circulant matrices. Numerous works have pro-
posed and analyzed computationally efficient random matrices for £5-f5 dimension re-
duction (see, e.g., [1, 2, 3, 6, 10, 16, 17, 20, 30, 32, 34, 45] and the references therein).
We will only highlight the successful use of random circulant matrices for this task-
an approach that was first considered by Hinrichs and Vybiral [20]. They proved that
the matrix C' = ﬁRIFs/D‘E satisfies (1.1) with large probability if m ~ e~ 21log®(|T7).
This was later improved to m ~ e~ 2log?(|T|) [45] and shown not to be improvable
further if m|T'| <n [17]- however, it is possible to improve the scaling in terms of |T'|
to log|T| at the expense of additional logarithmic factors in the dimension (by com-
bining [33] and [34]). In fact, the main result of [40] (see also Theorem 3.2 from [38]
below) shows that C satisfies (1.1) with high probability under the refined condition
m > e 202(T")log*(n). These results show that C' can serve as a computationally
efficient replacement of the Gaussian matrix for £5-£5 dimension reduction.

Fast l5-£1 dimension reduction. In their groundbreaking paper [2], Ailon and
Chazelle initiated the study of fast Johnson—Lindenstrauss transforms that use struc-
tured random matrices that support fast matrix-vector multiplication. Although most
subsequent works have focused on alternative fast transforms and improved guaran-
tees for fo-¢5 dimension reduction (see, e.g., [16, 20, 30, 34, 45]), the original work [2]
also studied computationally efficient ¢5-¢; dimension reduction of finite point sets,
motivated by approximate nearest neighbor search.

Ailon and Chazelle’s original transform takes the form C' = %\/ng D, where
D. is as before, H € R™*"™ is a normalized Hadamard matrix, and P € R™*" is a
sparsified Gaussian matrix: it has i.i.d. entries which are equal to 0 with probability
1 — ¢ and equal to a Gaussian with mean zero and variance 1/¢q with probability g,
where ¢ needs to be picked appropriately. It satisfies (1.11) if ¢ ~ min{log(|7T"|)/(ne),1}
and m ~ e 2log(|T|). The runtime is

O(nlog(n) +min{ne>log(|T]),e > log®(|T|)})

so that it achieves O(nlogn) runtime under an appropriate restriction on the num-
ber of points in T: |T| must be O.(exp(n'/?)). Essentially the same bottleneck
appears in the alternative construction in [3]. This bottleneck was recently improved
to O(exp(n'=¢)) by the method of [5], but this improvement applies only for the
related problem of simultaneously embedding a subset T of T in time O(|T”|nlogn),
where T” has at least polynomial size n9(¢) (for a certain function g). We improve
these results in two steps.
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In the case of #5-f5 dimension reduction, it is well known that one can construct
structured random matrices with improved runtime O(nlogn) (without a restriction
on the number of points) if one is willing to raise the embedding dimension by a
polylogarithmic factor in |T'| and/or n (see, e.g., [20, 30, 34, 45]). As a first step, we
make an analogous contribution for fast £5-f; dimension reduction: we show that the
scaled double circulant matrix C' = L, /T A satisfies (1.11) with high probability if
m > e 2log(|T|) log®(n) (see Corollary 6.2 for T” as in (1.2)).

Theorem 1.4 improves this further by using a double circulant matrix with I
picked using random selectors: it achieves the same dimension reduction as the
Gaussian matrix (m ~ e 2log|T|) under the significantly relaxed restriction that
|T| = Oc(exp(n/log®(n)))- which is nearly optimal if one is interested in dimension
reduction (i.e., ensuring that m < n). Note that beyond the dimension reduction
setting, Indyk [23] showed that for any distortion € > 1/logn there is an embedding
of all of £ into £7* with m = O(n'+t°M) and runtime O(n'+oM),

Finally, let us mention for completeness a less closely related result on fast £5-f4
dimension reduction derived in the context of one-bit compressed sensing [12]. It was
shown there that the matrix C' = %@RIF@ where I is picked using i.i.d. random
selectors, satisfies (1.11) with high probability on the set of all s-sparse vectors if
m 2 e 2slog(n/se), provided that the sparsity level s is small enough (e.g., if s < ey/n).

Binary encoding of Fuclidean distances. Theorem 1.3 fits into a more general
line of work [15, 21, 24, 25, 26, 27, 28, 29, 41, 47, 48, 49] that strives to create an ef-
ficient binary encoding of all Euclidean distances in a given set T (see also [4], which
focuses on inner products and squared distances). This task consists in construct-
ing a computationally efficient embedding map f:7T — {—1,1}™ and reconstruction
map d: {—1,1}™ x {—=1,1} — R such that for any pair z,y € T, d(f(z), f(y)) is
an accurate proxy of ||z — y|la. The binary encoding in Theorem 1.3 stands out in
comparison to the aforementioned works in achieving all of the following properties
simultaneously:

(i) The embedding map f is a metric embedding into the Hamming cube, i.e.,
the reconstruction map d is (a constant multiple of) the natural Hamming
distance, as in [15, 41, 47, 48]. Consequently, the number of bit operations
needed to compute d(f(x), f(y)), is minimal—one only needs to directly com-
pare two bit strings.

(ii) The embedding time O(nlogn) of our construction, i.e., the time needed
to compute f(z) for a given z, is on par with the best existing results
[4, 15, 21, 41, 47, 48].

(iii) The construction is data-oblivious, asin [4, 15, 21, 26, 27, 28, 29, 41, 47, 48, 49].

(iv) The bit complexity of our encoding, i.e., the number of bits (or dimension of

the Hamming cube) required to encode the Euclidean distances within the
given set of points, is optimal for finite sets (when picking I using random
selectors; see Remark 1.5). Indeed, any oblivious random binary encoding
scheme (f,d) that embeds, with some given probability, any given finite set
of N points into {—1,1}" with an additive error of 4, must satisfy m >
cd~2log N (see [14], whose proof is based on [4]). Similar (near-)optimal
bit complexity estimates were achieved in [15, 21, 26, 27, 28, 47, 49] (see also
[25] and [4] for methods with optimal bit complexity for the related tasks of
encoding distances up to a multiplicative error and encoding squared distances
up to an additive error, respectively).
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(v) The bit complexity estimate is in terms of more refined complexity measures
of the dataset than the cardinality of the set which, in particular, makes the
result applicable to arbitrary infinite datasets in R™ (as in [21, 26, 27, 28]).
Let us comment in more detail on prior works [15, 41, 47, 48] that have the same
goal of constructing a fast, data-oblivious metric embedding into the Hamming cube.
These works all considered finite sets of vectors on the unit sphere and strived to find a
structured random matrix A € R™*" that supports fast-matrix vector multiplication
so that with high probability

