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Abstract

Despite many applications, dimensionality reduction in the ¢;-norm is much less understood than
in the Euclidean norm. We give two new oblivious dimensionality reduction techniques for the
£1-norm which improve exponentially over prior ones:

1. We design a distribution over random matrices S € R"*", where r = gpoly(d/(€9)) guch that given
any matrix A € R"*9, with probability at least 1 — 4, simultaneously for all x, [|SAx||; = (1 +
e)||Ax||1. Note that S is linear, does not depend on A, and maps ¢; into ¢;. Our distribution provides
an exponential improvement on the previous best known map of Wang and Woodruff (SODA, 2019),
which required r = 229(d), even for constant € and §. Our bound is optimal, up to a polynomial factor
in the exponent, given a known 2P°%¥(9) Jlower bound for constant £ and §.

2. We design a distribution over matrices S € RF*", where k = 20 (=1qlog d)°(@, such that
given any g-mode tensor A € (R?)®9, one can estimate the entrywise ¢;-norm ||A||; from S(A).
Moreover, S =S! ®S2® --- ® S? and so given vectors uy,...,Uuq € R, one can compute S(u; ®
U ®---Quy)in time 20(4) (e7'qlog d)©(9), which is much faster than the d¥ time required to form
u; ® Uz ® - -+ @ ug. Our linear map gives a streaming algorithm for independence testing using space

O(q

20(‘12)(5’1q10g d)©(9), improving the previous doubly exponential (¢~ log d)4 ) space bound of

Braverman and Ostrovsky (STOC, 2010).

For subspace embeddings, we also study the setting when A is itself drawn from distributions with
independent entries, and obtain a polynomial embedding dimension. For independence testing, we
also give algorithms for any distance measure with a polylogarithmic-sized sketch and satisfying
an approximate triangle inequality.

Keywords: Subspace embeddings, independence testing, dimension reduction

1. Introduction

Dimensionality reduction refers to mapping a set of high-dimensional vectors to a set of low-
dimensional vectors while preserving their lengths and pairwise distances. A celebrated result is
the Johnson-Lindenstrauss embedding, which asserts that for a random linear map S : R” — R",
for any fixed x € R", we have ||Sx|j2 = (1 &£ ¢)]||x||2 with probability 1 — §. It is necessary and
sufficient for the sketching dimension 7 to be ©(¢~21log(1/§)) Johnson and Lindenstrauss (1984);
Larsen and Nelson (2017). A key property of S is that it is linear and oblivious, meaning that it
is a linear map that does not depend on the point set. This makes it applicable in settings such as
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the widely used streaming model, where one sees coordinates or updates to coordinates one at a
time (see, e.g., Muthukrishnan (2005); Cormode et al. (2012) for surveys) and the distributed model
where points are shared across servers (see, e.g., Boutsidis et al. (2016), for a discussion of different
models). Here it is crucial that for points x and y, S(x + y) = Sx + Sy, and S does not depend
on x or y. In this case, if one receives a new point z chosen independently of S, then S still has a
good probability of preserving the length of z, whereas data-dependent linear maps S may change
with the addition of z, and are often slower Indyk et al. (2000). For these reasons, our focus is on
linear oblivious dimensionality reduction, often referred to as “sketching”.

For many problems, the 1-norm ||x|; = >, |x;| is more appropriate than the Euclidean
norm. Indeed, this norm is used in applications demanding robustness since it is less sensitive to
changes in individual coordinates. As the 1-norm is twice the variation distance between distri-
butions, it is often the metric of choice for comparing distributions Indyk and McGregor (2008);
Braverman et al. (2010); Braverman and Ostrovsky (2010a); McGregor and Vu (2015). A sample
of applications involving the 1-norm includes clustering Feldman et al. (2010); Labib and Vemuri
(2005), regression Clarkson (2005); Sohler and Woodruff (2011); Clarkson et al. (2013); Meng and
Mahoney (2013); Woodruff and Zhang (2013); Clarkson and Woodruff (2015, 2017); Woodruff
(2014), time series analysis Dodge (1992); Lawrence (2019), internet traffic monitoring Feigen-
baum et al. (2002), multimodal and similarity search Aggarwal et al. (2001); Lin and Shim (1995).
As stated in Aggarwal et al. (2001), “the Manhattan distance metric is consistently more preferable
than the Euclidean distance metric for high dimensional data mining applications”.

While useful for the Euclidean norm, the Johnson-Lindenstrauss embedding completely fails if
one wants for a vector x, that ||Sx||; = (1 £ ¢)||x||; with probability 1 — 0. Indeed, the results
of Wang and Woodruff Wang and Woodruff (2019) imply nearly tight bounds: for constant £ and
8, a sketching dimension of 2P°(") is necessary and sufficient!. Indyk Indyk (2006b) shows that
if instead one embeds x into a non-normed space, namely, performs a “median of absolute values”
estimator of Sx, then the dimension can be reduced to O((logn)/e?). Such a mapping is still linear
and oblivious, and this estimator is useful if one desires to approximate the norm of a single vector,
for which the dimension becomes O((log(1/6))/e?) and the failure probability is §. However,
this estimator is less useful in optimization problems as it requires solving a non-convex problem
after sketching. Thus, there is a huge difference in dimensionality reduction for the Euclidean and
1-norms.

This work is motivated by our poor understanding of dimensionality reduction in the 1-norm,
as exemplified by two existing doubly exponential bounds for important problems: preserving a
subspace of points and preserving a sum of tensor products, both of which are well-understood for
the Euclidean norm.

Subspace Embeddings. In this problem, one would like a distribution on linear maps S € R"*",
for which with constant probability over the choice of S, for any matrix A € R™*¢, simultaneously
for all x € R%, [[SAx||; = (14 ¢)||Ax||;. Note that S preserves the lengths of an infinite number
of vectors, namely, the entire column span of A. Subspace embeddings arise in least absolute de-
viation regression Sohler and Woodruff (2011); Clarkson et al. (2013); Meng and Mahoney (2013);
Woodruff and Zhang (2013); Clarkson and Woodruft (2017) and entrywise ¢;-low rank approxima-
tion Song et al. (2017); Ban et al. (2019); Mahankali and Woodruff (2021), among other places.

1. Their bounds are stated for subspaces, but when applied to n arbitrary points result in this as both an upper and a
lower bound, with differing polynomial factors in the exponent. We give more details in Remark A.6 of Section A.
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Since a subspace embedding maps the entire subspace into a lower dimensional subspace of /1, one
can impose arbitrary constraints on x, €.g., non-negativity, manifold constraints, regularization, and
so on, after computing SA. The resulting problem in the sketch space is convex if the constraints
are convex.

For the analogous problem in the Euclidean norm, there is a linear oblivious sketching matrix
S with O((d + log(1/6))/€?) rows, which is best possible Clarkson and Woodruff (2009); Nelson
and Nguyen (2014); Woodruff (2014).

For the 1-norm, we understand much less. The best upper bound Wang and Woodruff (2019)
for an oblivious subspace embedding is for constant € and ¢ and gives a sketching dimension of
22°“ This bound is obtained by instantiating the 2°°Y(") bound above with n = d°(@, and union
bounding over the points in a net of a subspace. The lower bound on the sketching dimension is,
however, only 29(‘/3), representing an exponential gap in our understanding for this fundamental

problem Wang and Woodruff (2019).

Independence Testing. Another important problem using dimensionality reduction for ¢; is test-
ing independence in a stream. This problem was introduced by Indyk and McGregor Indyk and
McGregor (2008) and is the following: letting [d] = {1,2,...,d}, suppose you are given a stream
of items (i1, ...,4,) € [d]?. These define an empirical joint distribution P on the ¢ modes defined
as follows: if f(i1,...,%4) is the number of occurrences of (i1,...,%,) in a stream of length m,
then P(i1,..., i) = %f(z’l, ...,1q). One can also define the marginal distributions P;, for j =
1,2,...,q, where for i € [d] we have P;(i) = 1 Zil,“.,z’j,l,z‘jﬂ,...z‘q Fln, o o159, 041, - . - dg)-
The goal is to compute || P —Q||; with Q = Py ® P, ® - - - ® Py, that is, the 1-norm of the difference
of the joint distribution and the product of marginals. If the ¢ modes were independent, then this
difference would be 0, as P would be a product distribution. In general this measures the distance

to independence.

It is important to note that if one were given P, . .., P, and P, then one could explicitly compute
P, ® P, ® --- ® P,, and then compute the median-based sketch S(P — P, ® P> ® --- ® P,) of
Indyk Indyk (2006b) above. The issue is that in the data stream model, the vectors P, P, ..., P,
are too large to store, and while it is easy to update S(P) given a new tuple in the stream (namely,
S(P) < S(P) + Si,...i,» where S;, ;. is the column of S indexed by the new stream element
(41,...,1q)), it is not clear how to update S(P; ® P, ® --- ® F,) in a stream. Consequently, a
natural approach is to maintain sketches S' P, S? P, ..., S?P, as well as SP, and combine these
at the end of the stream. A natural way to combine them is to let S = (S!) ® (S?) ® - -- ® (S7) be
the tensor product of the sketches on each mode.

For the corresponding problem of estimating the Euclidean distance [|[P — P; @ P, ® - - - @ Py |2,
recent work Ahle et al. (2020) implies that this can be done with a very small sketching dimension
of O(n/e?), though such work makes use of the Johnson Lindenstrauss lemma and completely fails
for the 1-norm.

Despite a number of works on independence testing for the 1-norm in a stream Indyk and Mc-
Gregor (2008); Braverman et al. (2010); Braverman and Ostrovsky (2010a); McGregor and Vu
(2015), the best upper bound is due to Braverman and Ostrovsky Braverman and Ostrovsky (2010a)
with a sketching dimension of (¢! log d)qo(q), which, while logarithmic in d, is doubly exponential
in g. A natural question is whether this can be improved.
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1.1. Our Results

We give exponential improvements in the sketching dimension of linear oblivious maps for both
£1-subspace embeddings and ¢;-independence testing.

Subspace Embeddings: We design a distribution over random matrices S € R"*", where r =
opoly(d/(£9)) 5o that given any matrix A € R"*?, with probability at least 1 — &, simultaneously for
all x, |SAx||; = (1 £ ¢)||Ax]|1. We present both a sparse embedding which has a dependence of
log n in the base of the exponent, as well as a dense embedding which removes this dependence on
n entirely.

Theorem 1.1 (Sparse embedding, restatement of Theorem B.1) Let ¢ € (0,1) and 6 € (0,1).
Then there exists a sparse oblivious {1 subspace embedding S into k dimensions with

k = poly(d,e™, 671, log n)d/‘s‘E
such that for any A € R™*9
Pr{(1 - ¢)|Ax[1 < [[SAx[y < (1 +¢)[|Ax|1} > 1 -4

Corollary 1.2 (Dense embedding, restatement of Corollary B.2) Ler ¢ € (0,1) and § € (0, 1).
Then there exists an oblivious €1 subspace embedding S into k dimensions with

k = exp (é(d2 /553)))
such that for any A € R

Pr{(1 —¢)[[Ax[s < [SAx|y < (1 +¢)|Ax|1} > 1 -4

This is an exponential improvement over the previous bound of r = 92 Wang and Woodruff
(2019), which held for constant € and §. Our bound is optimal, up to a polynomial factor in the
exponent, given the 2P°Y(%) lower bound for constant £ and § Wang and Woodruff (2019). An im-
portant feature of S is that S - A can be computed in an expected O(nnz(A)) time, where nnz(A)
denotes the number of non-zero entries of A. This is in contrast to the embedding of Wang and
Woodruff (2019), which requires 22" - nnz(A) time.

Independence Testing: We design a distribution over matrices S € R**", where k = poly(qe ! log d),
so that given any g-mode tensor A € (R%)®9, one can estimate the entrywise 1-norm ||A||;
from S(A). Moreover, S = T®? and so given vectors uy, ... ,ug € R?, one can compute
S(ur ® uy ® - -+ ® ug) in time 20(4*) (e=1¢log d)°@, which is much faster than the d? time
required to form u; ® us ® - -+ ® uy. Our linear map can be applied in a stream since we can
sketch each marginal and then take the tensor product of sketches, yielding a streaming algorithm

for independence testing using 20(a%) (e~ tqlog d)O(Q) bits of space.

Theorem 1.3 (Restatement of Theorem 5) Suppose that the stream length m = poly(d?). There
is a randomized sketching algorithm which outputs a (1 £ ¢)-approximation to |P — Q|1 with
probability at least 0.9, using exp(O(q* + qlog(q/€) + qloglog d)) bits of space. The update time
is exp(O(q® + qlog(q/e) + qloglog d)).
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This improves the previous doubly exponential (¢~! log d) : space bound Braverman and

Ostrovsky (2010a).

For subspace embeddings, we also study the setting when A is itself drawn from distributions with
certain properties, and obtain a polynomial embedding dimension. This captures natural statistical
problems when the design matrix A for regression, is itself random. Our various results here are
discussed in Section E.

A byproduct of our sketch is the ability to preserve the 1-norm of a matrix P by left and right
multiplying by independent draws S' and S? of our sketch, where we show that O(||P||;) <
IS'PS?||; = O(1/a?)||P||; where S'PS? is a d* x d“ matrix. Here a € (0,1) can be any
constant; previously, no such trade-off was known.

Theorem 1.4 (Restatement of Theorem C.2) Let 6 € (0,1) and o € (0,1). Then there exists a
sparse oblivious {1 entrywise embedding S into k dimensions with

d «
k= <6logn) poly(6~1,logn)
such that for any A € R4,
1
pr{ oAl < 84l < O( 5 )IAIL | > 15

We also give a matching lower bound showing that for any oblivious sketch S with r rows, the

distortion between ||S'P||; and ||P]|; is 2 (}ggf) Thus, with r = d* dimensions, the distortion

must be at least
logd  logd 1

logr logd® o

Theorem 1.5 (Restatement of Theorem C.8) Let S be a fixed v x d matrix. Then there is a distri-
bution p over d x d matrices such that if

W N

Pr Al <[SAl < slAf:) =
~p

then k = Q((logd)/(logr)).

For independence testing, we also give algorithms for any distance measure with a polylogarithmic-
sized sketch and satisfying an approximate triangle inequality; these include many functions in
Braverman and Ostrovsky (2010b). For example, we handle the robust Huber loss and ¢,-measures
for0 < p < 2.

1.2. Our Techniques

We begin by explaining our techniques for subspace embeddings, and then transition to indepen-
dence testing.
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1.2.1. SUBSPACE EMBEDDINGS

The linear oblivious sketch we use is a twist, both algorithmically and analytically, to a method-
ology originating from the data stream literature for approximating frequency moments Indyk and
Woodruff (2005); Bhuvanagiri et al. (2006). These methods involve sketches which subsample the
coordinates of a vector at geometrically decreasing rates 1,1/2,1/4,1/8,...,1/n, and apply an
independent CountSketch matrix Charikar et al. (2002) (see Definition A.1) to the surviving coor-
dinates at each scale. Analyses of this sketch for data streams does not apply here, since it involves
nonlinear median operations, but here we must embed ¢; into ¢;. These sketches have been used
for embedding single vectors or matrices in ¢; into ¢, called the Rademacher sketch in Verbin and
Zhang (2012), and the M -sketch in Clarkson and Woodruff (2015). However the approximation
guarantees in these works are significantly worse than what we achieve, and we improve them by
(1) changing the actual sketch to “randomized boundaries” and (2) changing the analysis of the
sketch to track the behavior of the ¢;-leverage score vector, which captures the entire subspace, and
tracking it via a new mix of expected and high probability events.

We now explain these ideas in more detail. To motivate our sketch, we first explain the pitfalls
of previous sketches.

Cauchy Sketches Sohler and Woodruff (2011); Wang and Woodruff (2019). The previous best
O(1) distortion ¢; oblivious subspace embedding of Wang and Woodruff (2019), which achieved a
sketching dimension of 920 , was based on analyzing a sketch S of i.i.d. Cauchy random variables.
The only analyses of such random variables we are aware of, in the context of subspace embeddings,
works by truncating the random variables so that they have a finite expectation, and then analyzing
the behavior of the random variable ||Sy||1, for an input vector y in expectation. It turns out that
the expectation of this random variable can be much larger than the value it takes with constant
probability, as it is very heavy-tailed. Namely, the expected value of ||Sy||; after truncation is
©(logn)||y|/1, which makes it unsuitable for the sketching dimension that we seek.

Rademacher and )/ Sketches Verbin and Zhang (2012); Clarkson and Woodruff (2015). Us-
ing techniques from the data stream literature, the Rademacher sketch of Verbin and Zhang (2012)
and the M -sketch of Clarkson and Woodruff (2015) achieve an O(1)-approximation for a sin-
gle vector by subsampling rows of y with probability p and rescaling by 1/p at O(logn) scales
p=1,1/2,1/4,1/8,...,1/n. This approach allows us to more finely track the random variables
in our sketch, and serves as the starting point of our sketch. Note that for a single scale p and a
single coordinate y;, the expected contribution of the subsampled and rescaled coordinate is

1
—-p-lyil = lyil
p

Then in expectation, the O(logn) subsampling levels give a O(logn) factor approximation, which
is the same as that of a Cauchy sketch. However, due to the geometrically decreasing sampling rates,
we are able to argue that with good probability the coordinate does not survive more than O(1)
levels. Thus we effectively “beat the expectation”, showing that the random variable is much less
than what its expectation would predict, with good probability. We illustrate this with an example.

Suppose the first y/n coordinates of y equal ﬁ, and remaining n — \/n coordinates equal

Then |ly||1 = 2(1 — o(1)). If we subsample at geometric rates 1,1/2,1/4,...,1/n and use

1
-
t = O(1) hash buckets in CountSketch in each scale, then for rates larger than 1/1/n, the random
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signs in each CountSketch bucket cancel out and the absolute value of the bucket concentrates to its
Euclidean norm, which is much smaller than its 1-norm. At the rate p = 1/4/n, we expect a single
survivor from the first \/n coordinates of y. We call this the ideal rate for the first y/n coordinates
of y. There are also about \/n survivors from the remaining n — y/n coordinates of y at this ideal
rate, but these /n survivors concentrate to their Euclidean norm in each CountSketch bucket,
which will be about 1/ n3/%, and negligible compared to the value 1/y/n. This lone survivor will
be scaled up by /n, giving a contribution of 1 to the overall 1-norm. Similarly, at the subsampling
rate of 1/n, we expect one surviving coordinate of y, it is scaled up by n, and it gives an additional
contribution of about 1 to the overall 1-norm. Overall, this gives a good approximation to ||y/||1,
which is 2(1 — o(1)).

While the above gives a good approximation, the expected value of the 1-norm of Sy is a much
larger ©(logn). Indeed, consider subsampling rates 1/(2y/n),1/(4y/n),1/(8y/n),.... For each
of these, the single survivor of the first y/n coordinates of y has probability 1/2,1/4,1/8, ...,
of surviving each successive level. If it survives, it is scaled up by 2,4,8, ..., giving an overall
expectation of O(logn). Thus, the expectation is not what we should be looking at, but rather we
should be conditioning on the event that no items among the first /n surviving beyond the rate

1/v/7.

Ingredient 1: Aggressive Subsampling and Randomized Boundaries. So far, this is standard.
Indeed, the Rademacher sketch in Verbin and Zhang (2012) and the M-Sketch in Clarkson and
Woodruff (2015) achieve an O(1)-approximation for a single vector and argue this way. But these
works cannot achieve (1+ ¢)-approximation with good probability, since it is already problematic if
the single survivor of the first v/n coordinates of y survives one additional subsampling rate beyond
its ideal rate, and this happens with constant probability. This motivates our first fix: instead of
subsampling at rates 1/2¢, fori = 0,1,2,...,0(logn), we subsample at a much more aggressive
exp(e~! polylog(n))? fori = 0,1,2,...,0(logn), and furthermore, randomly shift these subsam-
pling rates as well.

No entries sampled
wp.1—9
by union bound

Randomized boundaries (1 & ¢) approx. w.p. 1 — ¢
+ Markov by Chernoff

d e 2logé!

Figure 1: Casework on pm

To see why this is a good idea, consider a level set of weight w, which is the multiset of co-
ordinates of y with absolute value ©(w) (think of w as [27,271) for some j) that is subsampled
at rate p and rescaled by 1/p. Let the size of the level set be m. We case on pm (see Figure 1).
If pm > e 2log %, then Chernoff bounds imply that this concentrates to the expected mass of pm
with probability at least 1 — §. On the other hand, if pm < J, then by a union bound, there is a §
probability that any of the m elements in the level set are sampled. By taking 6 = 1/ log? n, we
see that by a union bound over the at most log n level sets and logn sampling rates p, any level
set with size m and subsampling rate p with pm ¢ [5,e721log '] either samples (1 & ) of the
expected mass, or doesn’t sample the level at all, with constant probability. Then, for these levels,
our earlier analyses involving CountSketch apply and in fact give us a (1 + O(e)) approximation.
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However, for the level sets and the sampling rates with pm € [§,e721log 6~ !], we cannot make
any meaningful statements about these levels with high accuracy and probability. To remedy this
situation, we randomize our choice of the sampling rates p themselves and bound the contribution
from these levels with a Markov expectation bound. To this end, we let W = e 25 1logd~! be
the size of this bad window, we let B = exp(s~!log W) be our branching factor, and we choose
our sampling rates to be p; = B~“B~! for a uniformly random u ~ [0,1]. Note then that the
probability that a given sampling level p; falls in the window p;m € [6,e 2 log 6~!] is at most ¢,
since after taking logarithms, the bad window is an ¢ fraction of the range of the uniformly random
shift u. Now note that for each level set of size m and weight w, there are only O(1) sampling levels
p; that have a nonzero probability such that p;m € [6,e 2 log '], and these levels contribute an
expected € - p- p~! - m - w = emw amount of /1 mass, so summing over all level sets, the expected
contribution from these bad sampling rates is at most an ¢ fraction of the total ¢; mass ||y||1.

