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Abstract

Oblivious low-distortion subspace embeddings are a crucial building block for numerical linear algebra
problems. We show for any real p, 1 < p < oo, given a matrix M € R"*¢ with n >> d, with constant prob-
ability we can choose a matrix IT with max (1, n'~2/?)poly(d) rows and n columns so that simultaneously
forall z € RY, ||Mz||, < |IIMz| s < poly(d)|[Mz||,. Importantly, IIM can be computed in the optimal
O(nnz(M)) time, where nnz(M) is the number of non-zero entries of M. This generalizes all previous
oblivious subspace embeddings which required p € [1, 2] due to their use of p-stable random variables. Us-
ing our matrices I, we also improve the best known distortion of oblivious subspace embeddings of ¢; into
¢, with O(d) target dimension in O(nnz(M)) time from O(d?) to O(d?), which can further be improved to
O(d3/?)log"/? n if d = Q(log n), answering a question of Meng and Mahoney (STOC, 2013).

We apply our results to £,,-regression, obtaining a (1+¢)-approximation in O(nnz(M) log n)+poly(d/e)
time, improving the best known poly(d/¢) factors for every p € [1,00) \ {2}. If one is just interested in
a poly(d) rather than a (1 + ¢)-approximation to £,-regression, a corollary of our results is that for all
p € [1,00) we can solve the ¢,-regression problem without using general convex programming, that is,
since our subspace embeds into /., it suffices to solve a linear programming problem. Finally, we give
the first protocols for the distributed £,,-regression problem for every p > 1 which are nearly optimal in
communication and computation.

1. Introduction

An oblivious subspace embedding with distortion « is a distribution over linear maps II : R® — R? for
which for any fixed d-dimensional subspace of R"”, represented as the column space of an n x d matrix M,
with constant probability, || Mz, < |[TIMz|, < x| Mz||, simultaneously for all vectors z € R?. The goal
is to minimize ¢, #, and the time to compute IT - M. For a vector v, [[v||, = (321 |v;[P)'/P is its p-norm.

Oblivious subspace embeddings have proven to be an essential ingredient for quickly and approximately
solving numerical linear algebra problems. One of the canonical problems is regression, which is well-
studied in the learning community, see [13, 15, 16, 20] for some recent advances. Sérlos [28] observed
that oblivious subspace embeddings could be used to approximately solve least squares regression and low
rank approximation, and he used fast Johnson-Lindenstrauss transforms [2, 1] to obtain the fastest known
algorithms for these problems at the time. Optimizations to this in the streaming model are in [10, 19].

As an example, in least squares regression, one is given an n X d matrix M which is usually overcon-
strained, i.e., n > d, as well as a vector b € R™. The goal is to output * = argmin, || Mz — bl|2, that
is, to find the vector z* so that Mx* is the (Euclidean) projection of b onto the column space of M. This
can be solved exactly in O(nd?) time. Using fast Johnson-Lindenstrauss transforms, Sarlos was able to
find a vector 2/ with [|[Mz' — blla < (1 + €)||Mz* — b||2 in O(ndlogd) + poly(d/e) time, providing a
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substantial improvement. The application of oblivious subspace embeddings (to the space spanned by the
columns of M together with b) is immediate: given M and b, compute IIM and I1b, and solve the problem
ming [[IIMx — IIb||2. If K = (1 + €) and t < n, one obtains a relative error approximation by solving a
much smaller instance of regression.

Another line of work studied /,,-regression for p # 2. One is given an n x d matrix M and ann x 1
vector b, and one seeks z* = argmin, ||AMz — b||,. For 1 < p < 2, this provides a more robust form of
regression than least-squares, since the solution is less sensitive to outliers. For 2 < p < oo, this is even
more sensitive to outliers, and can be used to remove outliers. While /,-regression can be solved in poly(n)
time for every 1 < p < oo using convex programming, this is not very satisfying if n > d. For p = 1 and
p = oo one can use linear programming to solve these problems, though for p = 1 the complexity will still
be superlinear in n. Clarkson [9] was the first to achieve an n - poly(d) time algorithm for ¢;-regression,
which was then extended to £,,-regression for every 1 < p < oo with the same running time [14].