(1.12) |dg (sign(Ax),sign(Ay)) — ds, _, (z,y)| <o for all z,y €T,

where dg, ,(z,y) is the normalized geodesic distance on the sphere. If A is standard
Gaussian, then it is straightforward to see that this holds under the optimal condition
m 2> 6 2log|T|. As was remarked in [15, 47], by simply applying a fast or sparse
Johnson—Lindenstrauss transform before applying the Gaussian matrix, one obtains
(1.12) under the same condition with runtime O(nlogn) if the number of points is
small (e.g., if log |T| < §2y/n in the case of a fast Johnson—Lindenstrauss transform). It
was observed empirically in [48] that A = R;T'¢ D, performs well and that performance
deteriorates if D, is left out. The latter was rigorously established in [15]: it exhibits
a two-point set for which (1.12) fails with positive probability if A= R;I'¢. The best
result in the former direction stems from [41]: it considers A= R;T'¢ D¢, H D¢, where
I consists of m indices selected uniformly at random and G,G1,G> are independent
standard Gaussians, and shows that (1.12) holds if m > §=3log|T| and log|T| <
6°n'/3. Even though the embedding time of this transform is O(nlogn) without
restrictions, the guarantee is worse than for the simple combination of the standard
Gaussian matrix and a fast or sparse Johnson—Lindenstrauss transform. Finally, let us
mention that [15] (which fixed a proof gap in [47]) established a binary encoding with
optimal bit complexity and runtime O(nlogn) under the relaxed condition log|T| <
dv/n/+/log(1/6). However, this encoding is not a metric embedding, as it no longer
uses the Hamming metric as the reconstruction map. Nevertheless, it illustrates that
it is nontrivial to overcome the bottleneck on the number of points to be embedded.

Our work improves over these earlier attempts to create a fast metric embedding
into the Hamming cube. We do not require an artificial restriction on the number
of points to be embedded, achieve an embedding time O(nlogn), and achieve a bit
complexity that is optimal for finite datasets. Moreover, our bit complexity estimate
is in terms of more refined complexity measures than the cardinality of the dataset
and in particular allows for the embedding of infinite sets. This bit complexity es-
timate matches (up to logarithmic factors) the one for the Gaussian embedding in
Theorem 1.1, which is known to be optimal for the Gaussian embedding [14]. These
improvements are made possible by the Gaussian behavior of the double circulant ma-
trix established in this work (uniform ¢;-concentration and mapping into well-spread
vectors), together with the use of the uniformly random shifts in (1.4).

Let us finally mention two binary encodings that improve over our construction
at the expense of some of the listed properties (i)—(v). First, the dependence of m on
the additive error parameter ¢ can be improved (beyond the lower bound mentioned
under (iv)) if an additional relative error term is present: this was achieved in [21]
using a binary encoding that combines a fast Johnson—Lindenstrauss embedding with
a so-called noise shaping method (see also [49]). A downside of this encoding is that it
is not a metric embedding into the Hamming cube. Second, it is possible to preserve
distances up to (only) a multiplicative error. This is the goal of a different binary
encoding scheme developed by Indyk and Wagner [24, 25], which achieves the minimal
bit complexity for a finite set for this setting. This scheme is, however, not a metric
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embedding, data-adaptive rather than oblivious, and has a higher computational com-
plexity.

2. A generic binary embedding result. The starting point of the proof of
Theorem 1.3 is a generic embedding result from [14], which we now outline. Let
A € R™*™ be a matrix and for a parameter A > 0, let 7 be uniformly distributed in
[—A, A]™. Consider f:R™— {—1,1}", defined by

(2.1) f(z) =sign(Az + 1),

where the sign-function is applied componentwise, and denote the normalized Ham-
ming distance on {—1,1}™ by

~ 2\K

The constant  turns out to be an absolute constant in our application, and its value
is specified in what follows.

Let 0 <6 <9, and set Ty C T to be a -net of T' of minimal cardinality. Finally,
assume that A “acts well” on T in the following sense:

(a) A satisfies uniform {1-concentration on Ty:

K
(2.2) sup | —[[A(z = y)ll1 — |lz — yll2| < 0.
z,y€Ty ' TN

(b) A maps T to ‘well-spread’ vectors: For k= |dm/\| we have that

1
(2.3) = sup || Az < A
k.’L‘GT@
and
1
(2.4) — s JAef <o

VE se(r—T)noBy

Then one has the following:
THEOREM 2.1. [14] There exist absolute constants ci,ce, and cs such that the
following holds. Let
log NV (T, 6
IA22 g 55 )
and assume that A satisfies (2.2), (2.3), and (2.4). Then with probability at least
1 — 2exp(—ca6?m/A2K?),

m>c

sup |d(f(@), £()) = [l = yllo| < el + 1)
z,yeT

If A is the standard Gaussian matrix and the conditions of Theorem 1.1 hold,
then (2.2), (2.3), and (2.4) (with k = y/7/2) are immediate outcomes of (1.9) and
(1.10).

Thanks to Theorem 2.1, it is clear that proving the analogs of (2.2), (2.3), and
(2.4) would yield a binary embedding estimate- and the proof of Theorem 1.3. The
rest of the article is devoted to the proof of those estimates for the double circulant
matrix.
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3. Strong regularity. For x € R", set ||z|lo = [supp(z)|. The vector z is called
s-sparse if [|z]|p < s. Denote by Us; C S™~! the set of all s-sparse vectors on the
Euclidean unit sphere and let

Tsn={zeR" : [lzfo <s, [zfla <1}

be the set of s-sparse vectors in the Euclidean unit ball.
A matrix B € R™*"™ satisfies the (s,d)-Restricted Isometry Property if

sup | [|Bz|[3 —[|=[13 | <4,
z€eUsg

and we denote this property by RIP(s,d).
The following definition is of crucial importance in the context of the proof.

DEFINITION 3.1. Let p >0 and set s, = [p~2]. A matriz BE R™*" is p-regular
if it satisfies RIP(r, p\/1) for all 1 <r <s,. It is p-strongly regular if it is p-regular
and, in addition, satisfies

sup || Bzl <pVr for all1<r<s,.
TEXr n

In other words, thinking of the case where p is small, B is regular if it is an almost
Euclidean isometry on sufficiently sparse unit vectors, and it is strongly regular if
additionally, for any sufficiently sparse unit vector x, Bz is relatively well-spread: if
x is r-sparse, then 1 — py/r < ||Bz||2 <1+ p/7 but the contribution of the r largest
coordinates of Bz to its Euclidean norm is at most p4/7.

To put this notion in perspective, consider the standard Gaussian matrix A €
R™*", Then for any u > 1, with probability at least 1 — 2exp(—cou?rlog(em/r)),

1 rlog(em/r
sup | L Ae — ol | < cruy/ 08T
U.| m m
and
1 rlog(em/r
sup —= || Az||y) < cru L/)
TESn V m m

Hence, by taking the union bound over 1 < r < m we find that with nontrivial
probability, the Gaussian matrix LmA is strongly p-regular for p ~ 1"%.

The main result of this section is that by randomizing the columns of a strongly
regular matrix B using independent random signs, one obtains a matrix that is “well-
behaved” on an arbitrary set. To formulate this claim, let D, be a diagonal matrix

whose diagonal entries are independent, symmetric, random signs €1,...,&,.