This is an example of how subsampling gives us more flexibility than sketches using Cauchy
random variables - even though the expectation is large, we can argue with arbitrarily large constant
probability we obtain a (1 + O(¢))-approximation by separating the analysis into an expectation for
some levels and a union bound for others. One also needs to argue that no vector has its 1-norm
shrink by more than a (1 — ¢)-factor, which is simpler and similar to previous work Clarkson and
Woodruff (2015). Here the idea is that for every level set of coordinates of y, by Chernoff bounds,
there are enough survivors in a level set at its ideal rate and that the noise in CountSketch buckets
will be small. Our analysis so far is novel, and we note that prior analyses of subsampling Verbin
and Zhang (2012); Clarkson and Woodruff (2015) could not obtain a 1 + O(e)-approximation even
for a fixed vector.

However, we are still in trouble - the above analysis gives a (14O (e))-approximation, but only a
constant probability of success due to the Markov bound applied to the bad sampling rates. We could
more aggressively subsample, namely, at rate roughly 1/ 227 and with 227 buckets, and then we
could make the failure probability (E)O(d) for a fixed vector, which is now small enough to union
bound over an e-net of vectors in a d-dimensional subspace. This is enough to recover the same
sketching dimension as the sketch in Wang and Woodruff (2019), which instead consisted of an r xn

matrix of i.i.d. Cauchy random variables. There it was shown that with probability 1 — O (%) ,
d)

for any fixed vector y, ||Sy||1 = ©(1)||y|l1. The idea was then to take a union bound over 29
vectors in a net for the subspace, which constrains lﬂgolioff” < 279 resulting in an r = 929

overall dependence. With minor modifications, one can achieve |[SAx||; = (1 £ ¢)||Ax||; for all

. O(d/e? .. . .
x by setting r = 22 “*") This is the best one can achieve for an arbitrary set of 29(@) vectors, as

can be deduced from the lower bound in Wang and Woodruff (2019); see Section A for details.

Ingredient 2: /; Leverage Scores. One might suspect that the above approach is optimal, since
union bounding over 20(d) arbitrary points does give an optimal sketching dimension for subspace
embeddings for the Euclidean norm. It turns out though that for the 1-norm this is not the case,
and one can do exponentially better by using the fact that these 20(d) points all live in the same d-
dimensional subspace. Indeed, instead of making a net argument, our analysis proceeds through the
£1-leverage score vector (see Definition B.11), which provides a nonuniform importance sampling
distribution that is analogous to the standard leverage scores for /.

With these ¢; leverage scores in hand, we proceed as discussed previously, choosing a uniformly
random shift u € [0, 1] and subsampling at rates 1/ ((log n)P°Y (/&) i+ forj = 0,1,2,..., O(logn),
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and also increasing our number of CountSketch buckets in each subsampling level to (log n)Pe (/).
Now we can show that the expected ¢;-norm of the ¢; leverage score vector A that survives an ad-
ditional level is only £||A||1/d. Noting that ||[A||; = d, this bound is O(e) with constant probability.
But the entries of A uniformly bound the corresponding entries of any vector y in the subspace with
lly|[1 = 1, and thus we obtain that for all vectors in the subspace, the total expected ¢1-contribution
from level sets that are one subsampling rate beyond their ideal rate is O(e)||y||1. Since the sub-
sampling rate is (logn)~ poly(d/¢) the expected number of survivors two or more levels out is small
enough to union bound over all net vectors. Finally, to remove the log n factor in our sketch, mak-

. .. .. . . . . 90(d)
ing it independent of the original dimension n, we can compose our embedding with the 2

/1 oblivious subspace embedding of Wang and Woodruff (2019); we are able to adapt their O(1)-

. . . . . . O(d/e2?
approximation to achieve a (1 + ¢)-approximation with 22 @

our sketch, log n = 20(4/ ¢%). Our full discussion is in Section B.

dimensions, and consequently in

1.2.2. A TRANSITION TO TENSORS

One could hope to use our techniques for subspaces to obtain sketches for the sum of g-mode
tensors, which could then be used for independence testing in a stream. Consider the simple example
of a 2-mode tensor, i.e., a d X d matrix P. As described above, a streaming-amenable way of
sketching this would be to find a sketch S : R? — R** of the form S = S! ® S, where S!, S2
are maps from R? to R*. In this case, we have that S(P) = S' - P - (S?)T, where - denotes matrix
multiplication.

One aspect of our sketch above is that we can achieve a tradeoff: instead of looking at one
subsampling rate beyond the ideal rate for a given level set of a vector, we can look at 1/« rates
for o € (0,1). Then if we look at ||Sy||; for a column y of P, its expected cost for these 1/«
rates is O(1/a)||Sy]||1. If we use roughly (dlogd)® buckets in each CountSketch, together with
subsampling rate roughly (dlog d)~¢, then after O(1/«) rates beyond the ideal rate for a given level

O(1/a)
set of a vector, the probability the level set survives is at most (m) < 0 (ﬁgd) ,

which is so small that we can union bound over all columns of P and all level sets in each column.
Consequently, we can condition on this event, and take an expectation over the O(1/«) rates nearest
to the ideal rate of each level set in each column to obtain an overall O(1/«a) approximation with
roughly (dlog d)® memory. One can also show that with constant probability, the 1-norm does not
decrease by more than a constant factor, and thus, with constant overall probability, Q(||P]|1) <
IS'P|l; = O(1/a)||P||1. Applying S? to the matrix S'P we can conclude that with constant
overall probability, Q(||P||1) < [|S'PS?||; = O(1/a?)||P|;. Our overall sketching dimension is
d** < dif a < 1. Thus, the memory we achieve is a significant improvement over the trivial d>
bound, our sketch S = S! ® S? is a tensor product, and we achieve an O(1/a?)-approximation.
Ours is the first sketch to achieve a tradeoff, as the Rademacher sketch of Verbin and Zhang (2012)
does not apply in this case’.

Unfortunately, if we want constant distortion, our single-mode sketch size k will be d2®, which
means for constant q, it is not strong enough to obtain a polylogarithmic dependence on d. In fact,
we show that for any d x d matrix P, if you compute SP for an oblivious sketch S with ¢ rows,

the estimator ||SP||; is at best an O (llzi f)—approximaﬁon to ||P]/1. Indeed, one can show this

2. The notion of the Rademacher dimension in Verbin and Zhang (2012) is at least V/d, and their sketch size is at least
the Rademacher dimension to the 5-th power.
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already for the distribution in which with probability 1/2, P € R%*9 is an i.i.d. Cauchy matrix,
and with probability 1/2, P has its first ¢ columns being i.i.d. Cauchy random variables, scaled by
d/t, and remaining columns equal to 0. In both cases |P|; = ©(d?logd), but in the first case
ISP||1 = O(dlogt||S||1), while in the second case ||SP||; = Q(dlogd||S||1), both with constant
probability. These algorithms and lower bounds are discussed in Section C.

Fortunately, for independence testing, we only need to approximate the 1-norm of a single
tensor, and so our estimator can be a non-convex median-based estimator, which we now show how
to utilize.

1.2.3. INDEPENDENCE TESTING

Our sketch S = S! ® S2 ® --- ® S? is a tensor product of q sketches, each itself being a sketch
for estimating the 1-norm of a d-dimensional vector with a log(1/d) dependence. We must choose
the S carefully, and cannot take the S’ to be an arbitrary black box sketch for estimating the 1-
norm, even with a non-linear high probability estimator. As an illustration, suppose ¢ = 2 and we
have a d x d matrix P and we compute S'PS?, where S! and S? are i.i.d. Cauchy matrices with
r = O(¢~!logd) small dimension with corresponding median of absolute values estimator, i.e.,
the sketch of Indyk (2006a) above. Then, applying the estimator of S? to each row of S'P, we
would have that our overall estimate is (1 = €)||S'P||; with probability 1 — 1/ poly(d). The issue
is that, for constant ¢, if P = (1,1,1,...,1) ® (1,0,0,...,0), then ||S'P||; = ©(dlogr) with
large probability, while if P = 1, the d x d identity matrix, then ||S'P|; = ©(dlogd) with large
probability. To see this, if P = (1,1,1,...,1) ® (1,0,0,...,0), note that the i-th row of S'P =
d-(C*0,...,0), where C" is a standard Cauchy, and the C,... C" are independent. About a
©(277) fraction of the |C| will be 27, and so with constant probability [|S'P||; = ©(dlogr). On
the other hand, if P = I, then S'P = S!, which is an r x d matrix of i.i.d. Cauchy random
variables, and the same reasoning shows with constant probability that ||S'P||; = ©(dlog(rd)),
which is almost a log d factor larger than the other case. Thus, we cannot decode mode by mode
with a generic high probability sketch for the 1-norm.

Perhaps surprisingly, we show that a different choice of S?, which is itself an existing sketch
for estimating the 1-norm of a d-dimensional vector with a log(1/d) dependence, does work. In
more detail, the sketch of Indyk and Woodruff (2005) works by defining level sets of coordinates
of x according to their magnitudes and subsamples the coordinates at different rates. For each
level set, if it contributes a non-negligible fraction to ||x||1, there is a subsampling level for which
(1) there are sufficiently many survivors from the level set in this subsampling level and (2) these
survivors are so-called /-heavy hitters (see, e.g., Charikar et al. (2002)) among all the survivors
in this subsampling level. Hence, recovering the heavy hitters at each subsampling rate allows
us to estimate the contribution of each level set to ||x||;. Here a median is used when applying
CountSketch to ensure that we succeed with high probability. This single mode sketch has been
applied to ¢1-estimation in various places Andoni et al. (2009); Levin et al. (2018). We refer to this
as a SubsamplingHeavyHitters sketch in the following discussion.

Our overall sketch S = S! ® S? ® --- ® S9, where each S’ is a SubsamplingHeavyHitters
sketch. Moreover, S = S! ® --- ® S?, and so given vectors pl ..., Pl¢c R% in a stream, one can
maintain S?P? fori = 1,...,q, as well as SP for any vector P € R¥. In particular, in the context
of independence testing, the P’ could be the empirical marginal distributions and P the empirical
joint distribution. We show that S can be used to estimate the ¢;-norm of an underlying arbitrary
vector z € R4 (which will be taken to be P — P! @ - - - ® P9). We do this by viewing S? as being

10
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applied to each row of a flattened t¢~! x d matrix, where ¢ is the common sketching dimension of
the S?. This matrix is defined as follows. We flatten x to a d9~! x d matrix X. We then consider
the “partially sketched” d?~! x d matrix, where the i-th column is S' ® S? ® - - - ® S?~! applied to
the i-th column X, ; of X. This gives us a t4~1 x d matrix Y, and this is the matrix whose rows we
apply S? to. Now S? is a SubsamplingHeavyHitters sketch, but instead of having a signed sum
of single coordinates in each CountSketch bucket, we have a signed sum of columns of Y in each
bucket, which are themselves sketches of d?~!-dimensional vectors, where the sketching matrix is
itself a tensor product of smaller sketching matrices.

The problem is that S? estimates the number of columns of a matrix in a level set (here the
level sets are groups of columns with approximately the same 1-norm) by hashing columns together
and estimating the size of each level set, where columns are in the same level set if they have
approximately the same 1-norm. Fortunately, since S! ® - -- ® S9! is still a linear map, hashing
the sketched columns (sketched by S' ® - - - ® S971) together is the same as taking the sketch (by
S!' ® --- ® S971) of the hashed columns together. However, it is still unclear what the 1-norm of
the sketch of the hashed columns is. In fact, it cannot be concentrated with high probability by the
above discussion. Fortunately, for each bucket in a CountSketch associated with a subsampling
rate in SY, we can use our knowledge of S' ® - - - ® 897! to recursively estimate the 1-norm inside
of that bucket. This recursive estimation involves applying S?~! to the rows of a t9~2 x d matrix Z,
computing recursive estimates, and so on. Finally, we use these recursive estimates to estimate the
level sets of columns of the matrix X, and ultimately build and output the estimator provided by S9.

The main issue we still face is how to handle the blowup in approximation ratio and error
probability in each recursive step. In each S’ we would like to randomize boundaries to avoid
overcounting when estimating level set sizes in the estimator. However, the approximation error
grows as we decode more modes. The most natural approach, if the error after decoding the i-
th mode is (1 + 7)), is to randomize boundaries so that the probability is O(n) of landing near a
boundary, and consequently not being included in the estimator, when decoding Si+1~. However,
this blows up the approximation to (1 +7)2. Unfolding the recursion, we get a (1 + £)9() overall
approximation. Setting our initial € to £/ 20(9) we can make the overall approximation 1 + ¢.
This yields a 20(9) factor in the sketching dimension on each mode and thus a 20(¢*) factor in the
sketching dimension in the overall tensor product.

It seems difficult to improve the 20(¢*) bound. To improve this bound, we need to make the
error smaller than (1 + 7)? in the (i + 1)-st mode after obtaining a multiplicative error of (1 + 7)
factor in the i-th mode. Imagine that we flatten the first (i + 1)-modes as a d x d’ matrix. It is
tempting to view one’s estimate in the (¢ 4 1)-st mode as providing an approximation to the 1-norm
of the vector of estimates of rows produced by S?. Since we hash the rows (the first i modes) into
buckets as in a CountSketch structure, a heavy row in a bucket is perturbed by some small noise
and we need to claim that this small perturbation only incurs a small error in the estimate of the row
by S’. An issue arises that a small perturbation in 1-norm on the first i modes may appear larger
for a heavy row on the first (¢ — 1) modes, or, equivalently, the first ( + 1) modes can tolerate a
constant-factor smaller perturbation under S**! than the first i modes under S’, and thus S?*! needs
to use a constant-factor more number of buckets than S? to reduce the error in each bucket, resulting
in the same 204" factor in the overall sketching dimension. To see that the shrinking perturbation
on higher modes is indeed possible, see Figures 2 and 3 for example. In Figure 2, the d x d matrix
has norm O(d) and exactly one e-heavy row. To recover the heavy row, the rows are hashed into
1/£2 buckets and the heavy row is combined with exactly one value of £2d at the specified entry in

11
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Figure 2: Hard instance for the at-

tempted improvement when
q¢ = 2. The algorithm first Figure 3: Hard instance for the attempted improve-

hashes rows into buckets. ment when ¢ = 3. The algorithm first hashes
horizontal slices into buckets (parallel to the
shaded slice), then the sub-algorithm for
each bucket (which contains a linear combi-
nation of horizontal slices) hashes rows into
buckets.

some bucket. Note that the entry is an e-heavy hitter in the combined row. Adding a value of £2d to
the specified entry is only an £2-factor perturbation to the overall matrix but an e-factor perturbation
to the bucket and a constant-factor perturbation to that entry. Similarly, in Figure 3, adding a value
of £3d to the specified entry is only an e3-factor perturbation to the overall d x d x d cube but an
e2-factor perturbation to the only e-heavy slice (shaded) and an e-factor perturbation to the only
e-heavy row on that slice.

It is important to note that the work of Braverman and Ostrovsky Braverman and Ostrovsky
(2010a) also applies £1-sketches in the context of tensor products. However, the subroutines used in
Braverman and Ostrovsky (2010a) define both level sets and subsampling rates in power of 1 + ¢,
and € can be shown to become polynomially smaller in each recursive step, and consequently,
when iterating this process for a general tensor of order ¢, at the base level it requires a (1 + ¢%*)-
approximation to the relevant quantities, resulting in a doubly exponential Q(1/¢2*) amount of
memory. Removing the 1/£% term from their space complexity does not appear to be straightfor-
ward Braverman (2020). In contrast, our algorithm is a more direct analogue of TENSORSKETCH
Pagh (2013); Pham and Pagh (2013); Avron et al. (2014); Ahle et al. (2020) but for the 1-norm, and
admits a simpler analysis, leading to a singly exponential sketching dimension as well as a singly
exponential memory bound in a data stream.

Given the simplicity and modular components of our algorithm, we can extend it to any distance
measure with a (1) small so-called Rademacher dimension, a (2) black box sketching algorithm, and
(3) an approximate triangle inequality.

12
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1.2.4. POLYNOMIAL-SIZED SUBSPACE EMBEDDINGS

In order to obtain even better oblivious subspace embeddings into ¢;, we consider the case when
the input matrix A itself has i.i.d. entries. This models settings in statistics with random design
matrices for regression, and our results can be viewed from the lens of average-case complexity.
The important property from the distribution on each entry of A is its tail.

We give the intuition for our improved upper bounds when A is a matrix of i.i.d. Cauchy random
variables. We obtain an O((logn)/log d)-approximation by simply using a CountSketch matrix
S with poly(d) rows. When n is at most a polynomial in d, this gives an O(1)-approximation,
bypassing the Q(d/ log? d) lower bound of Wang and Woodruff (2019) for arbitrary input matrices
A. The idea is that by looking at the rows of A containing the largest poly(d) entries in A - call this
submatrix of rows Ay, - then we can show ||Aopx||1 > n(log d)||x||; for all x. On the other hand,
one can show that for any z, [|Ax||; < [|[Aopx|1 + (nlogn)|/x]|/1, by concentration bounds applied
to the rows not containing a large entry. Finally, we use that (1) CountSketch does not increase
the 1-norm of any vector it is applied to, and (2) it perfectly hashes the rows in A;,,. Putting these
statements together gives us an O((logn)/ log d)-approximation.

We also give a number of lower bounds, showing that our algorithms for random A are also
nearly optimal in their sketching dimension. These results are presented in Section E.

1.3. Additional Related Work

Our focus is on linear oblivious maps. Besides being a fundamental mathematical object, such maps
are essential for the data stream and distributed models above, allowing for very fast update time
under updates. There are other, non-oblivious embeddings for n points in /1, achieving O(n /e?)
dimensions Newman and Rabinovich (2010); Schechtman (1987); Talagrand (1990), which is nearly
optimal Charikar and Sahai (2002); Brinkman and Charikar (2005); Andoni et al. (2011). See also
Cohen and Peng (2015); Talagrand (1990) for non-oblivious subspace embeddings based on Lewis
weights.

For oblivious subspace embeddings, one can achieve O(dlogd) distortion with a sketching
dimension of O(dlog d) using a matrix of Cauchy random variables Sohler and Woodruff (2011).
This is a significantly larger distortion than the distortion we seek here. It does not contradict the
lower bound of Wang and Woodruff (2019) which grows roughly as (d/log®r), where 7 is the
sketching dimension.
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Appendix A. Preliminaries

A.l. Subspace embeddings

We record some results in the literature that are standard ingredients in the construction and analysis
of subspace embeddings. We first recall the CountSketch construction.

Definition A.1 (CountSketch Charikar et al. (2002)) CountSketch is a distribution over v X n
matrices that samples a random matrix S as follows.

— Let H : [n] — [r] be a random hash function, so that H (i) = v’ for ' € [r| with probability
1/r.

— Foreachi € [n], let A; ~ {£1}.

— Sis anr x n matrix taking values in {—1,0, 1} such that Sy ;) ; = A; for each i € [n] and
Os everywhere else.

Remark A.2 The CountSketch construction originated in the data stream literature Charikar

et al. (2002) and has been successfully applied to problems in numerical linear algebra in works
such as Dasgupta et al. (2010), Clarkson and Woodruff (2017, 2015).
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EXPONENTIALLY IMPROVED DIMENSIONALITY REDUCTION FOR {1

The next lemma is useful for net arguments:

Lemma A.3 (Net argument) Let A € R"™%and let S = {Ax:x € RY, ||Ax|| =1}. Lete €
(0,1/2).

— There exists an {1 e-net N of size at most (3/)? = exp(dlog(3/¢)) over S, that is, for every
y € S there exists a’y’ € N such that ||y — y'||1 < & Bourgain et al. (1989).

—Lety € S. Then, y = Y52,y where each nonzero y) has y /||y, € N and
Iy @1 < & (Wang and Woodruff, 2019, implicit in Theorem 3.5).

The next lemma uses a standard balls and bins martingale argument (e.g., Lee (2016)) to show
concentration for uniquely hashed items. This is used in Clarkson and Woodruff (2015) to analyze
the M -sketch.