The bottleneck of these algorithms for /,-regression was a preprocessing step, in which one well-
conditions the matrix M by choosing a different basis for its column space. Sohler and Woodruff [29]
got around this for the important case of p = 1 by designing an oblivious subspace embedding II for which
|Mz|y < |IIMz|; = O(dlogd)||Mz||; in which II has O(dlogd) rows. Here, II was chosen to be a
matrix of Cauchy random variables. Instead of running the expensive conditioning step on M, it is run on
IIM, which is much smaller. One obtains a d x d change of basis matrix R~'. Then one can show the
matrix IIM R~ is well-conditioned. This reduced the running time for ¢;-regression to nd“~! +poly(d/¢),
where w < 3 is the exponent of matrix multiplication. The dominant term is the nd“~!, which is the cost of
computing IIM when II is a matrix of Cauchy random variables.

In [12], Clarkson et. al combined the ideas of Cauchy random variables and Fast Johnson Lindenstrauss
transforms to obtain a more structured family of subspace embeddings, referred to as the FCT1 in their
paper, thereby improving the running time for ¢;-regression to O(ndlogn) + poly(d/e). An alternate
construction, referred to as the FCT2 in their paper, gave a family of subspace embeddings that was obtained
by partitioning the matrix M into n/poly(d) blocks and applying a fast Johnson Lindenstrauss transform
on each block. Using this approach, the authors were also able to obtain an O(ndlogn) + poly(d/e) time
algorithm for /,-regression for every 1 < p < oo.

While the above results are nearly optimal for dense matrices, one could hope to do better if the number
of non-zero entries of M, denoted nnz(M ), is much smaller than nd. Indeed, M is often a sparse matrix, and
one could hope to achieve a running time of O(nnz(M ))+ poly(d/e). Clarkson and Woodruff [11] designed
a family of sparse oblivious subspace embeddings IT with poly(d/e€) rows, for which || Mx||2 < |[TIM x|y <
(14 €)||Mx||2 for all x. Importantly, the time to compute IIM is only nnz(M ), that is, proportional to the
sparsity of the input matrix. The poly(d/e) factors were optimized by Meng and Mahoney [22], Nelson and
Nguyen [25], and Miller and Peng [24]. Combining this idea with that in the FCT2, they achieved running
time O(nnz(M ) logn) + poly(d/e) for £,-regression for any constant p, 1 < p < oco.

Meng and Mahoney [22] gave an alternate subspace embedding family to solve the £,-regression prob-
lem in O(nnz(M)logn) + poly(d/e) time for 1 < p < 2. One feature of their construction is that the
number of rows in the subspace embedding matrix II is only poly(d), while that of Clarkson and Woodruff
[11] for 1 < p < 21is n/poly(d). This feature is important in the distributed setting, for which there are
multiple machines, each holding a subset of the rows of M, who wish to solve an /,,-regression problem by
communicating with a central server. The natural solution is to use shared randomness to agree upon an em-
bedding matrix II, then apply II locally to each of their subsets of rows, then add up the sketches using the
linearity of II. The communication is proportional to the number of rows of II. This makes the algorithm of
Meng and Mahoney more communication-efficient, since they achieve poly(d/e) communication. However,



one drawback of the construction of Meng and Mahoney is that their solution only works for 1 < p < 2.
This is inherent since they use p-stable random variables, which only exist for p < 2.

1.1. Our Results

In this paper, we improve all previous low-distortion oblivious subspace embedding results for every p &
[1,00)\{2}. We note that the case p = 2 is already resolved in light of [11, 22, 25]. All results hold with
arbitrarily large constant probability. v is an arbitrarily small constant. In all results IIM can be computed
in O(nnz(M)) time (for the third result, we assume that nnz(M) > d**7).

o A matrix IT € RO~ */?logn(dlogd)'+2/74+d>+47)xn for p > 2 such that given M € R™*¢, forVx € RY,

Q(1/(dlogd)'/?) - | M x|, < |[IMz]|,, < O((dlogd)'/?) - [|Mx],.

e A matrix IT € ROW@™)xn for | < p < 2 such that given M € R4 for Vo € RY,

Q (max {1/(dlog dlogn)»~2,1/(dlogd)!/7} ) - | Mz, < |TIMal, < O((dlogd)'/7)- | Mz], .