THEOREM 3.2. There exist absolute constants ¢y and co such that the following
holds. Let 0 < p < 1/+/log(m +n) and consider 1 <k <m. Assume that B € R™*"
is p-strongly reqular. If T CR™, R>R(T), and u>1 then with probability at least

1—2exp (—ciu® [2(T) + R?klog(em/k)] /R?)
with respect to €, we have that

sup || BDex||
zeT

< cou? [p (&(T) +R- \/klog(em/k)) +p*R™((T) + R*- klog(em/k))} .
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The proof of Theorem 3.2 is based on the following analogous result on column
randomization of a regular matrix, which was established in [38]. In this result we
use

(3.1) d*(T) = (%EQ)Q

to denote the Dvoretzky—Milman dimension (or stable dimension) of a set T C R™.

THEOREM 3.3. There exist absolute constants c1,co > 0 such that the following
holds. Let 0 < p < 1/+/logn. Assume that B € R™*" is p-reqular. Then for any
T CR"™ and u > 1, with probability at least 1 — 2exp(—ciu?d*(T)) with respect to &,

sup [ BD-ll3 [lall3] < c2u*R3(T) - (o /& (T) + p*d"(T)).
x
The following simple lemma is the key to the proof of Theorem 3.2. In what

follows, Id,,, € R™*"™ denotes the identity matrix.

LEMMA 3.4. Let B € R™*" p> 0. If B is p-strongly regular, then [B Idm] €
R™*(n+m) s 3p-regular.

Proof. Let 1 <r < [(3p)~2] < [p~?]. Clearly,

Ll N F

< sup [||Bzfl3 — [l«l3| +2 sup sup [{Bz,y)|

TEXr n TEXr n YEX, m

= sup ||| Bzlf3 —[|z[3| +2 sup [|Bz|l < 3pv/r,
TED, n TEX

2

sup  sup

2
TEX, n YEXrm ’

2 2

and the result follows. 0

Proof of Theorem 3.2. Set R > R(T) = sup,cr ||t]|2 and consider T" = {t/R :
t € T}. We shall use the fact that Xy, is an unconditional set: for any choice of
signs Ci,...,Cm, D¢Xgm = Ygk,m. This allows one to introduce additional random-
ness. Indeed, let (3,...,(n be independent, symmetric random signs that are also
independent of (¢;)}_;. Then

(3.2) sup || BDex||;, = R sup | BDexl|y,
zeT z€T
and

sup |[BDxl|, = sup sup |(BDex,y)|=sup sup [(BD.z,Dcy)l.
zeT’ €T’ YyEXk,m €T YyEXk,m

Moreover, by the polarization identity,

1 2 2
(BD.w, Dey)| =  |1BD-w + Deyll} — |1 BD. — Dyl

Jizo- 2a (-GN (o 2a 2]

(BD. D=[B 1d,] [13 lg’c]

1
T4

HED)|

Clearly,
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and hence
2

2 ’
- )

LSl A TF i |

where T = T x Yk m. Lemma 3.4 implies thz}t [B Idm] is 3p-regular, and one
may therefore invoke Theorem 3.3 for the set 1. The result follows thanks to the
straightforward observations that . (T) ol (T") 4L (B )y £u(Ziem) ~ /K log(em k),
and R(T) =sup, 7 [|t]l2 ~ 1. 0

1
(33) sup I1BDexllyy <5 sup

(z,y)TeT 2 2

Remark 3.5. Tt is useful to present the estimate from Theorem 3.2 in terms of the
following parameter. For a set T C R", R>R(T), and 1 <k <m define
(3.4) Qi(T, R) = p ((2(T) + R2klog(em/k))"/*.
Theorem 3.2 implies that with probability at least 1 — 2exp(—ciu?[(3(T) + R?*klog
(em/k)]/R?)
(3.5) su;T) |BDez||) < cou” max{Qx(T,R), R Qi(T,R)}.
S

In particular, if Qx(T, R) < R, as will be the case in the situations that interest us,
the dominating term in the estimate from Theorem 3.2 is ~ u?Qy(T, R).

3.1. Strong regularity and Theorem 2.1. Let us return to the last two con-
ditions that are required in the generic embedding result from Theorem 2.1. If T} is
a f-net of T of minimal cardinality and k= |dm/\], one has to show that

(3.6) sup || Az < AWk
z€Ty

and

(3.7) sup || Az|p <VE

z€(T—T)NOBY
hold for the matrix

1
A=RI'¢D.»—T.D..
11 G \/ﬁ

Set

1 1
B=—R;T'¢D.»

T,
vm N

and observe that A =+/mBD.. We will spend considerable effort in showing that B

is p-strongly regular, where T :=pm'/? is independent of m and is at most polyloga-

rithmic in n (see Theorem 4.1). Before going down that long road, let us first show

its benefit: combined with the following result, it will establish (3.6) and (3.7).

THEOREM 3.6. For u > 1 there exist constants ¢1,¢o that depend only (polyno-
mially) on u and absolute constants cs,c4 such that the following holds. Let 0 < p <

\/ﬁ be such that T = pm'/2 > 1. Let B € R™*" be p-strongly reqular, set
og(m+n

0< 0 <R(T), and consider

A > & max {w? log(eX), YR(T)log'/? <TR§(T)) } :
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Put

5 1/2 )\
< 2.
0<6 62T10g 5

If
A 2(Ty) (T —T)N6OBY)
) > o * *
38) "= Blog () { SRA(T)’ 50 ’
then with probability at least 1 —2exp(—cqu?md /), the matriz A= /mBD. satisfies
(3.6) and (3.7).

Remark 3.7. To put the estimate (3.8) in Theorem 3.6 in a more familiar form,
observe that

(Ty) SR*(Ty) log | Ty| S R*(T)log (T, 0).

Hence, by choosing 6 as large as possible, the second term on the right-hand side of
(3.8) leads to the ¢2 /6% term in (1.8) from Theorem 1.3 (up to polylogarithmic factors
in n), while the first term is dominated by the entropic term in (1.8).

Proof. Set k= |dm/\| and define Ky = (T —T)NOBY. We will apply the estimate
in Remark 3.5 for the sets Ty and Ky. To that end, observe that R(Tp) < R(T') and
R(Ky) <. Let use write Q(Tp) := Qr(Tp, R(T)) and Q(Ky) := Qr(Kpy,0) and observe

that
N e )

and

2(Kg) 6 A 72
Q(Kg)wp@( (920)+)\m10g<66>> .

We begin by imposing conditions that ensure that
(3.9) Q(Ty) <R(T) and Q(Ky) <9,

so that both Q(Typ) and Q(Kp) are the dominant terms in the estimate (3.5) for the
sets Ty and Kjp, respectively. Observe that if (3.8) holds with ¢35 > 1, then

{8 542 ()

and, hence, (3.9) holds if we ensure that

5 e\ 21
= = <-.
win (R ()<

Since T = py/m, the latter condition is satisfied if

A
(3.10) 5 > 1Y% log(e).
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To summarize, if (3.8) and (3.10) hold, then Remark 3.5 implies that

sup || Az = sup v/m||BD:x||p) S u®vV/mQ(To)
x€Ty €Ty

and

sup || Az||x) S u’vmQ(Ko).
€Ky

Thus, to establish (3.6) and (3.7), all that remains is to show that
umQ(Ty) <MWk and u’/mQ(Ky) < 6V,

i.e., that

) e\ 2
(3.11) u*TR(T) <)\10g (5)> <VoVA
and that

) e\ 2 )
2

. . = <0/ ~=.
(3.12) uT9<A10g<5>) ) \

A straightforward computation shows that (3.11) holds if

(3.13) A > ¢1(u)TR(T)log!/? (TR(S(T)) ,
and (3.12) holds if
(S 71/2 6)\
. < — .
(3.14) 0< )T log ( 5 )
This completes the proof. ]

4. Strong regularity features of the double circulant matrix. Recall that
the double circulant matrix is
1
A=RT'¢D.r—
I G £ \/ﬁ
where I C {1,...,n} is a fixed set of indices of cardinality m, G is the standard
Gaussian random vector in R™, and ¢, ¢/, and ¢” are uniformly distributed in {—1,1}".