Lemma A.4 (Concentration for unique hashing) Ler h : [n| — [r] be a random hash function.
Let S CT C[n],pe (0,1, and ¢ € (0,1) with er > p|T|. Consider the process that samples
each element i € [n] with probability p and hashes it to a bucket in [r] if it was sampled. Let X be
the number of elements i € S that are sampled and hashed to a bucket containing no other member
of T'. Then,

52
Pr(X > (1 2Pls]) < 2exp( - S51).

Proof The proof is deferred to Appendix F. |

Theorem A.5 (Improvement of Theorem 3.5, Wang and Woodruff (2019)) Lere € (0,1), r =
exp(exp(O(de=2loge™! +e721log 1)), and let S be an r x n matrix of i.i.d. Cauchys. Then for
any A € Rn>d

Pr{(l —e)|Ax|: < SAx[y < (1 + &) Ax[1} > 1 0.

Proof The proof is deferred to Appendix F. |

Remark A.6 Note that the above dense sketch preserves an arbitrary fixed vector with probability
at least 1 — § using a sketching dimension of 2'/%. Thus, for preserving the 1-norm of n arbitrary
vectors, it suffices to set § = O(1/n). On the other hand, the lower bound argument of (Wang and
Woodruff, 2019, Theorem 1.1) proves a distortion lower bound for sketching matrices that preserve
even just the columns of the input matrix A. Thus, we can place our n vectors along the columns of
a matrix, so that for constant distortion, a sketch needs r dimensions, for

D —001) = r=0@").

log? r
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Appendix B. Singly Exponential (1 + ¢) /; Subspace Embeddings

In this section, we prove the following theorem:

Theorem B.1 Let ¢ € (0,1) and § € (0,1). Then there exists a sparse oblivious {1 subspace
embedding S into r dimensions with

r = poly(d,e~ 1,671, log n)d/5€

such that for any A € R

P;r{Vx e R%, (1 —¢)||Ax|; < |[SAx|: < (1+ 5)||Ax|]1,} >1-4.

Our main contribution towards proving this result is in showing the “no dilation” direction
ISAx]|[1 < (1 + ¢)||Ax]|;. The “no contraction” direction of ||[SAx|; > (1 — ¢)||Ax]||; direction
was already known in Clarkson and Woodruff (2015), and we defer the details of handling our minor
changes to Appendix G.

If we settle for dense embeddings, then we are able to get an improved sketching dimension
that is independent of n by first applying the dense ¢; subspace embedding of Theorem A.5, which
maps our subspace down to a subspace of dimension independent of n and preserves 1-norms up to
a (1 + ¢) factor distortion:

Corollary B.2 Lere € (0,1) and § € (0,1). Then there exists an oblivious {1 subspace embedding
S into r dimensions with

T = exp (O(d2/563))>
such that for any A € R

Psr{vx e R% (1— )| Ax|l; < |SAx| < (1+ 5)|]Ale} >1-4.

Proof By applying the sketch of Theorem A.5 first, we can take loglogn < d/dc?. Then, the
bounds for Theorem B.1 yield the desired result. |

By a known lower bound in Theorem 1.1 of Wang and Woodruff (2019), the dependence on d
is optimal up to polynomial factors in the exponent.

B.1. The embedding

We first collect constants that will be used. The constants can all be written in terms of the dimen-
sions n and d of the input matrix, the accuracy parameter ¢, and the failure rate 9.
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Definition B.3 (Useful constants)

hmax = logy(n/e) = O(log(n/e)) Sampling levels
Gmax = logy(ndhmax/d¢) = O(log(nd/e)) Weight classes
d/e)l d
a = 2exp(dlog(3/¢))qmax/0 =0 <exp( /6)60g(n /8)> Net union bounding
11
Merowd = 30059? log®(n) = O(poly(d,e 1,671, logn)) Overcrowding hash buckets
B = (mcrowdhmaxqmax/é)d/5€ =0 (poly(d, e 1,671 log n)d/&) Branching factor
12Bu max .
Ny = 87;] log Hash buckets in Oth level
8d*log d B
N = BTqumax(log a) <log €> = O(Blognpoly(d,e1)) Hash buckets per level

As described in the introduction, the construction of our embedding is essentially a variant
of M-sketch Clarkson and Woodruff (2015). However, instead of using fixed subsampling rates
of 1/ poly(d), we use randomized subsampling rates which drop off geometrically by factors of
B = O(poly(d,s_l, 51, log n)d/55).

Definition B.4 Let u ~ [0, 1] and define subsampling rates
pp = B*(U#’h*l)

for each h € [hpax].

Definition B.5 For each i € [n] and h € [hmax], let

- 1 wp. pp
i,h = ;
0 wp.1—py

and let my, = Zie[n] bi .-

Definition B.6 For each i € [n], let A; ~ {£1}. Let Hy : [n] — [No] and Hy, : [my] — [N] for
each h € [hmax| be a random hash functions.

Definition B.7 (Random-boundary )M -sketch) Let C(©) be an Ny xn CountSketch matrix (Def-
inition A.1) with random signs \; and hash function H, that is,

for every i € [n] and Os everywhere else. For each h € [hmax], let S™) be the my, x n scaled
sampling matrix given by

l 1 pr— .
est(h)ei _Jm I Zi’e[i] bir .
0  otherwise
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For each h € [hmax), let C™ be an N x m;, CountSketch matrix with random signs A; and hash
function Hy, that is,

o

Hp(i)d = Ai

for each y; that was sampled, i.e., b; ;, = 1, and Os everywhere else. Then, our random-boundary
M -sketch is given by
C(0)
cs®)
S .- C(2)g(2)

C(hmax)‘ S(hmax)

B.2. Notation for analysis

We first recall some notation from the analysis of M -sketch in Clarkson and Woodruff (2015), as
well as a few other definitions.

Definition B.8 Ler y € R™ be a unit {1 vector and let ¢ € N. We define weight classes
Wy(y) = {yi: 279 < |y;] <2'77}.
When the 'y is clear from context, we simply write W for brevity. For a set ) C N, we write
WQ = U Wq.
qe@

We also write |W,| for the size of W, and

Wallr = ll-

yeWy

Definition B.9 For h € [hmax| and k € [N], we write Ly, j, for the multiset of elements that get
sampled and hashed to the kth bucket in the hth level.

We briefly digress to recall ¢; leverage score vectors.

Definition B.10 (¢; well-conditioned basis (Definition 2, Clarkson et al. (2013), see also Dasgupta et al. (2009)))
A basis U for the range of an n x d matrix A is (o, B)-conditioned if |U |1 < « and for all x € RY,

Ix|loc < B||Ux||1. We say that U is well-conditioned if « and [ are low-degree polynomials d,

independent of n. It is known that an Auerbach basis for A is (d, 1)-conditioned.

Definition B.11 (¢; leverage scores (Definition 3, Clarkson et al. (2013))) Given a (d, 1)-conditioned
basis U (see Definition B.10) for the column space of A € R™*, define the vector X € R™ of nor-
malized 01 leverage scores of A to be

_lelUl

)\ii
d
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Remark B.12 As noted in Clarkson et al. (2013), the {1 leverage scores are not defined uniquely.
We also note that for convenience of notation, our normalization of the leverage scores is off by a
factor of d from standard definitions in the literature.

In our analysis, we consider weight classes W, () of the ¢; leverage score vector A. For each
weight class W, we set

hq = [logp|Wq|]

so that Bha < |[W,| < Bhatl,

Definition B.13 For a pair (h,q) € [hmax| X N and an interval I, define the event
Eng(I) = {pn|Wy(N)| € I}

in which sampling the weight class Wy (X) at rate py, has an expected number of items in the window
I

Definition B.14 (Scaled leverage score samples) For each (h,q) € [hmax] X [gmax) and an inter-
val I, define the random variables

1
Shyg = — Z bi h i
Ph A€Wy

TiaD) = — 3" biaAil(Eng(1)

Ph yiew,

In the following sections, we give upper bounds on the mass of the sketch depending on the
weight class of the leverage scores that we look at. We have the following intervals:

— Dead levels pj,|W, ()| € [0, 6/hmaxqmax): In this interval, we sample none of these entries
with high probability.

— Badly concentrated levels py, |1V, (A)| € [0/hmaxGmax; Mcrowd): The expected mass of lever-
age scores coming from this level is at most O(e/d), which means that with constant proba-
bility, the mass contribution for all subspace vectors is O(e).

— Golidlocks levels py,|W,(A)| € [Merowd; BMerowd): In this interval, we can show that the
mass contribution is at most a (1 + ¢) factor more than the expected mass coming from this
interval with high probability. This level is counted only once, since the size of the interval is
less than a B factor.

— Oversampled levels pj,|W,(X)| € [Bmgrowd, 00): In this interval, we sample so many of

these entries that it overcrowds the CountSketch hash buckets, which makes the mass con-
tribution at most an ¢ fraction due to the random sign cancellations.
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B.3. Bounding badly concentrated levels

For levels with expected mass in the interval [1/«, log o] at subsampling rate py,, we cannot hope to
reason about the mass contribution of this level with high enough probability to union bound over a
net, since we need expectation at most 1/« for the level to get completely missed by the sampling,
and we need at least log o in order to get concentration. However, we show that because of our
randomization of subsampling rates, the leverage score mass contribution from these rows is only
an O(e/d) fraction of the total mass of the leverage scores in expectation, which means it is only an
O(e) fraction of the total mass of any subspace vector with constant probability by a combination
of properties of leverage scores and a Markov bound.

Lemma B.15 (Randomized sampling rates) Ler ¢’ € (0,1), let 0 < a < 1 and b > 1, and let
B = (b/a)l/‘s/. Letu ~ [0,1], p= B'"~" and let t € R. Then,
0 ift=>borBt<a

Pr(pt € |a,b]) <
(p la, ) {(5 otherwise.

Proof The first bound follows from the fact that t = Bt < pt < B’'t = B’t. For the second
bound, we calculate

log(/a)

log(b/a) ~

Pr(pt € [a,b]) = Pr(u € logg t + [~ logp b, —logp a]) < logg (b/a) = &

Corollary B.16 For every h € [hmax| and q € [gmax),

0 ifh¢ {hy,hy+1
Pr<gi([5/hmaXQmaX7 mcrowd))) - PI‘(Ph\Wq| S [5/hmaXQmaXa mcrowd)) g {65 f ¢ { N } .
u g Otherwise

Proof Note that for h > hy + 2,
o

hmax Qmax

and for h < hy — 1,
B™MW,| = B™"" > B! > migoua
so for h ¢ {hg,hg + 1},

]ir(ph’Wq| € [5/hmaXQmaX7 mcrowd)) = ].:;I‘ (B_u (B_h|Wq‘) S [5/hmaXQmax7 mcrowd)) =0.

On the other hand, for h € {hy, hy + 1},

oe
]ir(ph‘Wq’ S [6/hmaXQmaX7mcrowd)) g E

by Lemma B.15. |

Note that by Corollary B.16, &, 4([0/hmax@max, Mecrowd)) has nonzero probability for only h €
{hq, hg + 1}.
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Lemma B.17 (Expected mass of bad leverage scores)

E( Y D Thall6/hmastimas Marowa) | < =

u,b
qge [(Imax] he [hmax}

Proof Let I := [0/hmaxGmax; Mecrowd ). Then,

F;, Z Z Thq(I) :uEb Z Z Th,q(I)

u )
q€[gmax] hE[Pmax] €[gmax] he{hq,hq+1}

= Z Z Egﬁ,q(—r)

4€[gmax] h€{hq,hq+1}

DD VD O IEAECIEWE)

q€[qmax] h€{hq,hq+1} X €W,

YooY D 2 EQE()

q€[gmax] h€{hq,hq+1} A€W,

N

oe
< 1-¢Z=
<Y oy oyt
qG[Qmax] hE{hq,hq-i-l} )\iEWq
_ oe
S
qe[Qmax]
40¢
< —.
d

Lemma B.18 For any x € R? and i € [n], we have that

e/ Ax|
[ Al

<dN

Proof Lety € R? be such that Ax = Uy. Then,

e/ Ax| _ |e/ Uy| _ Jle/ Ulhllyll
[Ax[i [[Uylh [NI

where the first inequality follows from properties of well-conditioned bases.

=|le/ UJx =

B.4. Bounding Goldilocks levels

In this level, the expected sampled mass is large enough to get concentration, but not large enough
to overflow the hash buckets of the CountSketch. In this level, we show that the mass contribution
is at most a (1 + ¢) factor more than the expected mass. The main idea for getting concentration
here is using the bounds on the leverage scores to bound outliers, and using a Bernstein bound to

get concentration on the rest of the entries with a good bound on the variance.
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Definition B.19 Define A9 to be the n x d matrix formed by taking the rows of A that correspond
to leverage scores belonging to weight class Wy (), and Os everywhere else.

Lemma B.20 Let (h,q) € [hmax] X [qmax] With pa|Wy(X)| = 3d%e 4 log o and let x € R? with
||x|l1 = 1. Then with probability at least 1 — 2/, we have that

(h) A (9) e Ax| (a)
ISWA@x|y = Y bip < (1+¢)|Ax[l1 + del|[Wy |1 [|Ax |-
aewy(a) Ph

Proof The average absolute value of an entry of A@x is u, = |A@x|;/[W,(\)|. Then by
averaging, there is at most an £ /d fraction of rows with absolute value greater than dj.,/c. Now for
each A; € W, (), define the event

F; = {]eiTAx] > duq}
€

and the sample

X= )Y bipl(F).

X EW,
Note that
EX — epn|Wy| > dlog o > 3loga
d gt
so by the Chernoff bound,

EX 1
Pr(X >22EX) < exp<—3> < —.
o

Conditioned on the complement event, the mass contribution from rows i for which F; happens is
at most

T T

e' Ax eppn |W,| le) Ax W, _
v e Ay < o7l Walles Ax] o Wal 5 axly < dco-a)w, | Ax]y < 4| Wy 1 | Ax]l
xaw, Pn d Dh d

where the second to last inequality follows from Lemma B.18.
We now consider the sample
V-3

A€Wy

where
el Ax],

DPh

Y : i, 1(=F).
Note that

EY <[|A@x]||1 = [Wqluq

y, < LU
bn €
1dug\? 1 (dug\”
wﬂmgm<w>:(w>
bn € bn \ €
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Then by Bernstein’s inequality,

1 (/W)
Pr(Y —EY > ¢|W,|ug) < exp <_2 (W, |(dpg/2)?/pn + (5|Wq|uq)(duq/5ph)/3>

1 Ph|Wq‘52 pr|Wl 1
_ 2 < — < -
eXp( 2(d/e)2+dj3) S TP\ 321 ) S o

We conclude by combining the two bounds. |

B.5. Bounding oversampled levels

When we expect to sample a large enough number of entries per hash bucket from a level, these
entries cancel each other out due to the random signs. These levels fall under this criterion.

Lemma B.21 Let (h,q) € [hmax] X [qmax] With pp|W4(X)| = DN forb = 12(%)2 log(N hmaxGmax/9)-
Then with probability at least 1 — 46/ hiaxGmax

€

|C™S®ADx||y < | Wy(A)]la]| Axr.

max

Similarly, if [Wg(X)| = bNy , then with probability at least 1 — 46,

€

ICOADx) < W, (V) 1| Ax].

hmax

Proof We just show the first bound since the second is nearly identical. Note that by Lemma B.18,
le] AWx|/||Ax|y < dX\; < d2'9forall \; € W, ().

By Chernoff’s bound, the probability that a bucket L in level h gets X = (1 & 1/2)py|W,|/N
elements from W, is at least

PrlWel,  1pn|Wyl (1/2)*pa|Wy] pr| Wyl
Pr(|X - > - < 2exp( L P g o (PRl ) o5,
r( N 73N P 3 P\ T e 0

We condition on this event. Then by Hoeffding’s bound, the inner product of m elements {a;}",
in the interval [d27%|| Ax||1, d2! 79| Ax||1] with random signs &; concentrates around its mean as

Y - (d2! || A1 v/ /108 (N hanaxma/9))?
Pr (; gia; > d2 qHAXH1\/5\/log(thaxqmax/5)> < exp (— 2272 Ax|Pm

)
<—
thameax
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Then by a union bound over N buckets, with probability at least 1 — 20 /Amaxqmax, We have for
every bucket L at this level that

Z Asbipyi| < d279) Ax|1 VX \/1og(N/6)

yzeL
3
d21 9| Ax| ph’ og(N/3)
1 W
Ph dhmax
e Wyl
< A
A
which gives the desired bound upon summing over the IV buckets. The overall success probability
is at least 1 — 49/ hmaxGmax- [ |

B.6. Net argument

In this section, we collect the bounds obtained in previous sections and conclude with a net argu-
ment.

Lemma B.22 With probability at least 1 — 65, we have for all x € R? that
> > ICMSWA@K|1(Fr ) < 52l Ax]
he[hmax] qe[qmax]
where
]:h,q = {ph‘Wq| € [Oa mcrowd) U [Bmcrowd7 OO)}
Proof We case on py|WW,| by intervals [0, 0 / hmax@max)s [0/ FmaxGmaxs Merowd )> and [BMerowd, 00).

— Dead levels: First consider the A for which py,|W,| < §/hmax@max- In this case, the probabil-
ity that we sample any row corresponding to some \; € W is at most py, |W;| < 6 /hmax@max
by a union bound. Then by a further union bound over all (h, q) € [hmax] X [gmax], this cate-
gory of levels contributes no mass with probability at least 1 — 6.

— Badly concentrated levels: Consider the subsampling levels with p;, |Wg| € [0/ hmaxGmax, Mecrowd)-
By Lemma B.17, the total expected leverage score mass contribution from all such pairs
(h,q) € [hmax] X [gmax] is at most 49e/d. Then by Markov’s inequality, with probability at
least 1 — , the total expected leverage score mass is at most 4¢ /d. Conditioned on this event,
we have that

> 2 - > binle] Ax|1(Eng([6/hmaxmaxs Merowa))

he[hmax] qe[Qmax} )\iGWq

1
< dHAXHI Z Z — Z bi,h)\i]l(gh,q([5/hmaXQmaX> mcrowd)) Lemma B.18
he[hmax] qe[Qmax} )‘iEWq

4
dgquHl = 4¢|| Ax| Lemma B.17
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— Oversampled levels: Consider the subsampling levels with p;,|W,| € [Bmcrowd, 00). Note
that Bmrowd = bIV is large enough to apply Lemma B.21. By union bounding and summing
over h and q for the result of the lemma, we have that

Y. 2 1ICWSWADX (& g ((Brcowa, o) < D D 5 IWalu| Ax]r <

he[hmax] qe[(Imax} he[hmax] qe[Qmax} maX
with probability at least 1 — 4.

We thus conclude by a union bound over the above three events. |

Lemma B.23 (Tiny weight classes) Let ¢ > qmax. Then with probability at least 1 — 9§, it holds

for all x € R? that
Yo > ISMAWx| < e Ax].

he [hmax] q>Qmax

Proof For the weight classes ¢ > qmax, the total leverage score mass contribution is bounded by

Do IWe Nl < Y 279wl < — Y Wl <

g>Qqmax g>Qqmax g>Qqmax

max rnax

Then in expectation, the sum of the scaled leverage score samples (Definition B.14) is bounded by

Bl Y Y su]= ¥ XY ()

h€[hmax] 4> dmax h€[hmax] 4> Gmax X;€EWy

Yo > Wik

h€[hmax] 4> dmax
oe

<
dhmax
he [hmax]

e
s

Then with probability at least 1 — ¢, the above sum is at most £ /d. We condition on this event. Then,
for all x € R,

SO sWalx = S Y Y —b,heAx>

hE[hmax] g>Qmax hE[hmdx} g>Qqmax A\ EWq

< d||Ax|x Z Z Z zh)‘i Lemma B.18

h€[hmax] 4> dmax A; GWq

< dHAXng = el Ax|ly

as desired. |
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Lemma B.24 There is an event with probability 1 — 116 such that conditioned on this event, for
every X € R4

Pr(ISAx < (1+8¢)|Ax]y) > 1 - 2
Proof By Lemma B.23, the contribution from weight classes ¢ > @max iS at most ¢||Ax||; with
probability at least 1 — §. We let this event be £ and restrict our attention to ¢ < gmax-

For each ¢ € [gmax], we bound the mass contribution of rows corresponding to W, () at each
subsampling level {0} U [Amnax]. Note that by Lemma B.22, there is an event £, with probability at
least 1 —66 such that all levels h, g except for those such that h = 0 or pj,|Wy| € [Mcrowd, BMerowd)
are bounded by at most 5¢||Ax||1, so it remains to bound these levels. These are the Oth level of
subsampling (i.e., no subsampling) and the Goldilocks levels.