Note that since [|[TTM x| < |TTMz|, < O(dY+7)/2) |TIMz|| ., we can always replace the 2-norm
estimator by the co-norm estimator with the cost of another d1+7)/2 factor in the distortion.

o A matrix IT € RO(@1027V d)xn gych that given M € R™*¢, for Vz € RY,
QO (max {1/(d10gd), 1/\/dlogdlogn}) Mz, < |TMz|, < O(dlog®® d) - | M|, .

In [22] the authors asked whether a distortion O(d3) I'is optimal for p = 1 for mappings ITM that
can be computed in O(nnz(M)) time. Our result shows that the distortion can be further improved to
O(d?), and if one also has d > log n, even further to O(d?/?) log'/? n. Our embedding also improves
the ON(d2+”/) distortion of the much slower [12]. In Table 1 we compare our result with previous
results for ¢1 oblivious subspace embeddings. Our lower distortion embeddings for p = 1 can also be
used in place of the O(d?’) distortion embedding of [22] in the context of quantile regression [30].

Our oblivious subspace embeddings directly lead to improved (1 + €)-approximation results for £,-
regression for every p € [1,00)\{2}. We further implement our algorithms for ¢,-regression in a distributed
setting, where we have k machines and a centralized server. The sites want to solve the regression problem
via communication. We state both the communication and the time required of our distributed /,-regression
algorithms. One can view the time complexity of a distributed algorithm as the sum of the time complexities
of all sites including the centralized server (see Section 5 for details).

Given an /)-regression problem specified by M € R4 h ¢ R”, e > 0and p, let M = [M, —b] €
R™ 9, Let ¢(t,d) be the time of solving {p-regression problem on ¢ vectors in d dimensions.

e For p > 2, we obtain a distributed algorithm with communication O (k:nl_Q/ Pq2H+2/p 4 git2p 62)
and running time O (nnZ(M) + (k + d2?)(n'=2/Pa?+2/p 4 J6+9) 4 ¢(O(d3+2 /€2), d))

e For 1 < p < 2, we obtain a distributed algorithm with communication 0) (k‘d2+“Y +d + d3tP / 62)
and running time O (nnZ(M) + kd?tT + dTP2 4 p(O(d*HP [€2), d)-

1. We use O(f) to denote a function of the form f - log®™ ().



Time Distortion Dimemsion

[29] nd“! O(d) O(d)
[12] ndlogd O(d*+) O(d®)

[11] +[25] nnz(A) logn O (d®7%) (z>1) | O(n/d%)
[11]+ [12] + [25] nnz(A)logn O(d?) O(d)
[11] + [29] + [25] nnz(A)logn O(d'*v/?) O(d)
[22] nnz(A) (ds) O(d%)
[22] + [25] nnz(A) + O(d%) O(d?) O(d)
This paper nnz(A) + O(d*7) O(d?) O(d)
nnz(A) + O(d®t7) | O(d*/?)log!/? O(d)

Table 1: Results for ¢; oblivious subspace embeddings. w < 3 is the exponent of matrix multiplication. ~y
is an arbitrarily small constant.

We comment on several advantages of our algorithms over standard iterative methods for solving regression
problems. We refer the reader to Section 4.5 of the survey [21] for more details.

e In our algorithm, there is no assumption on the input matrix M, i.e., we do not assume it is well-
conditioned. Iterative methods are either much slower than our algorithms if the condition number of
M is large, or would result in an additive € approximation instead of the relative error e approximation
that we achieve.

e Our work can be used in conjunction with other /,-regression algorithms. Namely, since we find a
well-conditioned basis, we can run iterative methods on our well-conditioned basis to speed them up.

1.2. Our Techniques

Meng and Mahoney [22] achieve O(nnz(M)logn) + poly(d) time for ¢,-regression with sketches of the
form S- D- M, where S is a t x n hashing matrix for ¢ = poly(d), that is, a matrix for which in each column
there is a single randomly positioned entry which is randomly either 1 or —1, and D is a diagonal matrix of
p-stable random variables. The main issues with using p-stable random variables X are that they only exist
for 1 < p < 2, and that the random variable | X |P is heavy-tailed in both directions.