Moreover, G, €, ¢/, and €” are all independent. Also, for every z € R”, we have that

TF'ge=G®x=1,G

e De = \/EBDm

is the discrete circular convolution of G and z. And, denoting by F € C™*" the
discrete Fourier matrix, we have that I',G = \/nU Dy, OG, where

F F1 y
(4.1) O—W—\/ﬁ and U—\/H—W.
In particular, U, W, and O are Hadamard-type matrices, i.e., they are unitary and all
their entries are bounded by %

In light of Theorem 2.1, a key part of the analysis of the embedding procedure is
to show that A maps an arbitrary set T' into “well-spread vectors”, specifically, that
(3.6) and (3.7) hold. By invoking Theorem 3.6, that can be established by proving
that B possesses the following strong regularity property:

THEOREM 4.1. For v > 1 there are constants ¢1 and ¢o that depend only (polyno-
mially) on ~ such that the following holds. If m <n/(&, log*n), then with probability
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at least 1 —n~7 with respect to G Q&' ®c”, the random matriz B is p-strongly reqular

for
- log5/ In
=c
p=e vm
Note that T =py/m is polylogarithmic in n, as required.

The idea behind the proof of Theorem 4.1 is outlined in the next section. The
full proof is presented in Appendix B.

4.1. Highlights of the proof of Theorem 4.1. The proof is based on two
well-known facts that are formulated in what follows. The first fact is an outcome of
[33], on the behavior of second-order chaos processes (see also Theorem 6.5 in [11] for
the refinement that is used here). The bound is based on Talagrand’s ~e-functional.
For a detailed exposition on chaining methods and the ~-functionals in a general
setup, we refer the reader to [43].

DEFINITION 4.2. Let A be a subset of a normed space. An admissiblee sequence of
A is a collection of sets Ay C A, where |Ag| =1 and for £>1, |A| <22 . Forac A,
let mga € Ay be a nearest point to a in Ag with respect to the underlying norm. Define

22 (A - ) =infsup ( Imoall + 3272 e - m-al] |
acA >1

where the infimum is taken with respect to all admissible sequences of A.

In the setup we focus on here, A is a class of matrices. Denote by ||||2—2 the standard
operator norm, let || - | zs be the Hilbert—-Schmidt norm, and put

dus(A) = sup [|Algs,  da22(A) = sup [[All22.
AcA AcA

Let v2(A) = v2(A, || - ||2—2) be the ~o-functional of A with respect to the operator
norm.

Recall that a centered random variable £ is L-subgaussian if for every p > 2,
I€llz, < Ly/Dl¢l|lL,. A random vector X is L-subgaussian if it is centered and for any

teR™, (X,t) is an L-subgaussian random variable.

THEOREM 4.3. There is an absolute constant C' > 0 such that the following holds.
Let € be a random vector whose coordinates (§;)7—, are independent, mean-zero, vari-
ance 1 random wvariables that are also L-subgaussian. Then for any u > 1, with
probability at least 1 — 2exp(—u),

sup | [14¢]13 ~E[lA¢]l3 | < OL® (F3(4) + dirs (A2 (A) + Viidsrs (A)daso(A)

+ ud%_)z(A)).

To see why Theorem 4.3 is useful for establishing regularity, let us return to the
random operator

1

1
\/leFgDEN —T..

B
Jn
Set
=D iF
= e \/ﬁ )
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then, for every z € R",

1 1
Br=—RI'¢Vzr=—R;T'y.G.
xT \/m 1Lg¥T \/m JERVE
Therefore,
(42)
sup | [|Bz|3 — [|«]3 | < sup | [|Bz|3 —Eql|Bz|3 |+ sup | EqlBx|3— |l=[l3 |,
1627 n reEX ™n 627 n

and by a straightforward computation,

2

1
7RIF\I}:EG

(4.3) Eg|Bzl3 =Ec | -

1 1
— —ITera]3=~ T’

2

Hence, (4.2) becomes

sup | [|Bx[|3 —[|z]3 |
TE2Lpr n
(4.4)
2 ] 2 1
< sup RiT'y,G *EG —RT'y,G|| |+ sup Hroﬁ/ — |lzlI3
zezm H\F vm o | zes..| VR ?
and
1 2
2 /
_E,. ||—T,
ol =B | J=ree]|

The two terms in (4.4) are exactly in the form that is dealt with in Theorem 4.3.
Taking into account the regularity estimates we are looking for, the classes of matrices
of interest are

1
(4.5) {WRII‘\M:JUGET’”} forr<m
and
(4.6) L sex for r <
. —1l rn T = 1t
NG x : orr<n

The key estimate in the case of (4.6) was established in [33]:

THEOREM 4.4. For L,~v > 1 there are constants ¢o and ¢ depending only (poly-
nomially) on L and =, respectively, such that the following holds. Let & be as in
Theorem 4.3 and set 1 <r <n. Then with probability at least 1 —2exp(—vlog*(n)/&),

<pVr

sup
€Y, n

1
Tt — o

for
_log®n
=c .
P=a—m

Obtaining a similar estimate for the class (4.5) is technically more involved but is
based on similar ideas. The details are presented in Appendix B.
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Next, one has to establish the strong regularity of B. That is based on the
following fact, which is a straightforward generalization of Theorem 3.4 from [13]. To
formulate the claim, consider two unitary matrices O, € C"*" and let W € C"*"™,
Set

dy =+/n max |U;;]  and dW:\/ﬁlmax Wi,

1<i,5<n <i,j<n
and assume further that

sup ||Waz|l2 < 2.
$€Er,n

Note, for example, that if I/ and W are Hadamard-type matrices then dyy <1, dyy <1,
and the condition on W is trivially satisfied.

THEOREM 4.5. For L >1 there exist constants ¢, and ¢o that depend only (poly-
nomially) on L such that the following holds. Let ( be an L-subgaussian random
vector, set 1 <r <mn, and let u>1. Then with probability at least 1 — e_“/él,

sup [[UDwOC|j) < 52\/Zmax{du,dw} (log(n) log(r) + \/ﬁ) .

wEEr,n

The proof of Theorem 4.5 is based on a straightforward modification of the argument
used to prove Theorem 3.4 in [13]; its details are omitted.