Note that there exists at most one Goldilocks level & € [Amax] such that py|Wy| € [Merowd, BMerowd)-
In this case, Lemma B.20 applies since mcyowd = 3d%c 7! log o, and we have that

(h) A (0) e Ax| (@)
[SYA\Wx]; = Z ———bin < (14 ¢)||AVx||]1 + 4e[|Wq |1 || Ax]];.
neWg(n) PP

with probability at least 1 — 2/«. If such a Goldilocks subsampling level A exists, then note that
ph|Wq’ 2 Merowd = ’Wq‘ > Bu+h_1mcrowd > Bumcrowd 2 bNO

Then by Lemma B.21, the Oth level of subsampling level contributes mass at most (&/hmax) || Wg(A) |1
with probability at least 1 — 40 /hmaxGmax- Thus by a union bound over all gs with a Goldilocks
level and summing over these, the Oth level contributes at most

9
> ICCADX|11(3h < pu|Wy| € [Merowd, Bmcrowa) < 7 IWeN) 1] Ax[ly < el Ax]1.

q€Gmax q€Qmax X

Let this be event £. On the other hand, for the Goldilocks level itself, there is a 1 — 2¢gpax/
probability that

Z Z Hs(h)A(q)XH]l(gh,q([mcrowda Bmcrowd)))

he [hmax] qe [Qmax}

< Y W+ )AL Eh 2 pulWy| € [Merowds Bmcrowa)) + 42| Wol1 | Ax|x

qe [Qmax]

<delAxlli+ Y (1+e)[ADX|1LER : prl Wyl € [Merowds Brcrowa))
q€[gmax]

by a union bound over the at most g, Weight classes.
Otherwise, if a weight class ¢ has no Goldilocks level, then we have by the triangle inequality
that

ICOADx]y < [|ADx]y

and thus we simply bound the contribution of the Oth level by || A(@x||;.
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Note that £ N & N E3 occurs with probability at least 1 — 11J. Then conditioned on this event,
every x € R? has a 1 — 2¢uax /< probability that

ISAx|; = [ Z HSA(‘J)le + Z ||C(0A(q)XH1+ Z HC(h)S(h)(A(q)XH1

9>Qmax g€ [gmax] he[hmax]
SelAx[li+ (T+e)Ax[ + el|Ax|ly + bel|Ax|y
—_—— —— ——

Goldilocks or Oth level ~ Oth level if Goldilocks level exists ~ badly concentrated and oversampled levels

< (1+8)[Ax|

which is the desired bound. [ ]

We conclude by a standard net argument.

Theorem B.25 (No expansion) With probability at least 1 — 118, we have that for all x € RY,
ISAx|[; < (1+ 11e)||Ax]]1.

Proof By Lemma B.24, there is an event with probability at least 1 — 104 such that conditioned on
this event, for each x, there is a 1 — 2/« probability that

ISAx[|1 < (1 4 8¢)[|Axllx. (D

It is well-known (see e.g., Bourgain et al. (1989)), that there exists an e-net N of size at most
(3/e)? = exp(dlog(3/e)) over the set {Ax : x € R?, ||Ax|| = 1}. Then by a union bound over
the net, Equation 1 holds for every Ax € A with probability at least 1 — 4.

Finally, let x € R? be arbitrary with ||Ax||; = 1. It is shown in (Wang and Woodruff, 2019,
Theorem 3.5) that Ax = >_°, () where each nonzero y*) has y®) /||y||; € A and ||y |; <
g%, We then have that

o [ee] o0 oo

IsAxll = 8>yl <D ||sy?|| <+89) Y [y 8> <14 e
i=0 1 =0 ! =0 ! p

We conclude by homogeneity. |

Appendix C. Near Optimal Trade-offs for /; Entrywise Embeddings
In this section, we obtain algorithmic trade-offs between sketching dimension and distortion for ¢1

entrywise embeddings, and show that this is nearly tight for d x d matrices.

C.1. Algorithm

Our algorithm is an M-sketch with subsampling rates p, = B~", where B = (% logn)* for
a € (0,1), and CountSketch hashes into @(% logn) buckets. By homogeneity, we assume that
||A|l1 = 1 throughout this section.
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Definition C.1 (Useful constants)

B = <(§ log n>

hmax = loggn
ndhmax

Gmax = IOgQ

Ph = B_ha h € [hmax]

Theorem C.2 Let 6 € (0,1) and o € (0,1). Then there exists a sparse oblivious () entrywise
embedding S into k dimensions with

d (e
k= <5logn> poly (671, logn)
such that for any A € R"*%
1
pr{ oAl < [8Alh < O( 5 ) 1Al | > 15

Our analysis revolves around the vector of row norms.

Definition C.3 (Row norms vector) For an n x d matrix A with ||A||; = 1, we define the row
norms vector a € R" by a; = ||e] A|1. Using this vector, we define weight classes W,(a) and
restrictions A9 of A to our weight classes, analogously to the analysis in Section B.

In order to avoid shrinking the vector a by more than a constant factor with probability at least
d, we apply Lemma G.1 with failure rate § and constant ¢, which gives an M -sketch with Oth level

hash bucket size B
No=O (5 log log n)

and hth level hash bucket size .
N = O(Blogn).

We now show that this does not dilate the entrywise 1-norm of A by more than O(1/«). As in
the analysis in Verbin and Zhang (2012), we use the Rademacher dimension.

Lemma C.4 (Rademacher dimension of /9) Let {x;}5_; C R? with ||x;||1 < 1 foreachi € [s],
and let 6 € (0,1). Let {¢;};_, be independent Rademacher variables. Then with probability at

least 1 — 0,
S
D e
i=1

Proof The proof uses standard concentration inequalities and is similar to (Verbin and Zhang, 2012,
Lemma 1). The details are deferred to Appendix H. |

2d

1
< — — .
l\d 210g5\/§

We follow the approach of Verbin and Zhang (2012). Using the Rademacher dimension, we
first show that if we sample too many elements, then the contribution from this level is at most a
negligible fraction of the total mass.
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Lemma C.5 Let q € [gmax]- Let pp|Wy(a)| = DN for

2dN hmax@max )

b=2d’h2, 2. log< 5

Then with probability at least 1 — 6 /Gmax,

Z |cMsMA@|, < 1
q

hepn | Wy (a)|>bN max

Proof By Chernoff bounds, the probability that we sample (1 & 1/2)pp|W,(a)|/2N elements in a
given bucket in the hth level is at most

(1/2)*pp|Wy(a)|/N b N hnaxGmax §
— < —— ) < — - - -
eXp( 3 Sexp| T ) Sexp{ g 5 Nmaxtima

so by a union bound over the NV buckets, this holds simultaneously for all buckets at the Ath level
with probability at least ¢/ Amax@max-

We condition on the above event. Then, each bucket L is a randomly signed sum of s > b
elements eTA with ||eTA|| 1 < 2'79. Thus by Lemma C.4, with probability at least § /N RmaxGmax

1 2 N maxymax
Z AZeTA 21_qd\/2 10gdh—q\/§

a;,€Llp 0
< Wy(a)ll 2d 10 20N hrmaxGmax
STN sV2s 5
LA

N hmax@max

as we have set

2d llog 2dN hmaxqmax 2d 1 og 2dN himaxmax < 3

\/g 2 ) \[ o = hmameax ‘
Summing over the buckets k£ € [/N] and union bounding and summing over h € [hpyax] yields the
desired result. |

Next, we handle the remaining levels. We pay the price of having smaller hash buckets in the
distortion at this point.

Lemma C.6 Let q € [qmax|- Then with probability at least 1 — 2§ / gmax.

S st A<qu1<o( )qu>||1

hipn | Wo (2) | <bN

Proof Note that if p,|W,(a)| < 0/hmax@max, then by a union bound over the at most /iax levels of
h, none of these levels h sample any elements from weight class ¢ with probability at least § /¢max-
Then for each weight class ¢, only the subsampling levels h for

]

Pmax@max

< Ph‘Wq(a)’ < ON
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can contribute to the mass of the sketch ||SA||;. Note that this is only

N max4max — 1
logp <bh6q> =logp [poly(d, logn, o 1)] = O<>

a

levels of subsampling, where each level contributes at most
EHC(h)S(h)A(‘J)Hl < EHS(h)A(q)H1 - HA(q)H1

in expectation. We thus conclude by summing over i with py|W,(a)| < bN and then applying a
Markov bound. |

Putting the above pieces together yield the following:
Proof [Proof of Theorem C.2] As previously discussed in this section, the “no contraction” direc-
tion of ||SA||; > Q(1)||A]|; is handled in Lemma G.1, so we focus on proving the “no dilation”
direction of [[SA||; = O(1/da)| All1.

We union bound and sum over the results from Lemmas C.5 and C.6 for ¢ € [gmax] to see that
with probability at least 1 — 34,

h)q(h 1
> > lcWst >A<q>||1<0(5a > A@)

hé€lhmax] ¢€[gmax] q€[gmax]

We also note that ||[C°A|; < ||A||; by the triangle inequality. Finally, we have that in expectation,
the weight classes ¢ > g ax contribute at most

Z Z EHC(h)S(h)A(q)H1< Z Z HA(q)Hl

g>Qmax hE[hmax} g>Qmax he[hmax}
20
< ) 1Al D Wy(a)l
ndhmax
h€[hmax] q>qmax
< 20]|A 1

Then by Markov’s inequality, with probability at least 1 — 0, these levels contribute at most 2|| A |;.
Summing these three results, we find that

ISAfL <ICCAL + Y Y Je®s®A@ 1 ST Y etstA@],

he[hmax] qe[Qmax} hE[hmax] q>Qqmax

1
<slah+0(5) X Il

QE[Qmax]
<0 1 1Al
<X Sau 1

as desired. [ ]
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C.2. Lower bound

We show that for d x d matrices, the above trade-off between the sketching dimension and dis-
tortion is nearly optimal, up to log factors. Note that for constant 9, the above result gives a
d® poly log d sized sketch with distortion 1/«. We show that with a sketch of size r, a distortion of
Q((logd)/(logr)) is necessary.

By Yao’s minimax principle, we assume that the r x d sketch matrix S is fixed, and show that
the distortion is ©((log d)/(log )) with constant probability over a distribution over input matrices
A.

The following simple lemma is central to our analysis:

Lemma C.7 Let S be an r X n matrix, and let A be drawn as an n x d matrix with all of its
columns drawn as i.i.d. Cauchy variables. Then,

99
Pr{Q(dlogd)||S[l < [SA[l1 < O(dlog(rd))lIS|l1} > 155

Proof The proof relies on standard tricks and is deferred to Appendix H. |

Theorem C.8 Let S be a fixed r X d matrix. Then there is a distribution 11 over d X d matrices
such that if

Pr (Al <[ISA[l < &[[All1) >
~p

GV V)

then k = Q((logd)/(logr)).

Proof We draw our matrix A from p as follows. Let x4 be the distribution that draws A asad x d
i.i.d. matrix with Cauchy entries, and let o be the distribution that draws A with its first » columns
as a d x r i.i.d. matrix with Cauchy entries scaled by d/r, and the rest of the d — r columns all Os.
Then, i draws from p; with probability 1/2 and uo with probability 1/2.

Note that by Lemmas 2.10 and 2.12 of Wang and Woodruff (2019),

99
Pr (Q(d?logd) < ||Al1 < O(d?logd)) > —

Awﬁl( (d°logd) < [|[A]l1 < O(d*logd)) 100

d d 99

Z < < - > —
AIN’£2<TQ(rdlog(rd)) < A < 7ﬁO(rallog(rd))) Z 100

By Lemma C.7, if A ~ p1, then ||[SA|1 = Q(dlogd)||S||; with probability at least 99/100.
Now suppose for contradiction that ||S||; = w(xd). Then with probability at least 1 — (1/3+1/2+
1/100 4 1/100) > 0, we have that

w(kd?*logd) = Q(dlogd)||S|1 < ||SA||1 < &[|A|l1 = O(kd?logd)

which is a contradiction. Thus, [|S||; = O(kd).
Now consider A ~ ps. By Lemma C.7, ||SA||; < O(rlogr)||S||: with probability at least
99/100. Then, with probability at least 1 — (1/3 +1/2 4+ 1/100 + 1/100) > 0,

Q(d*logd) < ||Al1 < [[SA[l1 < O(dlogr)||S|l = O(xd” logr)

. Q(log d)
log r

as desired. [ |

SO
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Appendix D. Independence Testing in the {; norm

In this section, we present our result for estimating || P — @Q||1, where P is the joint distribution and
@ the product distribution defined by the marginals, which are determined by the stream items as
introduced in Section 1. We first prepare a heavy hitter data structure in Section D.1 and present
our (1 4 €)-approximation algorithm to the ¢; norm of order-2 tensors in Section D.2. To move to
higher dimensions, we need a rough estimator for the product distribution in Section D.3. Finally,
we apply the result for order-2 tensors iteratively in Section D.4 to obtain a (1 + ¢)-approximation
o [P —Qlfx.

D.1. Heavy Hitters

This subsection is devoted to a data structure, called the HEAVYHITTER structure, which is anal-
ogous to the classical CountSketch data structure for a general functional f on a general linear
space.

Suppose that f : R — R is function satisfying the following properties:
f(0)=0;

f(z) = f(-=);
f(z) is increasing on [0, 00);
There exists a constant C'y such that it holds for any integer s > 1 and any z1,...,%s,y1,-..,¥s €
R that Y25, f(x; +yi) < Cp(5, (F(@:) + F(0)).
5. There exists a function h : [0, 00) — [0, 00) such that
() lim. o+ h(e) = 0;
(b) it holds for any integer s > 1 and any x1,...,Zs,y1,...,ys € Rthat | > 7 | f(x; +
yi) = 2o f(@a)| < h(e) 32; f(wi) whenever 37, f(yi) < &2, f (i)

We abuse notation and define for x € R™ that f(x) = ), f(z;).

We define a different Rademacher dimension as follows. The Rademacher dimension B =
B(f;n) is the smallest integer such that the following holds for any integer s > 1. Let 01,...,05
be i.i.d. Rademacher variables and &, . . ., &5 be i.i.d. Bernoulli variables such that E¢; = 1/B. It
holds for any x1,...,xs € R™ that

Pr {f (Z crzfixZ) < nz f(:cl-)} > 0.9.

e

Lemma 1 Ler,( € (0,1/3), there exists r = r(,() and a randomized linear map T : R™ —
R", and a subrecovery algorithm B such that for each x € R™, with probability at least 1 — (, it
holds that (1 — ) f(z) < B(Tz) < (1 +7)f(x).

Then, for 0,6 € (0,1/3), there exists a randomized linear function M : (R™)% — RS, where
S = O(Blog(d/s)-r(v,¢") for B= B(f;h=1(0)0) and (' = O(¢/(Blog(d/)), and a recovery
algorithm A satisfying the following. For any x = (x1,...,2,) € (R™)? with probability >
1 -6 —(, Areads Mx and outputs an estimate f, for each i € [d] such that

L | fi = f(@i)| < (v + 0+ 70) f(a;) whenever f(x;) > 0 (x);

2. /il < CrO(1+7)(1 + h(0)) f(x) whenever f(z;) < 0f ().
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Proof The linear sketch M is essentially a CountSketch data structure, which hashes {7'z; }; into
B = B(f;min{e?, h(0)}n) buckets under a hash function k. The b-th bucket contains

T, = Z o l'x;.

i:h(i)=b
For i* such that f(x;-) > 6 (), the algorithm will just return f;- = B (Th(i+))- Next we analyse the
estimation error. Let b = h(i*). Note that > . h(i)=b Oil = is identically distributed as T'z;- + T'v,
where v = 37, ..,y 0ii- Since B = B(f; h~1(6)6), it holds with probability at least 0.9 that

Fv) SO0 f (@) <hTHO)f (wie),
which implies that
(1—=0) fzir) < f (2 +v) < (1 +0) faim).
and, with probability at least 0.9 — ( that

(1—7)(1 = )B(Ta;-) < B(Ty) < (1+7)(1+0)B(Taye).
On the other hand, when f(x;+) < 0f(x),
f(@ie +v) < Cp(f(2ir) + f(v)) < Cr(0 4 h(0)0) f(x)
and, with probability at least 1 — (,
B(Ty) < Cr(1 4 )1 + h(6)) f(z).

Repeat O(log(d/d)) times to drive the failure probability down to ¢/d to take a union bound over
all 7*. |

The data structure described in Lemma 1 is our HeavyHitter structure, parameterized with
(0,0).

D.2. (1 + ¢)-Approximator

Suppose that for any v, ¢ € (0, 1) that are small enough, there exist ¢ = ¢(y, ¢), a randomized linear
map T : R™ — R’ and a subrecovery algorithm B such that for each z € X, with probability at
least 1 — (, it holds that (1 — ) f(z) < B(Tx) < (1 + ) f(x).

Letz = (21,...,2n) € (R™)V. In this subsection, we consider the problem of approximating
M =3, f(x;) up to a (1 + ¢)-factor. We also assume that we have an approximation Mto M
such that M < M < KM.

Our algorithm is inspired from arguments in Andoni et al. (2009). We prepare the following
data structure (Algorithm 1) with the entry update algorithm (Algorithm 2). The recovery algorithm
is presented in Algorithm 3.

Theorem 2 Let ¢ € (0,1) be small enough and K > 2 be a power of 2. Let 0, B,Q be as
defined in Algorithm 1. There exists an absolute constant oo < 1 and a randomized linear sketch
I : (R™)N — RS, where S = O(Q - t(ag/2,0.05/Q)) and a recovery algorithm A satisfying the
following.

Forany x = (21,...,2N) € X" and an approximation M>M= >, [(x;), with probability
at least 0.6, A reads Tz and outputs M (x) such that
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Algorithm 1: Data Structure for constant failure probability algorithm
(SubsamplingHeavyHitter)

Require: ¢,9, K, N, t,(
L + log(KN/e)
L+ log N
0 + min{O(3/(C;L3)), h " (ae/3), ac/4}
B+ B(f;h71(0)6})
Q + O(B(L +1)log(NL))
Instantiate a subsampling function H, which hashes [N] into L levels such that the sampling
probability for the /-th level is 2~¢ and is pairwise independent
foreachﬁzo,l,...,ﬁdo
Instantiate a HeavyHitter structure D, with parameters (6, 0.05/(L + 1)), in which each
bucket stores a vector of length t = t(ae/2,(/Q)
end

Algorithm 2: Algorithm for an update to x; for our constant failure probability algorithm

Input: an update of the form z; + z; + Ax;
for each ¢ =0, ..., L do
if H hashes i into level ¢ then > Assume H hashes every i to level 0
by < index of the bucket containing ¢ in D,
Add T'(Az;) to the by-th bucket
end
end
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Algorithm 3: (1 + ¢)-approximator to f(x) with constant failure probability

Require: (i) A subsampling scheme H such that the ¢-th level has subsampling probability

p; = 27% (ii) L + 1 HeavyHitter structures Dy, . . . , D; with the same parameters
(0,9), where L =log N, 0 = min{@(%), e h (%)} and 6 = 20@1“); (iii) an

approximation M such that M < M; (iv) an integer K > 2 which is a power of 2.

L <+ log(2N/e)
L+ log N
for ; :0,...,f2d0

‘ A; < top ©(L3/e?) heavy hitters from D;
end
jo < log(4Ke3L3)
¢ < uniform variable in [1/2, 1]
for j =0,...,j0do
Let )\gj), . 7>\§” be the elements in A contained in [(1 + E)C%, (2 — 8){%]
0 | My fOP) 4 FOY)

W NN T R W N

-]

11 end
12 forj=jo+1,...,Ldo
13 Find the biggest £ such that A, contains s elements )\gj ), cen )\g] ) in

[(1+e)¢H, (2 &)Y for (1 - v20e) L < s < 2(1+v206) 5
14 if such ¢ exists then

s || M e (FOP) 4o D)2
16 else

17 ‘ ]\7] 0

18 end

19 end

20 return M PP M;
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I (1—e)M < M(z) < (1+e)M if M € [(K/2)M, KM];
2. M(x) < (14 €)M otherwise.

Proof There are ©(log(1/4)) repetitions. In each repetition, there are (L + 1) HeavyHitter struc-
tures of O(Blog(N L)) buckets. There are O(B(L + 1) log(N L)) buckets in each repetition. Each
bucket stores a sketch of length t(ae/2,0.05/Q). The total space complexity follows.

Since for each bucket the failure probability is 0.05/(Q), we can take a union bound over all
buckets and assume that B gives accurate answers on all buckets in a repetition with probability at
least 0.95. Then the claimed result follows from Theorem 6 for M € [(K/2)M, K M] and from
Lemma 11 for M > KM and Lemma 12 for M < (K/2)M. [

Next we extend the algorithm to handle the case where M < (K/2)M.

Theorem 3 Letc,0, B, Q, S be as in Theorem 2 and § € (0, 1). There exists an absolute constant
o < 1and a randomized linear sketch 11 : (R™)N — RS’ where S’ = O(S log K -log(6 " log K))
and a recovery algorithm A satisfying the following.

For any x = (x1,...,zy) € XY and an approximation M such that M < M < KM,
where M = . f(x;), with probability at least 1 — ¢, A reads 11z and outputs M(m) such that
(1—e)M < M(z) < (1+¢)M.

Proof First, in view of Theorem 2, repeating the Algorithm 3 ©(log(1/¢)) times and taking the
median reduces the failure probability of a single run to . Hence, with sketch length O (S log(1/¢)),
we have an algorithm outputting M such that (1—-e)M < M () < (1 4 €)M, provided that
(K/2)M < M < KM.