We replace the p-stable random variable with the reciprocal of an exponential random variable. Ex-
ponential random variables have stability properties with respect to the minimum operation, that is, if
ug, . .., up are exponentially distributed and \; > 0 are scalars, then min{u; /A1, ..., u, /A, } is distributed
as u/A, where A = . \;. This property was used to estimate the p-norm of a vector, p > 2, in an elegant
work of Andoni [3]. In fact, by replacing the diagonal matrix D in the sketch of [22] with a diagonal matrix
with entries 1/ ug/ P for exponential random variables u;, the sketch coincides with the sketch of Andoni,
up to the setting of ¢. Importantly, this new setting of D has no restriction on p € [1,00). We note that

while Andoni’s analysis for vector norms requires the variance of 1/ ui/ P to exist, which requires p > 2, in
our setting this restriction can be removed. If X ~ 1/ u!/?, then X? is only heavy-tailed in one direction,
while the lower tail is exponentially decreasing. This results in a simpler analysis than [22] for 1 < p < 2
and an improved distortion. The analysis of the expansion follows from the properties of a well-conditioned
basis and is by now standard [29, 22, 12], while for the contraction by observing that S is an /3-subspace
embedding, for any fixed z, [|[SDMz|1 > |[SDMz|]s > 1||DMz|s > 1| DMz|s ~ |[Mz|1/(2u),
where u is an exponential random variable. Given the exponential tail of u, the bound for all = follows from



a standard net argument. While this already improves the distortion of [22], a more refined analysis gives a
distortion of O(d3/2)1og"/? n provided d > log n.

For p > 2, we need to embed our subspace into /.. A feature is that it implies one can obtain a poly(d)-
approximation to £,-regression by solving an /..-regression problem, in O(nnz(M)) + poly(d) time. As
£o-regression can be solved with linear programming, this may result in significant practical savings over
convex program solvers for general p. This is also why we use the /,-estimator for vector p-norms rather
than the estimators of previous works [18, 4, 6, 8] which were not norms, and therefore did not have efficient
optimization procedures, such as finding a well-conditioned basis, in the sketch space. Our embedding is
into n'~2/Ppoly(d) dimensions, whereas previous work was into n/poly(d) dimensions. This translates
into near-optimal communication and computation protocols for distributed ¢,-regression for every p. A
parallel least squares regression solver LSRN was developed in [23], and the extension to 1 < p < 2 was
a motivation of [22]. Our result gives the analogous result for every 2 < p < oo, which is near-optimal in
light of an Q(n'~2/P) sketching lower bound for estimating the p-norm of a vector over the reals [27].

2. Preliminaries

In this paper we only consider the real RAM model of computation, and state our running times in terms of
the number of arithmetic operations.

Given a matrix M € R™ < let My, ..., M, be the columns of M, and M*, ... M™ be the rows of M.
Define ¢; = HM’HP (i = 1,...,n), where the ¢ are known as the leverage scores of M. Let range(M) =
{y |y = Mz,z € RY}. Wlo.g., we constrain ||z||; = 1,2 € RY; by scaling our results will hold for
all z € R?. Define || M|, to be the element-wise £, norm of M. That is, || M|, = (e HMiﬂg)l/p =

i ||P\1
(et M7 [)17.
Let [n] = {1,...,n}. Let w denote the exponent of matrix multiplication.

2.1. Well-Conditioning of A Matrix

We introduce two definitions on the well-conditioning of matrices.

Definition 1 (o, 3, p)-well-conditioning [14]) Given a matrix M € R™*? and p € [1,00), let q be the
dual norm of p, that is, 1/p + 1/q = 1. We say M is («, B, p)-well-conditioned if (1) ||z||, < B || Mz||, for
any x € R% and (2) | M]],, < . Define AL(M) = ap.

It is well known that the Auerbach basis [5] (denoted by A throughout this paper) for a d-dimensional
subspace (R", [|-[|,,) is (d'/? 1, p)-well-conditioned. Thus by definition we have =], < [|Az|, for any

r € RY and ||A] » < d'/P. In addition, the Auerbach basis also has the property that || 4| , = 1forall
i€ [d].

Definition 2 (¢,-conditioning [12]) Given a matrix M € R"™< and p € [1,00), define (M) =

max||z |, <1 HM:BHP and Cgﬁ“(M) = min,|,>1 ]|Ma:||p Define Ap(M) = Cg‘aX(M)/C;)ni“(M) to be the
¢,-norm condition number of M.