Let us return to the random matrix B. To establish p-strong regularity, one has
to estimate sup,cy, . || Bzl for every 1<r <m. Since

_
~Vm

and || RTy. G|y < [[Tw2 G|y, it suffices to control

Bz RiI'y,.G

TGl = VU Dw e OG|| 1

for the Hadamard-type matrices U, W, and O defined in (4.1). Thus, a high proba-
bility (with respect to G) estimate on sup,cy, . [|[UDwwsOG] ) follows from Theo-
rem 4.5 once one shows that

1
7D8// Fg/a?

vn

The proof of (4.7) is straightforward, thanks to Theorem 4.4. Indeed,

(4.7) sup ||[W¥z|z= sup

TEXr n TEXr n

<2.
2

el FE' €T

R

and by Theorem 4.4, with high probability with respect to &’,

)
2

sup | [[Toe’[l3 — BT |

TEXr n

is well-behaved.
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5. Concentration of the Gaussian convolution operator. Next, let us turn
to the second ingredient needed for the application of the generic embedding result,
formulated in Theorem 2.1: proving the ¢;-concentration phenomenon for the double
circulant matrix.

Let G be the standard Gaussian random vector in R™ and for a fixed x € R"
and I C {1,...,n}, consider the partial convolution R;(z & G). The first order of
business is to study the concentration of | Ry(x ® G)|| around its mean. An important
ingredient in the analysis is the following immediate consequence of the Gaussian
concentration theorem for Lipschitz functions (see, e.g., [36]).

THEOREM 5.1. Let S CR™ and set R(S) =sup,cg ||x||2. Then for u>0,

"

where ¢ is an absolute constant.

zesS zesS

sup(G, x) — Esup(G, z) ‘ > uR(S)) < 2exp(—cu?),

To formulate the concentration estimate for convolutions, recall that W = F/\/n,
where F is the discrete Fourier matrix. Below we will consider a general norm || - || :
R™ — R and use B to denote the corresponding unit ball. Recall that the dual norm
is defined by

]|+ = sup(z, y)
yeB
and that for any x € R”
]| = sup (z,y),
yeB°e

where B° ={x € R" : ||z|. <1} is the dual unit ball (see, e.g., [7, Appendix A.1.6]).
In the application below we consider the ¢;-norm, in which case the dual norm is the
{so-norm.

THEOREM 5.2. There is an absolute constant ¢ >0 such that the following holds.
For any I C {1,...,n} and u> 0, with probability at least 1 — 2exp(—cu?),

[I1Ri(z® G) |-l Ri (@ )| |<VAR(RB)  inf

Proof. Fix a decomposition z =y + z and observe that
r®@G=y®G+20G=y®G+/nUDw.0OG,
where, as before, O =W and U = W*. Clearly,

(u[|Wz]|oo +2[[W G|y l2)-

y@eG=WW(y®G)=vaW" (Z(Wy»(WG)iei) :

=1

R} = Ry, and, hence, almost surely,

Rw* <§:(Wy)i(WG)iei> H

i=1

IRi(y® G)|| =+n

n

> (Wysi(Wa)e:

i=1

(5.1) S VIR(BB) - [WE| oollyll2;

<+/n sup ||[R;W*al| -
a€BY 9
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in particular, this estimate also holds for E||R;(y ® G)||.
Next, observe that

|R1(2® G)|| = ||VnR:U Dw.OG| = vn sup (G,0" Dy, . U* R}t)

teB°
and

sup 10" Dy U Rit|l2 < [W2l|oo - R(R1B?).
teB°

Hence, by Theorem 5.1, for u > 0, with probability at least 1 — 2exp(—cu?),

(5.2) | 1R (z® G)[| = ER;(z ® G)|| | <uv/n-R(R1B°) - [|[W2| oo

The claim follows by combining (5.1) and (5.2). d
To apply this result for the ¢7-norm, note that for every x € R",

2
El|R;(z ® G)[ly =Elg| - mx[|2 = \/;mxllaa

and R(R[B°) = supyepr_||tll2 = v/m. Hence, for u > 0, with probability at least
1 — 2exp(—cu?),

2
[1Rr(z® Gl — \/;mIIxIIQ

With (5.3) in mind, let us show that when the Fourier transform of x is well-
spread, ||R;(z ® G)||1 exhibits a sharp concentration around its mean. One useful
notion of “being well-spread” is that there is some 1 <r <n and 1 < A </n such
that

(5.4) Wz <

(5.3) <Vim i (ul|Wzlloc + 2WGoollyllz) -

A
ﬁHxllz-

COROLLARY 5.3. There is an absolute constant ¢ > 0 such that the following
holds. Let x satisfy (5.4). For any § >0, with probability at least

1—2exp (—052%) ,

we have that

2 2 A
IFite® Dl yf 2l | <\ 2wl (54 VE7 WG ).

Proof. Let J be the set of indices corresponding to the largest r coordinates of
(|(Wz);|)—,. Using the invertibility of W, one may write x = y + z, where Wy =
R;Wx and Wz =Ry Wz. By (5.4),

A 1 A
—=llzllz and [[Wz]o < —= W < —=lz[l2.
NG VT Vrn

Hence, (5.3) implies that with probability at least 1 — 2exp(—cu?),

2
[1Rr(z @Gl — \/;mllxz

(5.5)

[yl =Wyllz =Wzl <

< vnm (u|[Wzlloo + 2[WG|lolyll2)

(5.6) < Nl (g2 +2IWGlcA).
The claim follows by setting u = ﬁé(\/mr/A). O
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Tt is straightforward to verify that a similar estimate holds if instead of (5.4) we
only have an upper estimate on ||[Wzx||j,;. That is the form we use in what follows.

COROLLARY 5.4. There is an absolute constant ¢ such that the following holds.

Let x satisfy that |[Wal|[, < % Then for 6 >0, with probability at least

1—2exp (7052%) ,

we have that

< \/zm (5+ @\;\%WGHOO) .

We will apply Corollary 5.4 to a finite set that is in a ‘good position’ - namely,
consisting of vectors for which there is enough control on ||[W - ||

To put Corollary 5.4 in some perspective, let us consider our benchmark- the
Gaussian matrix.

(5.7) ’ [Br(z® Gl - \/zmllwllz

5.1. The Gaussian benchmark. Let I'=n"1/23""  (G;,")e; be the normal-
ized standard Gaussian matrix. Consider T C R™ and let us explore the outcome of
Corollary 5.4 for points in the set I'T". To that end, pick the largest 1 <r <n such

that
rlog (%) < (%E;;>2 =d*(T).

Assuming that d*(T) > logn, r is well-defined and satisfies r ~ d*(T')/log(en/d*(T)).
By the proof of [14, Theorem 2.5], for any u > 1, we have

0.(T)
NG

with probability at least 1 — 2exp(—cu?d*(T)). Denote that event by €, and let us
invoke Corollary 5.4, where for every t € T' we set

(5.8) [WTt]g < Cu

d*(T)
" loglen/a (1)) "
It follows that conditioned on §2,, for § >0 and every t € T', with probability at least

md*(T) 1 2exn [ —ens? m
EE(T)log(en/d*(T)))_l ? p( o0 732(T)102%(671/d*(T))>

1—2exp <—0052

with respect to G we have that

2
‘ [Br(Tt® G|, — \/;mllfth

In the next section we will show that the double circulant matrix A satisfies an
almost identical inequality.