For a general M , we run log K instances of the aforesaid algorithm in parallel, where the pa-
rameter K in Algorithm 3 takes values 2,4, 8, .. ., K, respectively. Note that M e [(K/2)M, KM]
in one of these instances and, with probability at least 1 — (, the output M of this instance satisfies
that M € [(1 —e)M, (1 + €)M]. For each other instance, with probability at 1 — ¢, the outputted
M < (14 ¢e)M. Setting ¢ = §/(log K) and taking the maximum output M among the log K
instances with a union bound over log K instances, we obtain an estimate in [(1 — )M, (1 + €)M
with probability at least 1 — 4, as desired. |

D.3. Rough Approximator for /;-Norm

Consider the problem of estimating ||z||; up to a constant factor for 2 € Z?" in the turnstile stream-
ing model, where each update changes a coordinate by a +1 or a —1. Let NV = d?. The following
result is due to Braverman and Ostrovsky Braverman and Ostrovsky (2009).

Theorem 4 (Rough approximation; Corollary 6.6 and Lemma 6.7 in Braverman and Ostrovsky (2009))
There exists a randomized linear sketch 11 : ZN — 75 for S = O(qlog(md)) and a recov-

ery algorithm A satisfying the following. For any x € ZN given in the aforementioned turnstile

streaming model of length m, with probability at least 0.95, A reads T1x and outputs M such that

2]l < M < 47 (log d)?| |1
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D.4. Estimation of Total Variation Distance

Now we wish to estimate | P — Q||1. Recall that P is a general joint distribution and @ the product
distribution induced by the marginals of P.

We apply the data structure iteratively in Section D.2. For ¢1-norm, f(z) = h(z) =z, Cy =1,
B(f;e) = ©(1/?). Therefore, in Theorem 3, one can take B; = (L /¢)¢ for some absolute constant
¢ = 4. The basic setup is presented in Algorithm 4. For each ¢, we apply Theorem 3 and obtain a
linear sketch TI() and a recovery algorithm 4;. The sub-recovery algorithm for Déi) is A;_1. The
entry update calls Ent ryUpdate(iy,..., i, A, ¢) on the final sketch (see Algorithm 5) if there is
an entry update of A at position (i1,...,%,). For notational convenience, we assume it is always
true that a subsampling hash function hashes all coordinates into level 0. The overall decoding
algorithm calls Decode(q), see Algorithm 6.

Algorithm 4: Data Structure for P

g & 0y 0, K « 49 log?d, N, + d, L, < log(K N, /e,)
for eachi=qg—1,...,1do

€ < Q€41

Nz‘ —d

Li < log(K'N;/e;)

di < O(1/(Li/2:))

end
to 1
for eachi=1,...,qdo
ti < O((L;/e;)ti—1log K log(K/d;)) > sketch length in each bucket

R; + O(log(1/6;)) > number of repetitions
for ecachr =1,...,R; do

Initialize H ("), D(()i’r), .. ,Dl(égg\, 41 as in Algorithm 1 for parameters
€y 51" Kv Ni7 ti*l

end
end

Theorem 5 Suppose that the stream length m = poly(d?). There is a randomized sketching
algorithm which outputs a (1 + €)-approximation to ||P — Q||1 with probability at least 0.9, using
exp(O(q? + qlog(q/e) + qloglogd)) bits of space. The update time is exp(O(q* + qlog(q/e) +
qloglogd)).

Proof Let P/ be the frequency vector of the empirical distribution of the input stream and Pif be

the corresponding frequency vector for the marginal on X;. We have P = Pf /m and P, = Pif /m.

Let I1(?) be the final linear sketch described above. In parallel we run the rough approximator
(Theorem 4), which applies in our setting because the stream items are samples from the distribution
and we are counting the empirical frequency. We maintain IT( P/) as described in Algorithm 2. For

the marginals Pl.f , we maintain sketches Séi)Pif sy S](-j,) P/ asin Algorithm 7 and Algorithm 8. At

7

the end of the stream, we construct II(D Q7 for Qf = Plf R ® R{ as in Algorithm 9. Then we
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Algorithm 5: Update algorithm for P: an entry update of A at position (i1, ..., ,)

Function Ent ryUpdate (i1,...,45, A, d): > invoked on some sketch structure
for each pair (r,0) € [R4] x {0,...,log N4} do
if H(@") hashes i4 into the (-th level then
B < set of indices of buckets containing 74 in Déd’T)
for each bucket b € B do
if d > 1 then
A’ < EntryUpdate (i1,...,1q, A,d — 1) on bucket b
Add A’ to b
else
| AddT(A)tob
end

end
end

end
return the incremental vector to the sketch under I1(%)

Algorithm 6: Decoding algorithm Ay (for P and P — Q)

Function Decode (d) : > This is Ay
for eachr =1,..., Ry do
Z, < Output of Algorithm 3 with subdecoding algorithm 4,
end
return median, Z,

Algorithm 7: Data Structure for ()

Let ¢;, 0;, K, R; be the same as in Algorithm 4

Let the HeavyHitter sketches f)éi’r) be the same as Déi’r) in Algorithm 1 (same hash
functions) except for ¢; = 1

Algorithm 8: Entry update for Q

Input: an update of A at position (i1, ..., iq)
foreachd=1,...,qdo
for each (r,0) € [Rg] x {0,...,log Ny} do
if (") hashes iq in level ¢ then
B < set of indices of buckets containing i in @éj )
Add A to bucket b for every b € B
end
end

end
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Algorithm 9: Tensorization of (): construct the sketch for Plf R ® P,{
00 =1
for eachi=1,...,ddo
for each (r,0) € [Rg] x {0,...,log Ny} do
if H(%") hashes iy in level ¢ then
B < set of indices of buckets containing 74 in Déj "
for each b € B do
a < bucket value of bucket b in f)éj i)
Add a - v~ to bucket b
end

)

end

end
Form v which conforms to the structure of IT(%)
end

compute md~ 1@ pf —TI0Qf = mIII(P — @), from which we can recover an approximation to
|P — Q|1 by invoking A,,.

Next we analyze the space complexity. Let IV; = d. Since we are sketching m?(P — (Q), whose
£1 norm is an integer and is at most 2m4, we see that K < 2m? = 40 by our assumption that
m = poly(d?). Set e, = € and 6, = O(1), then

€i-1 = ag;, 0;—1 = poly <€Z>
log(K'N;/e;)
for all <. This implies that
£0()
PRIO) loge(i) ( qd)

e

_ i1 _
Eg—i =0 "€, g =

Therefore the target dimension of II() is

log(K N;/¢e; ¢ K
€it1 Oi+1

2 o(1)
< < g,i ) -t; - (¢ — i) polylog (qd>
(6% g g

with ¢; = 1. This implies that

o(9) d
<L 7 1 10e0@ (1Y) Z 2 4
tn, < (C") O@ 6 q!-log - exp (O (q + qlog 5 + qloglog d)) .

This space dominates the space needed by the rough estimator. Each coordinate requires O(log(m?)) =
O(q?log d) bits and the overall space complexity (in bits) follows.

The update time is clearly dominated by the update time for P, which is dominated by the sketch
length. |
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D.5. Correctness of Algorithm 3

We adopt the notation from Section D.2. Recall that our goal is to estimate M = . f(x;) up to
a (1 + ¢)-factor and we also assume that we have an approximation M to M which satisfies that
(K/2)M < M < K M.

Let ¢ be a uniform random variable on [1/2, 1]. For a magnitude level j, define

o~

M

]}:C277

and
S;={ieU: f(x;) € (T},2T5]}, s; =15;l.

Observe that if we scale K by a factor of 2!, the magnitude levels are shifted by ¢ levels (new top
levels are empty). It is easy to see that the behaviour of Algorithm 3 is invariant under the concurrent
scaling of K and shifting of the magnitude levels (since the bucket contents in the Heavyl-/li\tter
structures remain the same), we may, with loss of generality, assume that X = 2 and M < M <
2M.

Observe that -, Zz‘esj f(xz;) = M. Note that each element in level j > log(2N/e) is at

most M\/Qj < (¢/(2N))M < (¢/N)M, so it contribute at most ¢ M and thus can be omitted. That

is, we only need to consider the levels up to L = log(2N/e).

We call a level 5 important if
Sj S 9
21 7 2L
and we let 7 denote the set of important levels j. The non-important levels contributes at most

ZZf(wi)ézs—zMgeﬁg%M,

JET i€S; Jg¢T
The goal of this section is to prove the following theorem.

Theorem 6 Algorithm 3 returns an estimate M , which with probability at least 0.7 (over  and
subsampling) satisfies that

(1 - O(e)M < M < (1L + O(e)) M.

The rest of the section is devoted to the proof of the theorem. We assume that all COUNT-MIN
structures return correct values, at the loss of 0.05 probability. The main argument is decomposed
into the following lemmas.

Lemma 7 With probability at least 0.95 (over subsampling), the following holds for all j > jo and
j € J. There exists an { such that the substream induced by Hy contains at least (1 — O(g))L? /&>
and at most 2(1 + O(g))L? /% elements of Sj. Furthermore, it holds 3L*/e? < s;27¢ < L2 /&?
for any such ¢.

Proof Since j € J and j > jo,
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Let N, , denote the number of survivors in the /-th subsampling level. For / = 1, we have

4L* ot _ 217

— o0 ¢ ==
ENJ"( = S]2 > 52 62 .
Note that s; < 27, and thus for ¢ = j — log(e~2L?) > 0, we have

EN; =527t <27t =722

survivors after sampling. Hence, there exists ¢ such that e 2L? < E N;, < 2e2L?. For any such
¢, since H, is pairwise independent, we have Var(N; ) < E N, and it follows from Chebyshev’s
inequality that with probability at least 1 — 1/(20L?),

Njo=EN;;+/20L%-E N;,

L2 L?
(1= v20e) =5 < Njp <2(1+ \/%5)67. )

that is,

A similar argument shows that for each ¢, with probability at least 1 — 1/(20L?), we have N;,; >
2(1—v/20e)L?/e2if ENj, > §L?/e? and N, < 3(1+V/20e)L?/e? if EN;, < 3L?/e?. Taking
a union bound over all L, we have that with probability at least 1 — 1/(20L) there exists a unique ¢
such that (2) holds; furthermore, s; 2 t=EN il = O(e72L?) for this .

The claimed result follows from a union bound over j. |

Let a € (0, 1) be a small constant. Define
Sy={ieS;: f(z:) €[(1+(1—a))Ty (2 (1—a)e)Tj]}
Syr={ieS;: flz) €1+ (1+a)e)T;, (2 (1+a))Tj}

and

M= fla), M=) fla).

. * - *k
zESj 1€Sj

Suppose that the event in Lemma 7 occurs.

Lemma 8 With probability at least 0.9 (over the subsamplings), it holds for each j € J and j > jo
that (1 — O(n))M; < EM; < (14 O(n)), where the expectation is taken over the subsampling.

Proof Let I, C [N] be the set of indices in subsampling level ¢, where ¢ is found in Step 13 of
Algorithm 3. Then

f(z)
Ef(.’l?]z) = 7
By Lemma 7 and our choice of 3, we have
Sj 9 L2
A Qe
20 7 4 g2 ®)
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Together with the assumption that j € 7,

L 9 L3
PR )
RV h
which implies that (by adjusting constants)
e 9f(x) 91 9
— E f(x,) < M = —-T; < -Tj

Except with probability 0.05/L, we have
g3 s
180L3

Now, let § = min{e3/(180C;L3), ae/4, h~(ae/3)} in Lemma 1, we have the guarantees that (1)
if f(x;) > 0T; then it is estimated up to an additive error of at most

(xlz) < TJ

g Qg

(74 0+90)F(x0) < (v +20)f () < (5 +2- ) Fla) = acf(a),

and (2) if f(x;) < 0T} we obtain an estimate at most

63
Cr0(1+7)(A+h0)f(2r,) < 35731+ +h(0))f(2r,) < (1+7)(1+ h(0))T;

40L3
Qe (679
< (1 —) (1 —)T
< + 2 + 3/77
< (14 ag)Tj.

Hence, all survivors in level S;* will be recovered and all survivors in the higher levels will not be
mistakenly recovered in level j; survivors from lower levels will not collude to form a heavy hitter.

Let RY) = {iy,...,is}, we have AY) = (14 0O(e))f(x;,) forall r € [s]. Then

M= O+ 4202 = (1 (0(e)M],

where
S

M =2* Z f(zi,)
r=1
will be our focus. Combining Lemma 7 with the recovery guarantee of Dy, we see that all elements
in S; that survives the subsampling at level ¢ will be recovered. Hence, Pr{i RW} < 27 for
i € S} (because it may not be recovered in our range) and Pr{i € RU} = 2t fori ¢ ST
(because if it survives the subsampling it would be recovered). Hence

E M) = 2° S fa)Priic RO} < 2" fla)2t = M
ieS; iES;

and
EM,>2" Y flz)Pr{i e RV} =2 3" f(z;)27" = M}*

. *% - * %
zGSj zESj
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Lemma 9 With probability at least 0.95 (over the subsamplings), it holds for all j < jo that
(1-0(e)M;* < M;j < (1+0(e))M.

Proof The argument is similar to the preceding lemma. Note that there are at most 270+! = 413 /&3
elements of interest in this case, and Dy is guaranteed to recover all of them, since

g3

Jla) > €270 (@) > L 1(@)

and we choose § = min{e/(4C;L?), ae/4,h ' (ae/3)} for Dy, where C is an absolute constant.
Each f(z;) is estimated up to an (1 + O(¢))-factor. [ |

Lemma 10 With probability at least 0.8 (over subsamplings) it holds that

)Y M —0(EeM) <Y M; < (1+0(e)M

jeTJ jeTJ

Proof Note that f(z;) are within a factor of 2 from each other for i € S, thus

2

S H@)? < o [ S S| = ()2,
1S5

iES;‘ zES*

When j > jo and j € J, we showed that |S7| > £72L? (Lemma 7), thus
2 e e

Z f(z:)”=0 ﬁ(Mj) :

1€S%

It follows from Chebyshev’s inequality that with probability at least 0.95,

Z%_EZ%:OEZM;

J>Jjo.g€J J>jog€d J>jo,j€TJ
Combining with Lemma 8, we have with probability at least 0.85,
*k * AT *
S oo Y i< Y <0400 Y
J>jo. €T J>jo.d€T J>jo.d€T J>J07]€~7

Further combining with Lemma 9, we have with probability at least 0.8,

1=0E)Y M —0() > M <Y M<(1+0()>. M

jeJ i>jo.JeT jeTJ jeTJ

The result follows from the observation that > M < M. |
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Note that the levels j ¢ J contribute at most O(¢M) in expectation to the total norm. By
Markov’s inequality, except with probability 0.05 (over subsampling), they contribute at most O(e M ).
Combining with the preceding lemma, we have concluded that with probability at least 0.75,

(1-0() S M —0(eM) < 3" M < (1+0(e) M.

j>1 j>1

Over the randomness of ¢, for each i, with probability at least 1 — O(e), we have 7 € S for some
4. This implies that

E|M-) M*|=0(EM).

Jj=z1

By Markov’s inequality, we have with probability (over () at least 0.95 that

(1-0()M <Y M* <M.

i>1

Finally, combining with the failure probability of the HeavyHitter structures, we conclude that with
probability at least 0.7,
(1—0()M <Y M; < (1+0(e) M.

i>1

D.6. Analysis of Algorithm 3 with Bad M

We have proved that Algorithm 3, when provided a good overestimate M , gives a good estimate M
to M in the preceding Section D.5. In this section, we show that the algorithm does not overestimate
when M is bad. We follow the notations in the preceding section and assume likewise that K = 2.

Lemma 11 Suppose that M > 2M. Algorithm 3 returns an estimate M, which with probability at
least 0.7 (over ¢ and subsampling) satisfies that M < (1 + O(e)) M.

Proof There exists j* < K such that M* = M /27" € [M,2M]. We compare the behavior of
Algorithm 3 on estimate M and M *, under the same randomness in the subsampling functions,
heavy hitter structures and ¢. Denote the magnitude levels associated with M by S7,55,... and
the levels associated with M\by S1,82.... Itisclear that S} = --- = Sj« = P and §; = S;»‘_j*
for j > j*. Hence for j < jo, we can still recover all items in S7, ... ,Sj’.‘g for j5 = jo — j*, that
is, all items in 51, ..., Sjr4;=. Observe that j* < log K and so jj + j* < jo, and so it is possible
that we miss the levels S; for j = j5 4+ j7* + 1,..., jo since the subsequent for-loop starts with
Sjo+1. All the recovered levels are within (1 4= O(e))-factor of their true values, according to the

Eg)of of Theorem 6, with probability at least 0.7. Therefore, we shall never overestimate, that is,
M < (14+0(e))M. [ |

Lemma 12 Suppose that M < M. Algorithm 3 returns an estimate M, which with probability at
least 0.7 (over ¢ and subsampling) satisfies that M < (1 + O(e)) M.
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Proof There exists j* such that 23" M = M* € [M,2M]. Similar to the proof of Lemma 11, we
compare the behavior of Algorithm 3 on estimate M and M *, under the same randomness in the
subsampling functions, heavy hitter structures and ¢. Let {57} and {S;} be as defined in the proof
of Lemma 11. Now we have S; = S; +;+ and may miss the bands ST, ..., SJ* The rest follows as
in Lemma 11. |

Appendix E. /; Subspace Embeddings for i.i.d. Random Design Matrices

In this section we present oblivious ¢; subspace embeddings for i.i.d. random design matrices. This
allows us to achieve a polynomial-sized sketch without paying the general case distortion lower
bound of 2(d/ log? ) of Wang and Woodruff (2019).

In consideration of practical applications, we specifically focus on heavy-tailed distributions. In
fact, as we will see, these are the most interesting from a theoretical perspective as well. Our model
for our heavy-tailed distributions will be symmetric power law distributions of index p, which are
distributions that satisfy

1—F(x)~cx™®

for a constant c. In the literature, works such as Zhang and Zhou (2018); Balkema and Embrechts
(2018) have considered linear regression in the £ norm with heavy tailed i.i.d. design matrices.

P Distortion upper bound Distortion lower bound
pe(0,1) O(1) (Theorem E.8) 1
p=1 O (m&%%) (Theorem E.9) Q (llgi :f) (Theorem E.24)

0] (de;)%), n'=1/P > d'/Plog d (Theorem E.18)
pe (172) O dl/plogd Q(
(i

W)’ n'=1/P < d'/Plog d (Theorem E.19)

Tl_l/P

ﬂ) (Theorem E.25)

p=2 1 + € (Theorem E.23) 1

Table 1: Results for i.i.d. symmetric power law design matrices

Throughout this section, let D be a symmetric power law distribution with index p > 0, and let
A ~ D"*d pe a matrix drawn with i.i.d. entries drawn from D, unless noted otherwise.

E.1. Setup for analysis

Let v € R" be a vector. We will frequently refer to the kth level set v() of v, which takes on the
values of v whenever it has absolute value in [2¥, 2¥+1), and 0 otherwise.

Definition E.1 (Level sets of a vector) We define the kth level set v i of v € R" coordinate-wise
by

elvg o [oT lelv €2
! 0 otherwise

For k =0, we set

e?v(o) =

{e;rv ifle] v| €10,2)

0 otherwise
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We will repeatedly make use of the following simple lemmas about CountSketch and symmet-
ric power law distributions.

Lemma E.2 (No expansion) Let S be drawn as an v x n. CountSketch matrix with random signs
o : [n] = {£1} and hash functions h : [n] — [r]. Then for all v € R",

ISVl < [1v])s.

Proof
' n T n n
ISvih =Y | > owi| <D > owil = |l =Ivlh
i=1 |j:h(j)=i i=1 j:h(j)=i J=1

Lemma E.3 Let D be a symmetric power law distribution with index p > 0. Then, for k a large
enough constant depending on D,

E ok+1y\ _ —kp
Pr(IX] e 2",25)) =o27)

and

Pr (Ivayllo = ©(m277)) > 1 - exp(O(n277))
v~D"
Proof For a large enough k, we have that

(1X] € [28,257)) = F2h) - F(2") = @( ! 1) _o(2).

Pr 2 30 Dp

Then in expectation,
IViryllo = ©(n27*)

so we conclude by Chernoff bounds. |

Lemma E.4 Let D be a symmetric power law distribution with index p > 0. Then,

2 (14l < 0{0ua 7)) 51

Proof Each entry is at most O((nd/8)'/?) with probability at least 6 /nd, so we conclude by a
union bound over the nd entries. |
Definition E.5 (Truncation) ForT > 0 and x € R, define

x |x|<T

0 otherwise

truncr(x) = {
For a distribution D, we define truncy (D) to be the distribution that draws truncp(X) for X ~ D.
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Lemma E.6 (Moments of truncated power laws) Let D be a power law distribution with index
p > 0. Let T' > 0 be sufficiently large. Then

o) ifpe(0,1)
E X|= ifp =
ot (D)\ | O(logT) ifp=1
o(1) ifp>1
O(T*?) ifpe(0,2)
E X’= ifp =
X ~truncy (D) ®(log T) ifp=2
o(1) ifp>2
Proof The proof is deferred to Appendix I. |

Definition E.7 Let A € R™¥ and let T > 0. Then, we write A = AH + AL where A is the
submatrix of A formed by the rows containing an entry with absolute value at least T, and A" is
the rest of the rows.