The following lemma states the relationship between the two definitions.
Lemma 3 ([14]) Given a matrix M € R™ % and p € [1,00), we have

d=2=YPIA (M) < AL(M) < A /2P A (M),



2.2. Oblivious Subspace Embeddings

An oblivious subspace embedding (OSE) for the Euclidean norm, given a parameter d, is a distribution D
over m X n matrices such that for any d-dimensional subspace S C R", with probability 0.99 over the
choice of II ~ D, we have

1/2- ”fCHQ < HHxHQ <3/2- ||x||2, Ve eS.

Note that OSE’s only work for the 2-norm, while in this paper we get similar results for £,-norms for all
p € [1,00)\{2}. Two important parameters that we want to minimize in the construction of OSE’s are: (1)
The number of rows of II, that is, m. This is the dimension of the embedding. (2) The number of non-zero
entries in the columns of II, denoted by s. This affects the running time of the embedding.

In [25], buiding upon [11], several OSE constructions are given. In particular, they show that there exist
OSE’s with (m,s) = (O(d?),1) and (m,s) = (O(d'*7),0(1)) for any constant v > 0 and (m,s) =
(O(d),10g°M a).

2.3. Distributions

Given two random variables X, Y, we write X ~ Y if X and Y have the same distribution.

p-stable Distribution. We say a distribution D, is p-stable, if for any vector &« = (ay,...,a,) € R”
and X1,..., X, S Dy, we have } ;e aiXi > |[af|, X, where X ~ D, It is well-known that p-stable
distribution exists if and only if p € [1, 2] (see. e.g., [17]). For p = 2 it is the Gaussian distribution and for
p = 1 it is the Cauchy distribution. We say a random variable X is p-stable if X is chosen from a p-stable

distribution.

Exponential Distribution. An exponential distribution has support = € [0, co), probability density func-
tion (PDF) f(z) = e~* and cumulative distribution function (CDF) F'(z) = 1 — e~*. We say a random
variable X is exponential if X is chosen from the exponential distribution.

Property 1 The exponential distribution has the following properties.

1. (max stability) If ui,...,u, are exponentially distributed, and ov; > 0 (i = 1,...,n) are real

numbers, then max{ai /uq,...,oan/uy} ~ (Zz’e[n] ozi> /u, where u is exponential.

2. (lower tail bound) For any X that is exponential, there exist absolute constants ce, c’e such that,
min{0.5,cLt} < Pr[X <t] <c.t, Vt>0.

The second property holds since the median of the exponential distribution is the constant In 2 (that is,
Pr[z < In2] = 50%), and the PDFson z = 0,z = In2 are f(0) = 1, f(In2) = 1/2, differing by a factor
of 2. Here we use that the PDF is monotone decreasing.

Given two random variables X,Y chosen from two probability distributions, we say X > Y if for
Vt € R we have Pr[X > ¢] > Pr[Y > t]. The following lemma shows a relationship between the p-stable
distribution and the exponential distribution. The proof can be found in Appendix A.1.

Lemma 4 For any p € [1,2), there exists a constant i, such that | X,| = k, - 1/U'P, where X, is p-stable
and U is an exponential.

The following lemma characterizes the sum of inverse exponentials. See Appendix A.2 for the proof.



Lemma 5 Letuy,...,uq be d exponentials. Let X = Zz‘e[d] 1/u;. Then, for any t > 1.
Pr(X > td/k1] < (1+0(1))log(td)/t,
where k1 is defined in Lemma 4.

Conventions. In the paper we will define several events &, &y, . .. in the early analysis, which we will
condition on in the later analysis. Each of these events holds with probability 0.99, and there will be no more
than ten of them. Thus by a union bound all of them hold simultaneously with probability 0.9. Therefore
these conditions will not affect our overall error probability by more than 0.1.

Global Parameters. We set a few parameters which will be used throughout the paper: p = c;dlogd;
L =1/(2p"P); n = cadlogdlogn; T = ¢/(dn).