0.(T)
Jm

<cim <(5—|— ||WG||OO> .
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6. Uniform £;-concentration for the double circulant matrix. Fix 1 <
r <n. Corollary 5.4 implies that for any ¢t € R, if

(6.1) W Do Ter Dot

1 | < A
vn —Jn’
then with high probability with respect to G, ||At||; concentrates around its mean.
Thus, the key question is whether, with high probability, for every t € T, (6.1) holds
for suitable values of A and r. We will show that with high probability, one may set

d*(T)
log (ﬁ)

where d*(T) is defined as in (3.1). Up to the factor of T, this is the same as in the
Gaussian case.

(6.2) T~ and A~ Y0, (T),where Y ~log®?n,

THEOREM 6.1. For v > 1 there exist constants é1,¢2 depending only (polynomi-
ally) on v, and an event Q1 with probability at least 1 — n~" with respect to & @ &”
such that the following holds. Let T C R™ and assume that logn < d*(T) <n/log" n.
There is an event Qo 7 with probability at least 1 — 2exp(—yd*(T)) with respect to €,
such that, conditioned on 0y and Qo 1, for every t €T, with probability at least

m

& R(T) T2 log (df("T) )

1—2exp | —62

with respect to G,

1 21
6.3 —||At||1 =/ ——=||Te Dt
(6:3) ‘mu [RVER ST

where T ~ logs/2 n.

<o (34 IWOLTED),

Therefore, up to the factors of T in the probability estimate and in (6.3), Theo-
rem 6.1 shows that the ¢;-concentration phenomenon exhibited by the double circu-
lant matrix is the same as exhibited by the standard Gaussian matrix. The proof of
Theorem 6.1 is presented in the next section.

COROLLARY 6.2. Let v > 1. There exists a constant ¢ depending only (polyno-
mially) on v such that the following holds. Let T' be a finite set. If logn < d*(T") <
con/log’ n, m <n, and

log |T"|
52
then with probability at least 1 —n~" with respect to GReRe ®@e”,

1 2
Lty -2,
m ™

Proof. By Hoeffding’s inequality and a union bound, with probability at least
1 —n~7 with respect to G,

m >R (T log®n

<.

sup
teT”

(IWG| oo < cor/v1ogn.
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Hence, by Theorem 6.1, we only need to establish uniform concentration of
ﬁHF&-/DEtHQ around ||t]|z for all t € T'. Set T' = {t/||t|l2 : t € T'}. Using that

_ la?-1] 2 -
la—1|= "5 <la® — 1] if a >0, we find

sup

1 t
T Detl] — |t ‘zsu t P/D—H—l‘
teT \/ﬁ” € € ”2 H ||2 te?l?’ || ||2 € EHtHQ 9

A
Vn
1
<R(T') sup [T D3~ 1],
ter ' T
By Theorem 4.4, with probability at least 1 — 2exp(—cyylog4 n) with respect to &',
the matrix n='/2I'. is p-regular for

1og2 n

p:CQ(’Y) \/ﬁ .

On that event, Theorem 3.3 implies that with probability at least 1—exp(—czu?d* (T))
with respect to &,

sup 0 Dt = 1| < ) RT) (oo (D) 4 P (D)

teT
5 [log?(n)y/log|T"]  log®(n)log|T"|
~ es(7)u Jn + " ’

as R(T) =1 and d*(T) = ¢2(T) <log|T’|. Setting u? = cgylog(n), we conclude that

1
—= T Dt~ [1]l2] <6
sup | = ICe Dtz = 2] <

with probability at least 1 —n~" under the assumed bound on m (which then also
holds for n). |

Remark 6.3. The caveat that log(n) < d*(T) <n/log” n is there only for the sake
of a simpler presentation. In any case, since we are making no attempt of obtaining
a result that is accurate at the logarithmic level, that is not a real issue. Indeed, the
condition log(n) <d*(T) can be ensured by replacing T' by T'U {e;,i=1,...,n}- this
only leads to an additional logarithmic factor. If d*(T) > n/log®n then replacing T
by the Euclidean ball R(T)Bj comes at most at a logarithmic price, and the latter
case can be analyzed directly, by noting that Qg (rBY,r) ~ pry/n.

Corollary 6.2 is the final ingredient needed in the proof of Theorem 1.3.

Proof of Theorem 1.3. Recall the three conditions required in Theorem 2.1: let
Ty be a G-net of T of minimal cardinality and set k= [ém/A]. One has to show that
(1) sup,er, [l Az|lx < AVE;
(2) SUPgze(T-T)n6 By ||A55||[k] <6VE;
(3) SUPse(r,—1y) [l Azl — Jlzll2 [ <6
for the matrix
1

A=RiT6Der—73

T D. = /mBD..

The proof that the three conditions are satisfied with the wanted probability is an
immediate outcome of Theorem 3.6 combined with Theorem 4.1 - used to establish
(1) and (2); and Corollary 6.2, which implies (3) (for Kk =+/7/2). O
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6.1. Proof of Theorem 1.4. Let T be the set of normalized differences defined
in (1.2). Let A; = /3 A be the rescaled double circulant matrix with index set I C [n].

Consider independent selectors f1,..., 0, satisfying P(¢; =1) =1—P(¢; =0) = * and
let Iy ={i€[n] : 6; =1} be the set of selected indices. Clearly,

1 1

—Ey||A =—||Am

—BollAr,z]l1 = [l Aplh
for any z € R™ and hence

sup
zeT"’

L a2l - 1\ < smp ]Afsznl — LBl el |+ smp \HA ol 1]

By Corollary 6.2, if n > ¢(y)e~2log |T'|log® n, then
1
sup | —||Apyzlli — 1| <e
zeT! | T

with probability at least 1 —n="7.
To control the first term, set Xy . = = ||Ar,z[1 — =Eg||Az, 2|1 and let ¢ be an
independent copy of 6. By a symmetrization argument (see (6.3) in [36]),

(64) Py (sup |X97z‘ > 4€> < P@ﬂ/ (sup |X9,z — X@/,z| > 26) + sup Pg(‘X97z| > 26).
zeT’ zeT’ zeT”’

Observe that Xy , — Xy . has the same distribution as

724_19 _9 azv >|v

where the a; are the rows of A, and ¢ is a Rademacher vector that is independent
of all other random variables. Hence, it is standard to verify that

z€T’

ngf(sup | Xo . — Xor 2 |>2e><2pgc<sunge|a“ >|>e>

Observe that the event {m/2 <|Iy| < 3m/2} holds with §-probability at least 1—e ™.
On this event, Theorem 4.1 shows that with probability at least 1 —n~" with respect
toGee ®e”

! .