E.2. Algorithms for p < 1

We first present the results that for tails that are very heavy admit O(1) distortion embeddings in
poly(d) dimensions for a very simple reason: when p < 1, then the largest entry in every vector is
a good approximation of the entire £; mass of the vector.

Theorem E.8 Let D be a symmetric power law distribution with index p € (0,1). Let S be drawn
as a CountSketch matrix with r = O(d? log? d) rows. Then

99
P (Ql Ax|, < |SAx|; < [|Ax]||y, ¥ ]Rd)>—.
Prif)laxly < [ISAx] < [|Axl1, vx 100
Proof The proof proceeds similarly to the case of p = 1, and is deferred to Appendix L. |
Thus, we focus on the regime of p > 1.
E.3. Algorithms for p = 1

In this section, we prove the following:

Theorem E.9 Let D be a symmetric power law distribution with index p = 1. Let S € R"*"™ be
drawn as a CountSketch matrix. Then, for any C(dlogd)? < r < o(y/n) for C a large enough
constant, we have

1
P Z|Ax|: < [|SAx|: < |Ax|;,Vx e RT} > ——
P LIl < Isax)h < ax) v Y] >

logn

:O(W)
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The idea is that with  rows of CountSketch, we can preserve the top r entries of Ax, which has
mass approximately €2(n log r)||x||1, while the rest of the entries have mass at most O(n logn)||x||1.
We formalize this idea in the following several lemmas.

Lemma E.10 (Mass of small entries) Let D be a power law distribution with index p = 1 and let
A ~ D4 Letpoly(d) < T < nandlet A = A" + AL as in Definition E.7. Then,

Pr (|| A"x]|s < O(nlogT)||x|1, vx € Rd> > 0.99

Proof Note that A’ is drawn i.i.d. from truncz(D) so by Lemma E.6, it has entries with first two
moments

= < =
pi= B (X||1X| < T) = ©(logT)

2 . 2 —
= XED(X || X|<T)=0(T)

Then for a single column ALej for j € [d], by Bernstein’s inequality,

1 (un)? 1

-7 )L —QlogT)) = .
20%n+ unT/3 exp(=§log T)) poly(T)

Then since T' > poly(d), we may union bound over the d columns so that ||Afe;||; = O(un) =

O(nlogT) for all columns j € [d] with probability at least 1 — 1/ poly(d). Conditioned on this

event, we have for all x € R? that

Pr(HALejHl > 2pn) < exp<

1A x|l <) IxjllA%e;]l = O(nlog 7)1
j=1

Lemma E.11 (Unique hashing of large entry rows) Let D be a power law distribution with index
p > 0and cdf F, and let A ~ D™, Let t and r be parameters such that r > C(dlogd)? for a
sufficiently large constant C and r = o(y/n), and define

/
ﬁ::zw4<1_(7fgd)::@«n/mgdﬂ@>

Ty = F7! (1 — r/dzlogd> = O((nd?log d/r)/?)
[

Ry :=1{i€[n]:3j € [d]|e] Aej| > Tl}
Ry = {ie o] : 3j € [d].]e] Aes| > 7}

for a sufficiently large constant C'. Then if we hash each row of A into O(r) hash buckets, with
probability at least 0.95:

— Every row of Ry is hashed to a bucket with no other row from Ra.
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— For every column j € [d] and every integer logs T2 < k < logy 71 has ©(n/2FP) rows with
a large entry with absolute value in [2F, 2¥+1) that are hashed to a bucket with no other row

from Ro.

— Let R be the set of rows which are hashed with no other row from Ro, which we refer to as
uniquely hashed rows. Then |R| = ©(r/dlog d) and every one of these large entries is on a
distinct row.

Proof Foreach j € [d], the number of expected entries in the jth column with absolute value at least
71 is C'log d, so by Chernoff bounds, with probability at least 1 — exp(©(log d)) = 1—1/ poly(d),
there are at most O(log d) such entries. By a union bound over the d columns, this is true for all d
columns with probability at least 0.99.

Similarly, for logy 72 < k < logy 71, we have by Lemma E.3 that

Pr([[(Aej)llo = ©(n/27)) > 1 - exp(O(n/2'7) ).

Then summing over k, we have that

logy T1 logy T1
Pr| () {IAe)mlo=0m/2"} | 21- > exp(©(n/2%)
k=logqy T2 k=log;, T2
1
>1—exp(O(C'logd))=1— ——.
p(O(Clogd) =1

By a union bound over the d columns, every large entry level set of every column Ae; has the ex-
pected number of elements, up to constant factors, simultaneously with probability at least 99/100.
Conditioned on this event, |R1| = O(dlogd).

Note that across the d columns, there are O(r/dlog d) rows corresponding to level sets k for
logy 70 < k < logy 1. Then with O(r) hash buckets, each pair of rows from R1 X R is hashed to a
separate bucket with probability O(1/|R1 x Rz|) = O(1/r), so every row in R is uniquely hashed
with probability 0.99 by a union bound. Furthermore, with O(r) = w(r/dlog d) hash buckets, we
have by Lemma A.4 that for each level set v, half of the ©(n/ 2kP) rows in the kth level set get
hashed to a bucket with no other row from R with probability at least

2
1-— Qexp(ﬂ/?@(n/ﬁ:p)) =1- exp(@(n/Qkp)).
Then again by a union bound over the level sets and columns, every large entry level set of ev-
ery column has at least half of their rows hashed with no other row from R, simultaneously with
probability at least 99/100.

The probability that any two of the large entries lie on the same row is O(|R2|?/n) = o(1).
Then by a union bound, the total success probability for the entire lemma is at least 0.95. |

We apply the lemma above to show that when we write A = A + A’ as in Definition E.7,
then ||[SAHx||; = Q(nlog(r/d))|x|1 for all x € R% when we choose T' = nd? log d/r.
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Lemma E.12 (Mass of large entries) Ler Let A = AT 4+ AL 45 in Definition E.7 with T =
nd?logd/r. Let S be a CountSketch matrix with r rows. Then with probability at least 0.95,

ISA" x|y > [ISB'x[l > Q(||A"x])1) > Q(nlog(r/d*logd))|x]s
for all x € R, where B’ is the subset of uniquely hashed rows of A® given by Lemma E.11.

Proof Let B’ be the subset of rows of Al given by Lemma E.11 that are hashed to locations
without any other rows of A Recall also 71 and 7 from the lemma.

We first have that ||[SB'x|; = Q(||A#x]|1) since the rows containing entries larger than 7
are perfectly hashed, while rows containing entries between 72 and 7; are preserved up to constant
factors.

Let B’ = BL ; + B where B ;. contains the entries of B’ that have absolute value greater
than 7" and BlgT contains the rest of the entries. Note then that BL - has at most one nonzero entry
per row, and B has at most O(d - r/dlog d) = O(r/log d) nonzero entries and thus by Lemma
E4, ||BL |l < O(r) with probability at least 0.99. We condition on this event. Then for all x,

ISA"x|[1 > |ISB'x|

> [SBLyx|l1 — [[SBLrx|h
d

= x;|[|BL el — |SBLyx]1 Since the B, re; have disjoint support

J >T%) <T >T%)

j=1
d log, 71

>3 Ix5l Y 2P0(n/28) — |BLyx||s Lemmas E.11 and E.2

1 k=log, T2

.
Il

Q(n(logy 11 — logy 72))|1x[[1 — O(r)|BLr |l |Ix[l1  Holder’s inequality
Q(nlog(r/d*log d))||x|l — O(*)|Ix]x
Q(n log(r/d* log d))x||x

as desired. [ |

The last thing we need to bound is the mass contribution of the rows of A’ that are hashed
together with the uniquely hashed rows of A¥. We first bound the columns of the matrix S’A”,
where S’ is a subset of hash buckets.

Lemma E.13 Let D be a symmetric power law distribution with index p € (0,2) with cdf F. Let
T = F~*(1—r/nd*logd) = ©((nd?*logd/r)"/?), ' < r. Let S’ be a subset of ' rows of ar x n
CountSketch matrix S. Let C ~ truncy(D)"*%. Then for each j € [d),

1
Pr(HS’CejHl < O(r' + AW) (d*log d)l/p*1/2(n/7“)1/p> >1- 3
Proof The proof is just a second moment bound and is deferred to Appendix L. |

Given the above bounds, the rest of the proof is just Holder’s inequality.
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Lemma E.14 Let r > C(dlogd)? for a large enough constant C. Let A = A" + AL as in
Definition E.7 with T = (nd?logd/r)'/P. Let S be a CountSketch matrix with r rows. Let
Al = C; 4 Cs, where Cy is the submatrix formed by the rows of A" that are hashed together
with the uniquely hashed rows of A™ by S (c.f Lemma E.11), and Cs is the submatrix formed by
the rest of the rows. Then with probability at least 0.99, for all x € R?,

1 nt/p
SC <0 .
SCixx (\/@(T/dz logd)l/p—1>‘x”1

Proof Let S’ be the submatrix of S formed by the set of 7' uniquely hashed rows from Lemma
E.11, with 7’ = O(r/dlog d). Setting A = 100d, we have that

T’H\ﬁ:oo«’):o( . >

dlogd
SO
1/p 1 nl/p
W< O (2 1/p-1/2(™ — 'Ale||; <
Pr(rsclejnl\O(r)(d log ) /7~1/2 (%) Pr| [$'A%e; < O| < o
S+
- 100d”

By a union bound over the d columns, this is true for all £ € [d] with probability at least 0.99.
Conditioned on this event, we have by the triangle inequality that

d
1 nl/p
SC < Yir <O
ISCax]lx Z::’Xk‘z ok (\/@(T/dﬂogd)l/p—l>uxh

k=1 €S

as desired. [ |

With the above lemmas in place, we prove Theorem E.9.
Proof [Proof of Theorem E.9] The “no dilation” bound is just Lemma E.2. We thus focus on the
“no contraction” bound.

We condition on the results of Lemmas E.10, E.12, and E.14. By a union bound, these all hold
simultaneously with probability at least 0.9. Then, we have for all x that

1 ISAx[y _ [SA"x| — [SCix|y _ Q(A"x]|s +nlog(r/d*logd))||x[lr Q<10g(7"/d2 10gd)>'

kT lAx] T AT+ AR T O(|AH x|y + nlog(nd? log d/r))l|x(l1 ~ logn

E.4. Algorithms for p € (1, 2)

For power law distributions with index p € (1,2), we need different algorithms based on the pa-
rameter regime: when n is rather large, then the distribution looks relatively flat so that sampling
is approximately optimal, while when n is rather small, then the variance is large enough so that
CountSketch helps capture and preserve large values that make up a significant fraction of the
mass.
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E.4.1. LARGE n: SAMPLING

When n is large, we shall see that by concentration, sampling alone will give us nearly tight distor-
tion bounds.
We first prove concentration in the upper tail.

Lemma E.15 (Upper tail concentration) Ler D be a power law distribution with index p € (1,2)
and let A ~ D"*%, Then,

d'/?logd
Pr{ |Ax[; <O 1+ 8% ) |Ix]lyn, vx € R% S > 0.99.
nl_l/p

Proof By a union bound, ||A||c < B = O((nd)'/?) with probability at least 0.999. Conditioned
on this event, each entry of A is distributed as truncg(D). Note that for a random variable X ~
truncg(D), we have by Lemma E.6 that

E|X|=0(1)
E|X|> = O(B*P)

Now let v ~ truncg(D)™. By the upper tail Bernstein bound,

1 A2
P —nE|X| > A} < S A——
r{lIvlly = n EIX] > A} eXp( 2 B2-rn + B)\/?))
Then with A = kn for
_ dYPlogd
Topl-i/p 7
we have Y
d*/Plogd 1
=iy, e (nd)/Plogd > Blogd
and 2/ )
Pl 1ig_
A2 = d%f}fln? — (nd)¥?log?d = (nd)»* P (nd) log? d > B> Pnlogd
n

so we have that with probability at least 1 — 1/ poly(d),

dY/?log d
Vi =nBIX] <X = vl <nE!X!+m—®<1+m_?/gp>

By a union bound over the d columns of A, this holds simultaneously for all columns of A with
probability at least 1—1/ poly(d). We condition on this event. It then follows that for every x € RY,

AP log d>
— | N

d
< ; <
x| < [ mlax | Ae; 1 < @(1 +

To prove concentration in the lower tail, we first need the following lemma.
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Lemma E.16 Let D be a symmetric power law distribution with index p € (1,2). Let x € R<
Then

Pr (|(v,x)| = Q([[x[|p)) = 2(1). )
v~D
Proof The proof is distracting from this discussion and is deferred to Appendix . |

Lemma E.17 (Lower tail concentration) Let D be a symmetric power law distribution with index
p € (1,2). Let n > dlogd. Then,

Pr {||Ax||1 > Q(nl|x|,), Vx € Rd} > 0.99.
A~Dnxd

Proof Letx € RY with ||x||; = 1 and let v ~ D?. Then by Lemma E.16,

Pr ([(v,x)] = Q([x[|p)) = 2(1).

v~Dd

Then by Chernoff bounds, at least 2(n) of the n rows of Ax are at least Q(||x||,,) with probability
atleast 1 — exp(n) = 1 — exp(dlog d). We conclude by a standard net argument. [ |

We put the above two parts together for a sketching algorithm based on sampling.

Theorem E.18 Let n > dlogd and let A be drawn as an n x d matrix of i.i.d. draws from a

p-stable distribution. Let
dY/Plogd
Rp = @(1 + nlfl/p

1/p
m:@Q+dmw>

7“1*1/27

be the distortion upper bound from Lemma E.15 for when the number of rows is n and r, respec-
tively. Let S € R"*™ be the matrix that samples r rows of A, and then scales by rnd =1/ Pn/r.
Then,

Pr{HAle < ISAx|1 < #inrird®-1P) | Ax||y, Vx € Rd} > 0.9

In particular, if
1
=P > @MPlogd <= n > diT logr T d,

then

dl/p p
Proof By applying lemmas E.15 and E.17, we have that for all x,
Q)[xllpn < |AX]l1 < Kallx]l1n.

Furthermore, we can apply the lemmas to SA as well, which gives us

QL) rad" 7|y < ISAX]1 < rread = 7][x] 1.
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By Hoélder’s inequality, we have that for all x € R¢,
¢l < (Il < a7,
Thus,
1AX[1 < Fnlx[in < rnd" P[0 < [ISAX]);

so the sketch does not underestimate norms. On the other hand,
ISAx]); < /imndlfl/pHme < mmndQ(l*l/p)Hprn < /irnndﬂl*l/p)HAle

so the sketch does not overestimate norms by more than ﬁmndQ(l_l/ P), as claimed. |

E.4.2. SMALL n: COUNTSKETCH

In the previous section, we have handled the case when n'~1/? > d'/?logd. On the other hand,
when n!=1/? < d'/Plogd we will instead use CountSketch to hash the largest entries of each
column of A. These entries are of size around n'/?, while the entries of vectors with size smaller
than this have mass at most n. Thus, we approximate the mass up to a factor of

N - < gi/p
nl/p—n < d/Plogd,

which is roughly what we are shooting for.

Theorem E.19 Let n'~1/? < d'/Plogd. Let S be drawn as a CountSketch matrix with r rows.

Then
99

100°

n -1/ d'/7log d
HZO((WW) ) :O<(T‘/d210gd)1—1/p>'

Proof The distortion upper bound again is just Lemma E.2. The distortion lower bound argument
is similar to the one presented for the cases of p € (0, 1] and thus is deferred to Appendix I. |

1
Pr (Q <> |Ax[]; < [|SAx||; < ||[Ax]|;,Vx € ]Rd) >
S,A R

where

E.5. Algorithms for p > 2

When p > 2, we show that any m X d i.i.d. matrix with m > poly(d) has with constant probability,
|Ax|1 = ©(m]||xz||) for all x € RY. This shows that a uniform sampling matrix with poly(d)
rows works as a sketch. The following result shows this in expectation.

Lemma E.20 Let p > 2 and let D be a symmetric power law with index p. Let x € R%. Then,

E [{v,x)]=0(x]2)

v~Dd

58



EXPONENTIALLY IMPROVED DIMENSIONALITY REDUCTION FOR {1

Proof The proof is standard and is deferred to Appendix I. |

Our strategy then is to show that conditioned on every entry of v ~ D9 being smaller than some
large value B > poly(d), the expectation remains approximately unchanged. We then use this in a
Bernstein bound to argue the result with high enough probability to union bound over a net.

Lemma E.21 Let p > 2 and let D be a symmetric power law with index p. Let € € (0,1/4) and
let B > max{e~!, (dv/d/e)"/P}. Let v ~ D% and fix a vector x € R%. Define the events

d
£=)&
i=1
Then for B large enough,
E([{v,x)[ | €) = (1 = O(¢)) E|(v, x)|.
Proof The proof is standard and is deferred to Appendix I. |

The following lemma implements the Bernstein bound and applies a standard net argument.

Lemma E.22 Let p > 2 and let D be a symmetric power law with index p. Let A ~ D™ with
m > O(max{e P, (d*/*1/Pe loge=1)P/P=D ). For x € RY, let jix == E,, _pa(v,x). Then,

Pr(HAle = (1 £ 0())mpx, ¥x € Rd) > 0.95.
Proof Note that with probability at least 0.99, ||A||c = O((md)/P). Let this event be £. Then

conditioned on &£, A is distributed as an i.i.d. matrix drawn from D’, where D’ is the truncation of
D at

B = O((md)'/?) > max{f;‘*l, (d\/(j/s)l/p}
where the bound on B follows by our choice of m.

High probability bounds. Now fix x € R?. By Lemmas E.20 and E.21,

= E(Ax] &) = > B(le] Ax| | £) = (1£6) Y Ele] Ax| = (1 £ £)myix = O(m[x]2)
=1 =1

&)
and .
o® = Var(|Ax|1 | €) = 3 Var(le] Ax| | £) < O(m|}x[}3)-
i=1
Then by Bernstein bounds, we have that
1 2
Pr(|| Ax| — 4l > ep | €) < 2exp(—2a2f§;B/3) < exp(~O(dloge L))
where the last inequality follows by our choice of m. Then chaining together with Equation 5,
Pr(||Ax|[y = (1 £ O(c))mypx | £) < exp(—O(dloge™1)). (6)
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Net argument. We now proceed by a standard net argument. Recall the set S and the e-net
N as given in Lemma A.3. Now conditioned on &, we have by a union bound that |Ax|[; =
(1 £ O(e))mpux for every Ax € N, with probability at least 0.99. We condition on this event as
well. Now forany y € S, writey = > .7, y(i) as given in Lemma A.3. Then,

oo oo oo
Isaxl; = [s3-y®| < ||sy?] < (140 ZH-V (1+0() Y& < 14+0(e
i=0 1 i=0 i=0
We conclude by homogeneity. |

Given the above lemma, our subspace embedding follows simply from uniform sampling and
rescaling.

Theorem E.23 Let p > 2 and let D be a symmetric power law with index p. Let € € (0,1/2), let
r= @(max{s_p, (d3/2+Y/Pe~L]og 5_1)p/(p_1)})
and let S € R™*™ be a matrix that uniform samples r rows and scales by n/r. Then,

Pr(||SAx||1 = (1+0(e))| Ax]|h, Vx € Rd> > 0.9

Proof By Lemma E.22, we have with probability at least 0.95 that for all x € R?,
[Ax[[1 = (1 £ O(e))npx
and with probability at least 0.95 that for all x € RY,

ISAX[1 == (1 £ O0())rpx = (1 £ O(2))npux.

Combining these two bounds, we have that with probability at least 0.9, for all x € R,

[SAx[ly = (1 + O(e)) [ Ax]]1-

E.6. Lower bound

In this section, we work towards proving a lower bound for a general class of random matrices
with each column drawn i.i.d. from a different distribution. When specialized to our i.i.d. matrices
from the above, we obtain nearly tight bounds. We do not have a single general theorem, but
rather a number of different possible arguments that give better bounds depending on the underlying
distribution. This can be shown to approximately recover the result of (Wang and Woodruff, 2019,
Theorem 1.1), and additional yields new bounds, for example, the following tight results:
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Theorem E.24 Letlogn < O(d) and let S be a r X n matrix such that

99
P Al <ISA|L < s|AL) > —
oPr (Al < ISATL < sIA) > oo
Then,
I
E_Q(ogn>
log r
Theorem E.25 Let S be a r x n matrix such that
Pr (Al < [SAlL < k]Al1) > —o
r B St = T AN
Aopnxd 1 1 Y2900

where D is a p-stable distribution. Then,

di/p
k=0 (ﬂl/p)

Definition E.26 Ler D; for j € [d] be distributions and consider the distribution Da over n X d
matrices A that draws column j from DY. Let

M; = n}lid%%n|]u\\1.