3. p-norm with p > 2
3.1. Algorithm

We set the subspace embedding matrix IT = S D, where D € R™*" is a diagonal matrix with 1/ u}/ L ¥ ur/?

on the diagonal such that all u; (i = 1,2,...,n) are i.i.d. exponentials. And S is an (m, s)-OSE with
(m,s) = (6n'=2/Py/i2 4 d°+*P,1). More precisely, we pick random hash functions % : [n] — [m] and
o : [n] = {—1,1}. Foreach i € [n], we set Sy(;) ; = o(i). Since m = w(d?), by [25] such an S is an OSE.
3.2. Analysis
In this section we prove the following Theorem.
Theorem 6 Let A € R¥*™ be an Auerbach basis of a d-dimensional subspace of (R™,||-|| p)- Given the
above choices of I1 € R(6"172/p’7/ﬂ+d5+4p)x”, for any p > 2 we have
1/py. 1/py. d
Q(1/(dlogd)™'?) - [|Az]|, < [[TTAz|,, < O((dlogd)™/?) - ||Az]|,, V2R

Remark 7 Note that since the inequality holds for all x € R?, this theorem also holds if we replace the
Auerbach basis A by any matrix M whose column space is a d-dimensional subspace of (R", [|-||.,).

Property 2 Let A € R¥" be a (d'/?, 1, p)-well-conditioned Auerbach basis. For an = € R, lety = Ax €
range(A) C R". Each such y has the following properties. Recall that we can assume ||x||, = 1.

Loyl < iea lAill, - |2il = [l = 1.
2. yll, = Azl >zl > Nl /d* =9 = 1/d"P.

3. Foralli € [n],

vil = (A 2| < A, - ol < d (AT -]y = dt R
Let H be the set of indices ¢ € [n] such that ¢;/ ug/ P> 1. Let L = [n]\H. Then

= i Prlui < 02 ) 7P]
Zie[n] ct? /TP (Property 1)
ced/TP (Ciep & = AL < d)

IN A

7



Therefore with probability 0.99, we have |H| < 100c.d/7P. Let & denote this event, which we will
condition on in the rest of the proof.

For ay € range(A), let w; = l/ui/p -y;. Forall ¢ € L, we have
jwi] = 1/u)/P - ysl < d=YP0 pu)P < dVPr < @V VP y||, = drlyll, -

In the first and third inequalities we use Property 2, and the second inequality follows from the definition of
L. For j € [m], let

zj(y) = Z o(j) - wi.
i:(ieL)A(h(i)=5)
Define &; to be the event that for all ¢, j € H, we have h(i) # h(j). The rest of the proof conditions on &;.
The following lemma is implicit in [3]. See Section B.1 for a sketch of the proof.

Lemma 8 ([3]) 1. Assuming that &y holds, £, holds with probability at least 0.99.
2. Forany . >0, forall j € [m],

2/2

= 6_77
n1=2/p /m + 1d7 /3

Pr(z(y)| > ¢ ||pr] <exp |—

3.2.1. NO OVERESTIMATION
By Lemma 8 we have that with probability (1 —m-d-e™") > 0.99, max;c ) 2;(A;) < ¢ [|4;], = ¢ for all
i € [d]. Let & denote this event, which we condition on. Note that A; € range(A) for all i € [d]. Thus,

Zie[d] [SDA| o - [a]
Zie[d] (IDA;|| o + MaX;jepm] zj(A;)) - x| (conditioned on &)
Yicia)(IDAil| o - |2il) + ¢+ |lzll;,  (conditioned on &) (1)

I1SD Az

ININ TN

Let v; = ||DA;l|, and v = {v1, ..., vq}. By Holder’s inequality, we have
Dicla) (1D Ailloo - |2il) = Diera (vi - [zil) < lvll, lll, -
We next bound |[v[ :
||UH£ = Zie[d] IDA;[5 ~ Zie[d} ||Ai||£ Jui = Zie[d] 1/us,

where each u; (i € [d]) is an exponential. By Lemma 5 we know that with probability 0.99, > ;14 1/ui <
200/k1 - dlogd, thus ||v]|,, < (200/k1 - dlog d)'/P. Denote this event by £3 which we condition on. Thus,

) < lly, 2l + e lllly
< (200/k1 - dlogd)/? =l, + w1/ |z|l, (conditioned on &3)
< 2(200/k1 - dlogd)'? ||zl (v < 1/d"P)
< 2(200/k; - dlogd)'/P . |Az][,. (Ais (d'/? 1, p)-well-conditioned) ()