Y \Ie| N

is p-regular for p = ¢(v)log®?(n)/\/m. Since A, = \/[Ig|Br, D-, we can use Theo-
rem 3.3 to conclude that with probability at least 1 — n™" with respect to G ® € ®
e ® e

By, = ——R;,T¢Dor—

1
sup fze @i, 2)|* = sup —|| Az, 2|3 <¢,
zeT M zeT! M

where c¢ is an absolute constant, provided that

(6.5) m > c(v)log |T|log®(n).
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Clearly, (6.5) is satisfied when m > ¢(v)e 2log|T)| and € < log~>/%(n). In particular,
all of the above events hold simultaneously with probability at least 1 —e™¢™ —n™7
with respect to Q@ G®e®¢e’ ®e”. Conditioned on that event, Hoeffding’s inequality
implies that

P <,711 > Gbillai z)] > ) <2ememe

i=1

for any z € T". Recalling that m > e~ 2log|T|, a union bound yields

1 & -
P sup — i0;](a;, 2)| > < 2e~¢me
¢ (:él%{m;@ il(a Z>|_€> = ze

In a similar, but simpler manner one can estimate the second term on the right-hand
side of (6.4), which completes the proof.

6.2. Proof of Theorem 6.1. As we noted previously, to prove Theorem 6.1 it
remains to show that (6.1) holds with the parameters specified in (6.2). The random
vectors €, €/, and €” each play a different role in the argument, leading to the somewhat
cumbersome formulation of Theorem 6.1.

First, we show that for a typical realization of £’ ® &”, the matrix n~/2W DT
is p-strongly regular for p of the order of n~1/2 log5/ 2. Clearly, that fact has nothing
to with the identity of the set T, but rather only with the way in which the ma-
trix n=Y/2W D./T'. acts on sparse vectors. Second, given a set T, Theorem 3.3 and
Theorem 3.2 imply that (conditioned on the fact that n~*/?W DT, is p-strongly
regular), with high probability with respect to e, n~Y2WD.T. D, “acts well” on T.
These two steps are formulated in Theorem 6.4 and Corollary 6.5.

THEOREM 6.4. For > 1 there is a constant ¢ that depends only (polynomially)
on vy such that the following holds. With probability at least 1 — n™" with respect to
e’ ®@&”, the matriz n~/>*W DT, is p-strongly reqular for

Nlog‘r’/ n
=c
P NG
We prove Theorem 6.4 in the next section. We first show how it implies (6.1)

and, hence, Theorem 6.1 as well.

COROLLARY 6.5. Set Y = py/n and let T C R™. Assume that logn < d*(T) <
cin/Y?% and set r to satisfy that d*(T) ~ rlog(en/r). Then on the event from The-
orem 6.4, with probability at least 1 — 2exp(—cou?d*(T)) with respect to &, we have
that for any te T,

_ 0(T
||77, 1/2WD5//F5/D575||[T.] § CgUQT\ﬁﬁ)
Proof. On the event from Theorem 6.4, Theorem 3.2 and Remark 3.5 imply that
for T C R™, with probability at least 1—2exp(—cou?[d*(T) + rlog(en/r)]) with respect
to g, for every t €T,

|n=Y2W Do Do Det| ) < cru® max{Q(T), R™HT)Q*(T)},
where

Q(T) = Q(T,R(T)) = pR(T)(d"(T) + rlog(en/r))"/>.
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By setting r to satisfy that d*(T') ~rlog(en/r), we have that Q(T') ~ pR(T)+/d*(T).
Note that Q(T) > R~YT)Q*(T) provided that Q(T) < R(T). Since T = p+/n, this
condition is satisfied if d*(T") <n/Y2. This yields the asserted estimate. d

6.3. Proof of Theorem 6.4. The proof follows two steps:
Step 1: Proof of reqularity.

The first step in the proof is to establish that with high probability with respect
to &/ ®¢”, the matrix n=/2W DT is regular, i.e., it acts in a norm preserving way
on sparse vectors. Observe that for any ¢ € R™ and any realization of &”,

In = 2W DenTer|lo = [~ /2T 2.

Thus, it suffices to establish the regularity of n='/2I".,. This follows immediately from
Theorem 4.4, by which implies:

With probability at least 1 — 2exp(—cwlog4 n) with respect to &', the matrix
n~1/2T'. is p-regular for

(6.6) p=ca(7)

Step 2: Proof of strong regularity.
Recall that for any x € R™ we have I'yx =T,¢’ and T, = /nUDy O, where
U, W, and O are as in (4.1). Therefore,
TLil/QWDE//FE/(E = WDEHUDWEOE/.
Note that this is a random vector of the form U Dy, O¢ for
U=WD.U W=W, O=0, and {=¢'.

Therefore, to establish strong regularity, we invoke Theorem 4.5. To that end, observe
that the matrix W = W is of Hadamard-type; in particular, dyy = 1 and trivially,
Sup,ex.  |[Waxl]2 <2. To estimate

dy = \/ﬁ1 max |[(WD.U)jl,

<i,j<n

we use the following fact.
LEMMA 6.6. There is an absolute constant ¢ >0 such that the following holds for
any v>1 : for any Vi, Vo € C"*"™, with probability at least 1 —n~7

max |(ViDoVa)ij| < ey/ylogn max [[Vieilla max |(Va)l.
1<i<n 1<i,j<n

1<i,5<n

The proof of Lemma 6.6 is standard and is presented in Appendix A.
Since W and U are Hadamard-type matrices, Lemma 6.6 shows that there is an
event with probability at least 1 —n~7 (with respect to ) such that

dy < c1y/vlogn.
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On that event, it follows from Theorem 4.5 that there is an absolute constant co such
that with probability at least 1 — 2exp(—cou) with respect to &',

_ r

(6.7) sgp ln 1/2WDE”1"E,$H[T] < 03\/;- Vl1ogn (log(n)log(r) + vu) .
S n

In particular, setting u ~ vlog® n and taking the union bound over 1 <r <n, we

have that with probability at least 1 — 2exp(—02710g4 n) with respect to &,

(6.8) sup ||n71/2WD5~I‘€/m||[T] < 64(7)\/?10g5/2 n for every 1<r<n.
TEX, n n

In particular:

On an event with probability at least 1 —n=7 — exp(—c5'ylog4 n) with respect
toe' ®e”, n~Y2WD.T. is p-strongly regular for

log‘r)/2 n
p=ca(y) N

That completes the proof of Theorem 6.4.
Appendix A. Proof of Lemma 6.6. For any 1 <1i,j <n,
(ViDenVa)ij = (ViDenVaej,ei) = (", Dy, Vies).
Moreover,
1DV, e, Vieill2 <[[Dvye, [l2—2 [ Vi"eill2 = Vaej [l o[ Vi"€ill2 S1?%§L||V1*€i|\2lggén [(V2)i;].
By Hoeffding’s inequality, for any u > 0,
" * * * 2
P(I(e”, Diye, Vi'ea)| 2w max [ Viealls, max [(Va)yy|) < 2exp(—u/2).

The result now follows by taking a union bound over all 7 and j.

Appendix B. Proof of Theorem 4.1. The goal is to show that with probabil-
ity at least 1—n~" with respect to G ® ¢’ ® ", the matrix B =m~"?R;TgD.»n~/?T.,
is p-strongly regular for p ~ c(y)m=1/2 log®?n

Recall that ¥ =n~'/2D.. T, and thus, for every z € R",

1 1
Br=—RT'gVzr=—
e Ym T Um
B.1. Regularity of B. As we have noted in (4.4), to establish regularity it
suffices to estimate

RiTw,G.

sup | | Bx3 —[l=]3 |

TEXr n

(B.