We then define the distribution Dy, .« that draws entries as

and let its cdf be Fp_,, .

Throughout this section, let S be a r x n matrix such that

| o All; <||SA|1 <«||Al1) =2 1—-0.
AP5 (Al < [ISA[L < sl A[) 0

E.6.1. PRELIMINARY BOUNDS ON S

Lemma E.27 For every i € [n], we have that

1+ F5l (46)
[Seil|1 < 2r——F"2—=
FDmax (46)

Proof Note that for every row ¢ of A, with probability at least 49, one of the d columns of eiTA,
say column j € [d], has absolute value at least

|eiTAej| -1 T , —1 ,
S > Fp (40) = |e; Aej| > Py (40)M;.
J
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Independently, with probability at least 1/2, the ¢; norm of the rest of the entries of the column is
at most

Y lesAe < M.
i'€[n]\{i}
Then with probability 24 both of these happen simultaneously, so that
lAe;lls < (1+ Fp) | (46))M;

ax

Let this event be &;.
Now suppose for contradiction that there is some column i € [n] such that ||Se; ||y > 2x/ Fl;;ax (49).
We then condition on &;. Then with probability at least 1/2,

1
ISAe;lli = [ISei(e] Aej) + > Sei(e) Ae))|h > §HSei(ezTAej)Hl
il i

o Lo T B0 s s e+ Fsl 4, > Ay
T R L e

so S fails to sketch A with probability at least §, which is a contradiction. |

Lemma E.28 Let Fﬁiﬂx (46) < = < 1. Then there are at most

1
1 - FDmax (x)

columns of S with {1 norm more than

1
2K +$.
T

Proof Let
= P Xz2zx}=1-F
p= Pr {X>a}=1-Fp, ()
and suppose for contradiction that there are more than 1/p columns of S with ¢; norm more than
2k /x. Note that for each row i of these 1/p rows, there is a p probability that one of the d columns
of e/ A, say column j € [d], has absolute value at least

of Aej| _

Z2 T <= |e;~rAej] > l‘Mj.
M;

Then the probability that one of the 1/p rows, say row 4, has an entry of absolute value at least M/;
is at least
1—(1=-p/P=1-¢".

Independently, with probability at least 1/2, the /1 norm of the rest of the entries of this column is
at most

Z |e;,rAej| < Mj.
i'efi\{d}
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Thus with probability at least (1 — e~!)/2, both of these events happen simultaneously, so there is
row i € [n] and a column j € [d] such that

le] Aej| > zM;
|Aejlli < (1+z)M;.
|Sei|| > 25—””

We condition on this event. Then with probability at least 1/2,

[SAej|1 = [|Se;( TAeJ ZSez (e Ae])Hl *Hsei(eiTAej)”l
il

1 1
> 2 T oM = k(14 2)M; > k| Ay
so S fails to sketch A with probability at least (1 — e~1)/4 > §, which is a contradiction. [

E.6.2. DISTORTION LOWER BOUND

Fix any x € R? with ||x|; = 1 and let v = Ax. Following Wang and Woodruff (2019), our strategy
is to bound ||Sv||; from above in terms of x, and then derive a lower bound on x by bounding ||Sv||;
below by ||v]]1.

Note that the bound of Lemma E.28 is useless when

1 1 1
———>n = F >1-— <= z>F;' ([1——).

We thus set S to be the matrix formed by taking the columns of S with #; norm at least

14+ F5t (1—-1/n)

max

Fp—inu —1/n)

and ST to be the columns of S with ¢; norm at most this, and individually bound SHv and Stv.

Now consider the distribution Dy with cdf Fy that draws its entries as |(x, w)| with w ~
H?Zl D;. By a union bound, the largest absolute value entry in v = Axis at most My := F_ 1-
1/2n) with probability at least 1/2. Let this event be

&= {[vlleo < Mx}.
Throughout this section, we condition on £. We also define

Fy(x)1(x < My)
Pr(&)

FX,/\ (LE) =
to be the conditional cdf of the capped version of v.
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E.6.3. BOUNDING THE HIGH-NORM COLUMNS OF S
We first bound ||S*v||;. We will need the following simple lemma:

Lemma E.29 Ler u,v € R" be vectors with nonnegative entries and unit {1 norm. Let P be a
uniformly random permutation matrix. Then,

1
E(u,Pv) = —.
P n
Proof We have that
E(u,Pv) = Zul Ele/Pv)=) u ) 2L =—.
=1 =1 7=1 n n
|
The main result for this section then is the following:
Lemma E.30 Let .
Lpax = FD_max (1 — n>
Lin == FD_nl]ax (45)
Then,
v g (OBalma 1 4 2k 99
Pr{ ||S? < 400— > —.
H Vil fly n k:long:Lmin 2%(1 - Fp,,,, (2%)) 100

Proof Note that i.i.d. distributions are permutation invariant. We first fix the entries of v, which

fixes ||v||1, but not the permutation of the entries. Now by Lemma E.29, we have
B se Y el "1 BI{ S P ) < el 871t = 1 38 s
Vil ; le TSHH IV Z Z ’

By Lemma E.28, we have that for each integer k between logy Lyin and log, Liax, there are at

most
1

1 - FDIIldX( )

columns of S with #; norm more than 2 (1 + 1/2¥). Thus, there are at most (1 — Fp_, (2¥))~!
columns with ¢; norm in [2x(1 + 1/2%), 2k(1 + 1/2%~1)]. Then, summing over the bounds over
these intervals, we have that

n 10g2 Limax logg Lmax k—1
1 1 A(1 4281
Sistels S (g ) mrom T Y Fs e

7j=1 k=logy Lmin k=logy Lmin
Chaining together the inequalities gives the bound
l Lmax
EH v B OgQZ 4(1 4+ 2k-1)
X k — AT
P 1 n kZIOgQ Lmin 2 (1 FDmax (2 ))
We then conclude by Markov’s inequality. |
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E.6.4. BOUNDING THE LOW-NORM COLUMNS OF S

The idea for bounding ||S%v||; is that different arguments are needed for different level sets of
v, depending on how “spiky” it is. That is, a relatively flat level v, should benefit from the sign
cancellations in the product eTSLVk, while a very spiky vector such as standard basis vectors should
just apply the triangle inequality and bound only the few columns of S that it touches. This idea is
formalized in the following lemma.

Lemma E.31 Let S € R"™*" be a fixed matrix such that ||Se; ||y < 1 for eachi € [n], and let w €
R™ be a vector with entries drawn i.i.d. from a distribution with Ew; = 0 and 0% = Ew? < co.
Let p := E|w;|. Then,

E|Swll; < min{un,Cov/rn}

for an absolute constant C.

Proof For the first term of the min, we can simply use the triangle inequality to obtain

n
E[Sw[: < [Seill1 Elw;| = pn.
i=1
For the second term, we first apply Jensen’s inequality to get
1/2

E|]Sw||1—ZE|eTSw] Z Z (e Se;j)? Ew? :CJZT:HeZTSHQ
=1

=1
for some absolute constant C'. We then finish by an application of Cauchy-Schwarz, switching from
row-wise sums to column-wise sums, and bounding the ¢5 norm by the ¢; norm:

1/2 . 1/2

T T 1/2 n
zrezsuzw(zuezs@) i Susez) < vi[Ssenz] < v
i=1 i=1 j=1

j=1

Now for intuition, in Lemma E.31, we roughly think of the distribution of w; as being v; if v;
belongs to a level set, and 0 otherwise. Then if p is the probability of being in a given level set, the
first term is roughly pn while the second term is roughly ,/rpn, so the first bound is tighter when
p < r/n and the second bound is tighter when p > r/n.

This yields the following:

Corollary E.32 et
_ r
Ti=Foh(1-1)

and write v .= V< + Vs, where v<r takes the value of v on coordinates i € [n| where |v;| < T
and 0 otherwise, and v~ similarly takes the coordinates i € [n] of v such that |v;| > T and 0
otherwise. Then, v¢r is drawn i.i.d. from a distribution with second moment

T
UéT 3:/ 2* fun () dx
0
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while v~ is drawn i.i.d. from a distribution with expected absolute value

Mx
fsT = / zfxn(z) de.
T
Applying Lemma E.31, we obtain the bound

1—|—F_ L(1—=1/n)
Fpia (1= 1/n)

E||S"v]: < E[S"ver|i + E[S"var|: < (o<rVrn + pspn).

E.6.5. LOWER BOUNDS FOR SKETCHING I.1.D. p-STABLE MATRICES

We apply Corollary E.32 to prove Theorem E.24:
Proof [Proof of Theorem E.25] Note that when A is drawn as fully i.i.d. Cauchy variables, then
_ nd
FDmdx(l —1/n)=0 = 0(d/logn).

nlogn

We now apply Corollary E.32 with v = Aej, a Cauchy vector. Then, " = ©(n/r), aiT = 0O(n/r),
and p~7 = ©(logr) which yields

1 1
E||Siv|; <O < —cil—/dli)gofn [\/7\/rn+nlogr]> = O(knlogr).

Then with constant probability, we have

Q(nlogn) < ||vl1 < ||SLV||1 < O(knlogr)

. Q(logn)
log r

as desired. ]

and thus

When we have a column drawn i.i.d. from a p-stable distribution, we have an alternative bound:

Lemma E.33 Let v be drawn i.i.d. from a p-stable distribution for p € (1,2). If v is in the column
space of S, then
1+Fpt (1

rn ax

—1
1 /n)rl—l/pnl/P = Q(n).
Fp,..(1=1/n)

Proof Then, we have that
T
Qn) < [lvih < 8" V]l = Z|eTva| ZII@ISLHpI&I
=1

By linearity of expectation, the above sum has expectation >_;_; O(||e; S%|[,)), and thus is at most
a constant times this with probability at least 99/100 by a Markov bound. Then, we proceed by
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bounding

T T 1/p
> llel sk, <rt7tP <Z|eiTSLII§>
=1 1=1
n 1/p " 1/p
=7V Isteslln | <YLY ISP el
j=1 j=1

_1 p\ 1/p —1
< rl—l/p n 251 +_F;l max(l - 1/”) — 21%1 +_F;|_ max(l B 1/n)7,‘1—1/pn1/p'
Fp  (1—1/n) Fp  (1—1/n)

|
This gives a proof of Theorem E.25.
Proof [Proof of Theorem E.25] When A is drawn as fully i.i.d. p-stable variables, then
B (nd)'/»
Fpl (1-1/n)=© (
n
so by Lemma E.33, the distortion bound from these columns is
1/p
n 1-1/p,1/p d
< K———— > —_— .
Qn) < R(nd)l/PT n — k=0 pESy
|

Appendix F. Missing proofs from Section A

Proof [Proof of Lemma A.4] For each ¢ € S, sample ¢ with probability p and place the result in a
uniformly random hash bucket in [r] if it was sampled. Let &; denote the event where 4 is sampled
and is hashed to a bucket with no other members of T'. Let C1, C, . . ., C| s| denote the sequence of
these independent random choices and let f(C4, Co, .. ., C) denote the number of hash buckets in
[r] that contains members i € S satisfying &; at the end of the sampling and hashing process. Note
that f is 1-Lipschitz, and that

E f(Cy,Ch,...,Clg) = > _Pr(&) = |g‘p(1 _ I;)T' > plS| <1 - E) > (1-¢e)p|S|.

€S
Now consider the Doob martingale
Zk = E[fq(Cl, CQ, ey C\S\) ‘ Cl, 02, ce ,Ck}

Note that the increments Z;, — Z_1 conditioned on C1, Cy, ..., Ci_1 is simply the indicator vari-
able of whether on choice C} we sampled an entry and placed it in a new bucket or not. Then
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Zy, — Zy_1 = 1 with probability at most p and thus E;_1(Z;, — Z;_1)? < p. Then by Freedman’s
inequality Freedman (1975),

1 (e(1—¢)pl9))? g
Pr(|Z Z Zo) <2 - <2 _c .
(1215 = Zol > <20) eXp( 2p|S|+e(1—e)p|S|/3 T

Proof [Proof of Theorem A.5] We make minor modifications of Lemmas 2.10 and 2.12 in Wang
and Woodruff (2019). Let { X;}?_, be independent standard Cauchys.

Upper bound. Let & = {|X;| < rlogn(loglogr)~'}. Then,

rlogr S 1 2 loglogr 1
7w rlogr 1+¢

Let £ =(;_; &. Then,

1 1 rlogr 2
B(X| | €) = (Xl | &) = Pr(g,)wlog<1+ (eereer) )

and thus by linearity of expectation,

: 1 r rlogr 2 2
=E X; = —log| 1 1 1
<;| | |g> Pr(&) 0g< * <loglogr> ) ( +5) riost

Now by a Chernoff bound applied to the | X;|(loglogr/rlogr) € [0, 1] conditioned on &,

. 1
Pr <Z|X’ >(1+e)u| S) exp< 83“ log ogr) = exp(—@(a2 loglogr))

— log r

SO

Pr<iyxi| 1+€) Pr<Z|X\ 1+€u5> r(&)
i=1

> (1 — exp(—0(c2loglog 1)) (1 _ 21oglog7“> >1-— W;)d.

m rlogr

Lower bound. Let7T = & 5€)d. Note that by Taylor expansion, there is a 7" > 0 such that for
t>1T,

2 ,
Pr(|X;| >t) > =t +0(@t™3).
T

Now for ¢ > 0 and j € [r], define the indicator

N; =

1 if | X > (1+¢e)T
0 otherwise
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and N :== Y el N JZ Note that by the Taylor expansion bound,

BNz 1
m (1+¢)T"
Then by Chernoff bounds,
Pr(Ni > (14 EN) < S
r e —_—_——
c P\ T o

Now let i1, be the largest ¢ such that

2w 1 1
ex -] < =.
P\T3 7 0+eT) ST

Then by a union bound over the first i,y level sets, N* > (2/7)r(1 + €)*T" and thus with proba-
bility at least 1 — 1/7T,

ey 9 1e22r 1 2
Z|X| Z—r(1+5) T = —rl g(T’SwlogT) (1—5) rlogr.

Net argument. Given the above concentration results, the rest of the argument proceeds as done
in Wang and Woodruft (2019), using 1-stability of Cauchys and then a standard net argument. M

Appendix G. No contraction bound

In this section, we prove a no contraction result for a generic M -sketch embedding with subsampling
rates py, as specified in Lemma G.2 and a hash bucket size of Ng for the Oth level and N for the
hth level for h € [hpax| as specified in Definition G.4. This allows us to apply the results to both
M -sketch with random and fixed boundaries, with varied branching factors and failure rates. Recall
the definition of the M -sketch from Definition B.7.

Theorem G.1 (No contraction) Lety € R" with ||y||1 = 1. Lete € (0,1) and § € (0,1). Let S
be drawn as an M -sketch matrix. Then with probability at least 1 — 66,

[SAy|1 = (1 - 16¢)[|Ay]:-

G.1. Essential weight classes

We first classify a small subset of weight classes of y that we need to preserve for at least a (1 — ¢)
approximation.

Lemma G.2 (Essential weight classes) Lety € R™ with ||y||1 = 1. Let muyin be a minimum class
size parameter, let B be a branching factor parameter, and let € be an accuracy parameter. Finally,
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let py, = po/ B"~! for h € [logg n| be sampling rates. Define

hmax = loggn

n
Gmax — IOgQ -
g

12 g
Mmin = 22 s
B
M- =logy, —
e
M. = log, MMmin
boe
and weight classes
Qh = {q € [Qmax] D Mpmin < ph‘Wq(y)’ < Bmmin} h e [hmax]
S
Qn = {quh ¢ < M> + min q, |[Wy(y)|1 = } h € [hmax]
quh max

9
Q< = {q: [We(¥)| < mmin/po,q < M<, [Wyll1 = <}

Q=Q.u |J @

he [hmax]

Then,

> IWe(y)lh =1 —6e

qeEQ*

Remark G.3 The Q, are the weight classes for which the hth level is the smallest level at which
we sample at least muyin elements of W in expectation, so that the mass is extremely concentrated.
The Qp, are the weight classes that restrict Q to only as many levels as we need to preserve the
mass of Qh up to a 1 — ¢ factor. The set Q) specifies the subset of levels that are too small for
concentration, but are needed to preserve the mass of y up to a 1 — € factor. The set Q* specifies
the union of these essential weight classes needed for a 1 — ¢ approximation.

Proof Note that

STl <= Y (Wi <e

q>Qqmax g>Qqmax

SO we restrict our attention to ¢ € [gmax]. Note that every ¢ € [gmax| belongs in either exactly
one class @, or |[W |, < mmin/po. The total weight of weight classes with |[W,| < muin/po and
q > M is at most

3 W21 = 2T Me NP g  pMTmin POF o
q> M~ Po 7>0 Po  Mmin
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Furthermore, let & € [Amayx] and let ¢ := min

5, - Then the ratio of the total weight of classes
in Wy with ¢ > M + g;, to [[W||1 is at most

q€eQ

1 Z 21_qumin < _ 1 Z 21_qumin

W lla > Mo g P 27 Mimin /Ph > Mot Ph

€
=2B 271 < 2B2M> < 2B~ = 2.
> 5 =2

q>M>
‘We thus have that
SO Wl YD 2wl <2
he[hmax] Q>M2 Jqu hE[hmax}

Furthermore, the total weight of classes in W, with ||W;||1 < €/¢max is at most

g
Z HWqHI g%naxqi:&

@:[|Wyqll1 <e/gmax max

We conclude by combining the above bounds. |

G.2. Approximate perfect hashing
Definition G.4 (Useful constants)

1M 72log(2M< /0)
/ < <
Np = 2N] log N}j Number of hash buckets at the Oth level
N > Emmm (Mz T 2 10g(22qmax/5)>
€ 6 €
N :=2N'log N’ Number of hash buckets

We allow the flexibility to choose the number of buckets Ny and NV to be larger if needed. The Ny
and N are chosen so that

Mmin
6 g2

Po

> < (5€Ng

and

2¢max 10g(2N gmax /0
Bmmin(M; _|_Z a Og( a / )> < eN.

6 g2

Lemma G.5 (Concentration of sampled mass) Suppose pj,|Wy| > muyin. Then with probability
at least 1 — 6/ qmax.

Z bi,h = (1 :té‘)ph’Wq‘
Yi€EWq
D lyilbin = (1 £ e)pal[ Wl
yi€EWq
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Proof Let
X = Z bi,h‘
inWq
By the Chernoff bound,
EX 0
Pr(|X—EX]>sEX)<2eXp<—€ > < .
3 2(max

Similarly, let

Y= > |yilbin

inWq
Note that
EY = pu[[Wyll1 = 27 %pp| W,
|yilbin <2171
Var(|yi|bin) < pp2* 2

so by Bernstein’s inequality,

1 EY)2
Pr(]Y—EY|25EY)<2exp< - (e ) )

T2 22 W, + (FBY)214/3
e[ (2~ p W, )?
S 2 P22 (W, [+ (22 9py [V, [)274/3

1 pp|Wy|e? g2 §
— 2exp( — PPN o oxp( — S puw,| ) <
eXp( 8 1+¢/3 exp| —3gPrlWal | < 5—

We conclude by a union bound over the two events. |

The following lemma uses a standard balls and bins martingale argument (e.g., Lee (2016)) to
show that most items are hashed uniquely.

Lemma G.6 (Approximately perfect hashing) Leth € [hmax] andlet Q C {q : pp|Wy| = Mumin }-
Let W C y contain Wq = quQ W, Letph|W\ < eN forsome e € (0,1/2). Then with probabil-
ity at least 1 — (3/2)|Q|0/qmax, every Wy has a Wy C W), that gets sampled and placed in a hash
bucket with no other members of W, and (Wil = (1=3¢e)pn|We| and W51 = (1—=9¢)pp||Wql1.