2
_]EG
2

2

+ sup
TEX, n

sup
rEErn

1
—R Ty, G
m

H Ril'y,G

= lll3
2

1
—T,
‘\/ﬁ c

2

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/06/24 to 131.211.12.11 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

FAST METRIC EMBEDDING INTO THE HAMMING CUBE 341

2
logn" is standard and

As it happens, the proof that n=!/2T'. is p-regular for p ~ c(7)
was used previously in this presentation (see (6.6)). Hence, all that remains is to
estimate

2
_EG
2

1 2

Jm

for 1 <r <m. To that end we invoke Theorem 4.3 for the class of matrices

Ril'w:G

1
—RTy,G
H\/% r

sup
xEZr,n

2

Ar = {R[F\p$ e Zhn}

in the case £ = G. To estimate the quantities in Theorem 4.3 we follow an almost
identical argument to the one used in [33]. We will therefore only outline it here. Let
x,y € R™. Then

[RiTys — RilTwyllam2 < [Tw@—y) llzm2 = vVl ¥(2 — y)||o

and, in particular,

sup [[Rilwsl2m2 < sup vn| V2.
TEX, TEX, n

Set ||z|| := v/n||¥x| . Estimating the yo-functional by an entropy integral (see, e.g.,
[43]), we find that for an absolute constant co,

B2 a(An] - llo2) < 72(Srmll- ) <o / log" 2 N (Srms [ - [, 0) .

To estimate the right-hand side, we use two entropic estimates. The first is based on
Maurey’s lemma and is essentially due to Carl [8] (see also [33] for a proof).

LEMMA B.1. There exists an absolute constant ¢ such that the following holds.
Let || - || be a norm on R™. Let U C R™ be a finite set and assume that for every
1<k <|U| and every subset {uq,...,up} CU of cardinality k, E.|| Zle giug| < avk.
Then for every t > 0,

an 2
log A'(conv(U), |- |.1) < ¢ () "log|U]

In our case, X, ,, C conv(U), where U = {£2/re; : 1 <i<n}, and [|z| = /1] V2 co-
Note that for any x1,...,z; € R”

k
E €Ly
i=1

Hence, if J C{1,...,n} and |J| =k, we have that

E €i€

icJ

E

A 1/2
< cor/Toam (zmu;) .
. i=1

EE :Ea ZE,‘\/’E‘I’@Z‘

icJ o

<coy/logn max /n|¥;| - Vk.
1<i,j<n

1/2
<cpy/logn (Z ||\/E‘I’€i<2>o>

icJ
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Now, condition on the event on which

(B.3) max /n|¥;;| <ci1y/vlogn.

1<4,j<n

Since ¥ = n~Y/2D_T./, Lemma 6.6 (with V; = Id,, and V5 = WI‘ /) shows that

this event holds with probability at least 1 —n~7 with respect to €”. On that event,
Lemma B.1 with

a=coy/r/logn | Inax Vn|®i;| < ca(y)V/rlogn
<i,j<n
implies that for every ¢t >0
r
10g N (S, || - [1#) < e3(7) 5 log® n.

The second entropic estimate we require is volumetric: X, , is the union of the
Euclidean unit balls By that are supported on sets J C {1,...,n}, where |J| =r. If
x,y € Bf then

2z =yl = vVnl|¥(z - y)[loo < max [v/n(¥e;z—y)| < max /n|Wllle -yl
1<i<n 1<i,5<n
Slggggnx/ﬁl‘l&jlx/ﬂlx—ylb < ca(y)Vlogny/rlz — yll2,

where we again used (B.3). Hence, for any ¢ >0

IOgN(Er,m ” ) ”vt)zlogN(U\J\:rBé], ” ’ ||7t) < gl‘i}il()gN(Bé]’ ” ’ H27t/) +rlog(en/r),

where
t

ca(y)VIogny/r’

Now the entropy estimate follows from a standard volumetric argument.

Conditioned on the event (B.3) and using these two entropic estimates for large
and small u, respectively, in the entropy integral in (B.2), it follows from a standard
computation that for any 1 <r <n,

Y2 (Ar || - las2) < e5(7)V/rlog™?

A similar argument shows that da_2(A,) < cg(v)y/rv1ogn.
Finally, let us estimate

das(Ar)= sup ||Rilwa|lms <vm sup [[Pzls.

TEX, n TEX, n

t =

Observe that

sup H\I/x||2—— sup ||F8/x|\2

TEX,n \/>96
We have that E||T¢’||3 = nl|z||3 <n, and if

a:= sup | ||To’|l3 —ElToe"3 |,

TEX, n
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then

1 1
— sup |Tox|z < — (a+n)"?.

nzes, , \/H

Using Theorem 4.4 it follows that with probability at least 1 — 2exp(—c7ylog?(n))
with respect to &/, for all 1 <r <m

sup | [|Tae’|3 — E[Tae’ll3 | <n,

TEXr n

provided that n > cg(y)mlog*(n), implying that

1
B4 sup ||Yz|e=— sup ||Texl|z<2.
(B.4) S W] \/ﬁxezmH o

Therefore, conditioned on the above event it follows that

dHS(Ar) < 2\/%.

Combining these estimates with Theorem 4.3 and a union bound over all 1 <r <m,
we have that with probability at least 1 — 2exp(f(:9’ylog4 n) with respect to G, the

log‘r’/2 n

matrix B is p-regular for p = c10(7y) NG

B.2. Strong regularity of B. To complete the proof of Theorem 4.1 one has
to show that for every 1 <r <m,

1
vm
To that end, it suffices to prove that

[n
=4/, sup |UDw w2 0G|y < pV/r-
[r]

TEX n

RiTy.G|| <pr.

sup
TEX n

[r]

1
—7TI
\/ﬁ \I/wG

Thus, the proof of Theorem 4.1 is completed once the following lemma is established.

sup
TEX,

LEMMA B.2. For«y > 1 there exist constants ¢y and ¢ depending only (polynomi-
ally) on + such that the following holds. Let n > Eomlog4n. With probability at least
1 —n~"7 with respect to GR ' @¢&”, for every 1 <r <m,

_Ir
sup [|UDww.OG]|(y gcl\/;10g5/2n.
TE2r n

Proof. Using the notation of Theorem 4.5,
UDww,:OG =UDy, 0,
where
U=U, W=wv, O0=0, and £=G.

Just as in (B.4), with probability at least 1 — 2exp(—coylog*(n)) with respect to &,
forall 1<r<m,
1

sup |[Wzxl|la= sup [|[WVzx|s=— sup |zl <2.
S [We|| IGEMH [ N [Tl
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Moreover, by Lemma 6.6 (with V3 =W and V5 = ﬁf‘g)
dyw = max /n|(W¥);;| <ci/vlogn

1<i,j<n

with probability at least 1—n~"7 with respect to ¢”. The result now follows by applying
Theorem 4.5 conditioned on those two events. O
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