Proof We apply Lemma A.4 to see that with probability at least

1-2 (52 yW|><1 d
—2exp| ——-p <1- ,
127" 2max

there is a set Wq* C W, of elements that are hashed to a bucket with no other element of W in it
and of size [Wy| > (1 — &)?pn|Wy| > (1 — 3¢)pp|W,| with probability at least 1 — 6/2qmax. We
condition on this event.
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By Lemma G.5, with probability at least 1 — 6/gmax, We sample (1 £ €)p,|W,| elements with
mass (1 =+ )pp||Wy|l1. Note then that there are at most 4epy,|W,| sampled elements that do not
belong W7 The mass of these elements is at most

45ph|Wq|21_q < SEPhHWqu-

Thus,
[Willh = (1= e)pnllWyllr — 8epnlWollr = (1 — 9¢)pr[[Wll1-

We conclude by a union bound over the weight classes Q. |

G.3. Preserving weight classes

Definition G.7
T0 = __Pos Size of a relatively large element at Oth level
2M< Mmin
6
= = 10g(2]ff+]\4</6) Size of a relatively small element at Oth level
T = S Size of a relatively large element
2qmax Bmumin
6
= ?bg@]ff% Size of a relatively small element

Definition G.8 (Large elements)
Qeco = cq <1 1
<0 =19149'9% Og2Tg
Q <1 !
= 1 q < logy —
<h q:q g2 T,
The weight class Q< 5, is the set of relatively large elements at the hth level of sampling.
We directly recall the following Lemma 3.3 from Clarkson and Woodruff (2015).
Lemma G.9 Leth € [hnax), W Cy, T = [|[W|loo, and &' € (0,1). If

6wl
~ Tlog(N/s)’

then .
P LpeN W1 < zTlog(N/§) ) >1-4".
r (s W < G 1ox(/5))

G.3.1. PRESERVING WEIGHT CLASSES IN Q},
Lemma G.10 Let h € [hmax), ¢ € Qp. Then

Pre

Y: > Th — ————————.
’ Z| - 2qmamemin
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Proof By the definition of ();,, we have that mmin < pp|Wy| < Bmmin and |[Wy|1 > q,fax' We
then have that

e

|Wq‘21_q = ||Wq”1 = q

max

Then for any y; € W,

_ € PrE
yi| 2279 > )
| l| - - 2|Wq’%nax - 2qmaxB'rnmin

Lemma G.11 Let h € [hmax] and let Ly, (y;) denote the multiset of elements in the hash bucket
in the hth level containing y;. Then with probability at least 1 — 2|Qp,|0/Gmax, for all ¢ € Qp, we
sample a set W, C W, such that

Welle = (1 = 9¢)pn[Wyllx
and for every y; € W,
> Ay = (1 =e)lyil.
y;i€Ln(yi)
Proof Let W = Waq, U Wq_ . Then by our choice of N,

Bmyy; 1 B
mm_'_i = — Mmin <M> +
Dh Th  pn

R 72 <1 2N /0 N
W < [Wo, |+ 1Wo. ,| < M- £ 2 LB ] )> <o

6 g2 o

Then by Lemma G.6, with probability at least 1 — (3/2)|Qp|/qmax, for each ¢ € @, there is a
set of sampled elements W C W), that get hashed to a bucket with no other members of W, and
Wl = (1= 9e)pnl|Wll1-

Note that for each ¢ € Qp, and y; € W, the absolute value of the largest element in Ly (y;) not
equal to y; is at most T}, since we have hashed the elements of W¢,_ , to other buckets. Then by
Lemma G.9, the ¢; mass of elements that are at most 7}, in all hash buckets are at most

7
ILn(yi) \ {yi} < L 10g(2N gmax/8) = €7

with probability at least 1 — §/2¢max. By a union bound over ¢ € Qp,, this is true for all y; € Wy
for ¢ € @, with probability at least 1 — 2|Q|0/Gmax-

Recall from Lemma G.10 that |y;| > 7, for all y; € W, with ¢ € Q5. Note then that the mass
of this hash bucket is at least

> Ajyi| = il = 1Zay) \yitlh = lyil —emn > (1 =)yl
¥;i€Ln(yi)

which is the desired bound. Thus overall, the total success probability is at least 1 — 2|Q |0/ Gmax-
|
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Lemma G.12 Let h € [Amax]. Then with probability at least 1 — 2|Q|0 /qmax, we have that

ICM8My|ly > (1 -10e) > [Wqla.
q€Qn

Proof Taking a sum over ¢ € Q and y; € W, we find that

[cMsMy|; > — Z Z bi.p Z Ajyj| Looking only at rows in @,
" geQuyiew, ¥;i€Ln(y:)

— Z Z Z Ay Looking only at good sampled elements W;
qGQh YiEWS |y;i€Lln(yi)

Z Z (1 —e)|yil Lemma G.11

" geqn yiEWy
1 *

= (1- 6)17 > IWalh

qEQh
>(1—¢e)(1- 95 Z prlWyli  LemmaG.11

" geqn

> (1-105) W,

qEQp

which is the desired bound. The failure probability is the same as from Lemma G.11. |

G.3.2. PRESERVING WEIGHT CLASSES IN ()«

With essentially the exact same proofs as in the above section, we have the following analogues of
Lemmas G.10, G.11, and G.12.

Lemma G.13 Let g € Q<. Then

€Po

y =7, -
| Z‘ M<mmin

Lemma G.14 Let Q = {q € Q< : |Wy| = mmin}. Let Lo(y;) denote the multiset of elements in
the hash bucket in the Oth level containing y;. Then with probability at least 1 — 2|Q|5 /M, for all
q € Q, there is a set W; C Wy such that W is hashed to a different bucket than Wq_ , D Wq_,

IWgllh = (1 =92)palWolls,

and for every y; € W,

> Ayl = -e)lyil-

yi€Lo(yi)
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Lemma G.15 Ler Q = {q € Q< : [Wy| = muin}. Then with probability at least 1 — 2|Q|6 /M,
ICVyl1 = (1= 10¢) Y1 Wl
9€Q

It thus remains to handle the case of {¢ € Q< : |W,| < myin}. For these small level sets, we
can perfectly hash these into separate buckets from all the entries in Q)< .

Lemma G.16 Let Q = {q € Q< : |W,| < mmin}. Let Lo(y;) denote the multiset of elements in
the hash bucket in the Oth level containing y;. With probability at least 1 — 20, every member of W
is hashed to a different bucket than Wq_ , D Wq_, and we have for every y; € W, that

> Ayl = (1 -e)lyil-
yv;i€Lo(ys)

Proof Note that .
No > 5|WQ||WQ<,0"

Then for every (y;,y;) € Wgo x Wg_,, there is a §/[Wq|[Weq_ ,| probability that y; and y; get
hashed to the same location. By a union bound, none of these pairs are hashed to to the same
location with probability at least 1 — §. Then by Lemma G.9, the #; mass of elements that are at
most Tj in all hash buckets are at most

7
[ Lo(yi) \ {yi}ll1 < 6T0 log(2NoM~ /§) = 79

with probability at least 1 — 6/2M . By a union bound over ¢ € @, this is true for all y; € Wy
with probability at least 1 — |Q]6/2M~ > 1 — §. Then,

S Ayi| = lyil = Loy \ {yitlh = lyil —em0 > (1 - &)yl
y;€Lo(y:)

which is the desired bound. Thus overall, the failure probability is 1 — 24. |

G.4. Proof of Theorem G.1

We finally gather the pieces from above.
Proof Proof of Theorem G.1 We union bound over the events and sum over the results of Lemmas
G.15, G.16, and G.12, so that with probability at least 1 — 66,

ISAy| = (1 —10¢) > Wl
1€Q<UUr e hmax] @h

We conclude by chaining this inequality together with the result of Lemma G.2. |
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Appendix H. Missing proofs from Section C
Proof [Proof of Lemma C.4] By Hoeffding bounds, we have for each j € [d] that

Pr( 2&*&;&- > m> < 2exp (_2( (s/2) lsog(2d/5))2> g

Then by a union bound over the d choices of j, with probability at least 1 — §, the complement event
of the above holds for every j € [d]. Conditioned on this event, we have that

S
E €iX
i=1

as desired. [ |

Ul >

d

5>

1 J=1

S

E €ieJ~TXZ‘

i=1

1 2d
< — -

Proof [Proof of Lemma C.7] For each i € [r] and j € [d], by the 1-stability of Cauchy variables,
d
e/ SAe; = |/ S|[iC;;

where C; ; are drawn as standard Cauchy variables, and are independent for distinct j. Now
note that |C; j| < O(rd) with probability at least 1 — (100rd)~! and thus by a union bound,
max;e() jeq)|Ci,j| < O(rd) with probability at least 1 — 1/400. We condition on this event. Note
then that the conditional expectation is at most

E|C; ;| < O(log(rd))
as shown in Indyk (2006a). Then,
d r d r
E[SAl1 =) ") Ele/SAe;[ =) ) e/ S| E[Ci;| = O(dlog(rd))|S|h
j=1i=1 j=1i=1

so a Markov bound and a union bound with the earlier event shows that

1

Pr(||SA1 < O(dlog(rd))||S|1) > 1 — 500"

For the lower bound, let C;, ; be the truncation of CAZ-J- atd, i.e.,

s JGiy if|Cijl <d
l’J 0 otherwise

Note then that by (Indyk, 2006a, Lemma 6), Var(\CA'@ i) =0(d) so

d d d
0% =Var | Y [le/S[1[Ci;| | =D O(dlle/ S| =0(d*) ) lle/ S|}
j=1 Jj=1

i=1
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and
d ) d
> llef SlhlCij| | = ©(dlogd) ZHGZTSHL

Then by Chebyshev’s inequality,

1
-
Pr ;ue Sl1IC.s| 1 < Ollogd)o | < 1o
Thus, with probability at least 1 — 1/400,
d d
> llel SlilCijl =D llef SlhICi | = el SIh
j=1 j=1

for v = Q(dlog d). Let &; denote the above event, so that Pr(&;) > 1 — 1/400. Then,

r d r

1
Bl X100 | Sl sthicul | | < 3 ggolel s
j=1

i=1
so by Markov’s inequality, with probability at least 1 — 1/200,

r d r
Y Y
D& | lle/ SlhlCil| < 52”6:5\\1 = 58l
i=1 j=1 i=1

Then, conditioning on this event,

r

BN ZneTsn 1Cijl | (1 — 1(=E;)) VZHeTsnl—stul f||sr|1

i=1 | j=1

as desired. |

Appendix I. Missing proofs from Section E
Proof [Proof of Lemma E.6] Because Pr(|X| < T') = ©(1) for T large enough,
JXI=6@) B (1X]11X]I<T), E _X*=0() E (X*||X|<T)

X~truncT( X~D X ~truncy (D)

By the layer cake theorem,
o0
E_(XIT1X]<T) =/ Pr([X| >z [|X]<T)de
~ 0

7 /T Pr(z < |X|<T)
~Jo Pr(X[<T)

1
Pr(]X] <

ow [/
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and similarly,

T
ED(X2|X|<T):@(1)/ rPr(|X|>x)d / O(z'7)
0

~

Solving the simple integrals yields the desired results. |

Proof [Proof of Theorem E.8] The distortion upper bound is just Lemma E.2.

Mass of small entries. Let A = A¥ + AL as in Definition E.7, with T = O((nd?log d/r)"/?).
Then, A% ~ truncy(D)"*¢ where by Lemma E.6, the first two moments of each entry are

p=O(T"?), o= eTP).
Then by Bernstein’s inequality,

1 (un)?
—log Pr(|]|AL 9 S W
og Pr(||A"e)ll1 > 2un) > 2 0% 1 T3
Q((T'Pn)?)

~ O(T?P)n+ O(T=P)nT

= QnTP) = Q(dgl:)gd> = Q(log d)

Thus, Pr(||Ale;||1 < 2un) > 1 — 1/ poly(d) so by a union bound over the d columns, this event
simultaneously holds for all d columns with probability at least 1 — 1/ poly(d). Conditioned on this
event, by the triangle inequality,

nl/p
HALXHI < O((logd)l/i’_l> [}

for all x € RY,

Mass of large entries. Furthermore, let B’ be the subset of rows of AX given by Lemma E.11
that are hashed to locations without any other rows of AH Recall also 7 and 75 from the lemma.

We first have that ||[SB'x||; = Q(||A#x]|1) since the rows containing entries larger than 7
are perfectly hashed, while rows containing entries between 72 and 7; are preserved up to constant
factors.

Let B’ = B, + BL <1 Where B’ | contains the entries of B’ that have absolute value greater
than 7" and B\T contains the rest of the entries. Note then that BY ;. has at most one nonzero entry
per row, and B has at most O(d - r/dlog d) = O(r/log d) nonzero entries and thus by Lemma
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oo < O(r'/P) with probability at least 0.99. We condition on this event. Then for all x,

<T
ISA™x]l; > [SB'x|

> [SBLrx|l — [SBerx|
d

= Z|xj|||B’>TejH1 [SBLx|[: B. re; have disjoint support
j=1
d log, 1

>3 Ix1 Y. 2F0(n/2") — | BLrx|h Lemmas E.11 and E.2

1 k=log, T2

Q((n/logd)l/plogd)Hle —O(r )HB 7lleollx|[1  Holder’s inequality
=Q(n l/”/(10g05) P x )y — O TP) x|y

Q(n'/?/(log d)/P71)||x])1.

<.
Il

Conclusion. On the other hand, by Lemma E.14, the mass of the O(r/dlogd) rows that are
hashed together with the rows of A have mass at most

1 nl/p B
v (m (/i log d)l/l’—1> Il = o(n'/?/ (1o d) /> ) x].
Then,

1 [SAx _ [SAx])y — [SCix|ly _ Q(IAYx]s +nV/P/(ogd)/P)]x])

> = > Q(1).
TAxly © TAPx] ¥ APl ~ O([ATx]: +ni/7/(og dVr D)xf = "V

Proof [Proof of Lemma E.13] For a hash bucket i € [r] and k € [d], let

Yir = Z ejTCek
J:h(j)=i

where h is the hash function for the CountSketch matrix S. By Chernoff bounds and a union
bound, there are ©(n/r) rows j € [n] such that h(j) = i for all buckets i € [r], with probability
atleast 1 — rexp(—0O(n/r)) = 1 — o(1). Conditioned on this event, which is independent of the
randomness of C,

EYfk = Z E[(ejT1 Cek)(ejTQCek.)]
J1,52€R~1(3) xh=1(3)

=2 E(e}cek>2 - O(;TH> = 0<(d2 log d)(*~ p)/p(r)%)

J:h(§)=i

by the second moment bound in Lemma E.6.
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Now let S be the subset of rows of S’. Then for each k € [d],

E }/@ = ]E)YZ7 < EY;Q =0 ’I",(d210gd)1/p_1/2(n/7“)1/p
Var <Z E,k‘) = Z Var(le) =0 (’I",(d2 log d)(2_p)/p(n/r)2/p) )
i€S €S

By Chebyshev’s inequality,

Pr|) Y, <E
€S

Z Yik

i€S

1
+ A Var(ZYUC) > 1—X

i€S
which gives the desired result. n

Proof [Proof of Lemma E.16] We compare D to a p-stable distribution D,,. By (Nolan, 2018,
Theorem 1.12), a p-stable distribution is a power law with index p. Then, there exist constants T’
and c such that forallt > T,

Pr (cX >t)< Pr (Y >1).
~ Y~D

Dy

We then define the distribution D}, which draws Z ~ Dj as cX for X ~ D if [cX| > T, and 0
otherwise. Note then that for Z ~ D, and Y ~ D, |Y'| stochastically dominates |Z]|.
We are then in the position to apply the following theorem from probability theory.

Theorem 1.1 (Theorem 2, Pruss (1997)) Let X1, Xo, ..., X4 be independent symmetric random
variables, and suppose Y1,Yo, ..., Yy are also independent symmetric random variables. Assume
that for every j we have |Y;| stochastically dominated by | X ;|. Then

d d
Pr{ DY > A <2Pr{ DX = A
j=1 j=1

for every positive .

Thus, it suffices to show Equation 4 for D), in place of D. For j € [d], let X; ~ D), and define
X]’ — 0 if|ch-| >T'
X; otherwise
Note then that X; — X; ~ D}, so

d
Prd D x Vi 2 A p =Prd Y x(X; — X)) = A
j=1
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We first have by p-stability that
d

d A~
D x| = |Ix][] X

j=1

for a p-stable variable X, so there are constants R, p such that

WV
3

d
> %X = Rlxlly | = Pr(|lx, 1 %] > Rlix|,) = Pr(|X| > R)
j=1

Next note that X} < T'/c = O(1) so

2

d d d d
E|Y xXj| =B, > xxBXX]] =, |3 x2EX? = O(|x]2)
j=1 J=1

i=1 j=1

by Jensen’s inequality. Then by Markov’s inequality, with probability at least 1—p/2, )Z?Zl x; X[ <

C|x||2 for some constant C' that depends on p. Then for x such that R||x||, > 2C||x||2, we have
by a union bound that

d d

3 R p

Pr x;(X; — Xj)| = §HXHP > Pr E : E :XJXI Z *HXHP 2 9
=1 =1

On the other hand, if R||x|[|, < 2C|[x]|2, the argument in Lemma E.20 shows that

d
Pr( > %Y > Q(lx]2) | = (1)
j=1
so the result holds under this case as well. [ |

Proof [Proof of Theorem E.19] The distortion upper bound is just Lemma E.2.

Mass of small entries. Let A = A# 4+ AL as in Definition E.7, with T' = O((nd? log d/r)'/?).
By Lemma E.3, the sizes and mass of all level sets v ;) with entries at most 2F < T are con-

centrated around their means up to constant factors with probability at least 1 — exp(—©(n27*?)).

Thus by a union bound over d columns j and level sets 0 < k < log, T', with probability at least

log, T’

B 1
1—-d Z exp( n2 kp)) >1—dexp(—O(logd)) =1— poly (/& Tog d)

we have for all j € [d] and 0 < k < log, T that
I(Ae)gllo = ©m27)  [[(Aej)ulh = O(n2*~7)

Then
logy T'

1ATe;]l) < Z [(Ae;j) )|l = O(n).
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Mass of large entries. Furthermore, let B’ be the subset of rows of AX given by Lemma E.11
that are hashed to locations without any other rows of AH  Recall also 71 and 75 from the lemma.

We first have that [|SB'x||; = Q(||Ax]||1) since the rows containing entries larger than 7
are perfectly hashed, while rows containing entries between 72 and 7 are preserved up to constant
factors.

Let B’ = BL ;. + B’ where B_ ;. contains the entries of B’ that have absolute value greater
than 7" and BlgT contains the rest of the entries. Note then that B_ . has at most one nonzero entry
per row, and B has at most O(d - r/dlog d) = O(r/log d) nonzero entries and thus by Lemma

E4, Bl [leo < O(r'/P) with probability at least 0.99. We condition on this event. Then for all x,

ISATx[l; > [|SB'x|:
> [SBLrx|ly — [[SBLrx|

d
= Z‘Xj|HB/>TejH1 — [I[SBLyx]1 B -e; have disjoint support
j=1
d log, 71
> Ix5l Y 2P0(n/2') — |BLyx|| Lemmas E.11 and E.2

= Q<d2 li)gd(ndz log d/r)l/p> [x][1 — O(r)IBLrp|loollx]l  Hdlder’s inequality

= ((r/a10g )" rnt/2 ) [x]ly — OG0
= Q((r/d*10g d)'~M/n 1) x|

Conclusion. On the other hand, by Lemma E.14, the mass of the O(r/dlogd) rows that are
hashed together with the rows of A’ have mass at most

L n 2 1-1/p,1/p
0] Vozd (r/dlog d) /T IIx|l1 = 0((r/d log d) n >”XH1

Then,

1_ [SAx|h _ [ISA"x|; — |[SCix]|x
k7 lAx T [|AT x| + [[AFx]]

QA" x]|s + (r/d? log &) ~Mrn' ) x| _ (</d21gd>>/
B O([ATx + )] g n :

I.1. Proofs for Section E.5

Proof [Proof of Lemma E.20] For the upper bound, we have by Jensen’s inequality that
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We now focus on the lower bound.
Let M = O(1) be the median of D. We define w to be the truncation of v at M, that is, w; = 0
if [v;| > M and w; = v; otherwise. Then by (Vershynin, 2018, Lemma 6.1.2),

E[{v,x)| > E[(w, x)|

so it suffices to bound E|(w, x)| instead.
Note that

d d

d
E[(w,x)|” =YY E(wxiwx;) = Y x;Ew; = Q(|x[3)
=1

i=1 j=1

and

ZX Ew; +3ZX E(wjwi) < O(||x[l3 + [Ix]2) = O(|I12)

J#k
so by the Paley-Zygmund inequality,
E 2)\2
Pr(| > VaWE|(w, x) ) Pr(|(w,x)|> > AE[(w,x)[?) > (1—)\)2M — Q(1).
W, X

Thus [(w,x)| = Q(]|x||2) with constant probability and thus E|(w, x)| = Q(||x]|2), as desired. B

Proof [Proof of Lemma E.21] Let X := (v, x). We have

Pr(-&) =B < °
d
so by the union bound,
d
Pr(f)>1-Y Pr(=&)=1-dPr(=&)=1-¢.
i=1

For B large enough, we have by the layer cake theorem that

1 = p — -P) —
E (YY]>B) < Pr(Y’>B)/B O(a?) dz = Q(B_,,)O(B1 ) = O(B)

since p > 2 > 1. Then,

E(X]||-&) ZE lvixi| | =€)

= Z E(|vix;| | =&, &) Pr(=&; | &) + E(|[vixi| | &, -E) Pr(& | =€)

=1
ZO |Xz‘* + O(|xil)
< O(B—{—d)Hle.
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EXPONENTIALLY IMPROVED DIMENSIONALITY REDUCTION FOR {1

We then have
EX|=E(X||E)Pr(&)+E(|X]|| &) Pr(=€) < E(X]|| &)+ O(B+ d)||x|1 Pr(=€).
Since E|X| = Q(||x[]2) = Q(||x||1/V/d) by Lemma E.20,
O(B + d) x| Pr(~€) = O(B + d) x| ;< O() BIX]
by our choice of B. We thus have
E[X| <E(X[]€)+O(e) E[X]|

E(IX[[€) = (1-0(e)) E|X].
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