3.2.2. NO UNDERESTIMATION
In this section we lower bound || SDAz||, or |SDy||,, for all y € range(A). For a fixed y € range(A),
by the triangle inequality

1SDylle = [[Dyllo — max;jepm) i (y)-
By Lemma 8 we have that with probability (1 —m - e™"7), 2;(y) < ¢[lyll, for all j € [m]. We next
bound | Dyl|,. By Property 1, it holds that ||Dyl[,, ~ [|yl|, /v'/P, where v is an exponential. Since
Pr[v > p| < e~ " for an exponential v, with probability (1 — e~*) we have

1Dyl = 1/p"P Iyl Vy € range(A). 3)
Therefore, with probability (1 —m -e™7 — e ?) > (1 — 2e™7),
1SDylloe = 1Dyl — ¢llyll, = 1/(20"/7) - Ilyll,,- )

Given the above “for each” result (for each y, the bound holds with probability 1 — 2e™*), we next use
a standard net-argument to show

15Dyl 22 (1/5"7 - llyl,) . ¥y € range(A). )
Due to space constraints, we leave the arguments to Appendix B.2.
Finally, Theorem 6 follows from inequalities (2), (5), and our choice of p.
4. p-norm with 1 < p <2
4.1. Algorithm

Our construction of the subspace embedding matrix II is similar to that for p-norms with p > 2: We

again set IT = SD, where D is an n x n diagonal matrix with 1/ u}/ LT ¥ u/ on the diagonal, where
u; (1 =1,...,n) are i.i.d. exponentials. The difference is that this time we choose S to be an (m, s)-OSE

with (m, s) = (O(d'*7),0(1)) from [25] (v is an arbitrary small constant). More precisely, we first pick
random hash functions h : [n] X [s] — [m/s],o : [n] x [s] = {—1,1}. For each (i, 5) € [n] x [s], we set
S(j—1)s+h(i,j)i = o(i,7)/+/s, where /s is just a normalization factor.

4.2. Analysis

In this section we prove the following theorem.

Theorem 9 Let A be an Auerbach basis of a d-dimensional subspace of (R", ||-|| ). Given the above choices

of Il € RO )0 Fop any 1 < p < 2 we have
1

Q (max{l/(dlogdlog n)r2, 1/(dlogd)1/p})-\|Apr < [Az|l, < O((dlog d)"/?)-| Az, , Va € R%

Again, since the inequality holds for all € R¢, the theorem holds if we replace the Auerbach basis A
by any matrix )/ whose column space is a d-dimensional subspace of (R, ||-|[,).

Remark 10 Using the inter-norm inequality ||IIAz|, < |IIAz|, < dHNA/P=12) | TTAz||,, Vp €
[1,2), we can replace the 2-norm estimator by the p-norm estimator in Theorem 9 by introducing another
dINA/P=1/2) factor in the distortion. We will remove this extra factor for p = 1 below.

In the rest of the section we prove Theorem 9. Define & to be the event that ||[SDAz||, = (1 £
1/2) || D Az||,, which we condition on. Since S is an OSE, &5 holds with probability 0.99.
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4.2.1. NO OVERESTIMATION

We can write S = ﬁ(Sl, ..., Ss)T, where each S; € R(™/$)%" with one +1 on each column. For any

z € R lety = Az € R™. Let D' € R™ ™ be a diagonal matrix with i.i.d. p-stable random variables on
the diagonal. Let & be the event that for all i € [s], [|S; D"y, < c4(dlog d)t/r. lyll, for all y € range(A),
where ¢4 is some constant. Since s = O(1) and S, ..., Ss are independent, we know by [22] (Sec. A.2 in
[22]) that & holds with probability 0.99. The rest of the proof conditions on . We have

|SDyll, < 3/2-||Dy||, (conditioned on &s)
=< 3/2-ky||D'y||, (Lemma4)
< 3K HSD’yH2 (conditioned on &)
< B'HPHSD/pr
< 3kp- % il 1SiD'yll, (triangle inequality)
< 3kp- % -5+ ca(dlogd)'/?-|ly||, (conditioned on &)
< es(dlogd)'/? lyll,, (s =0(1),xp = O(1), c5 sufficiently large) (6)

4.2.2. NO UNDERESTIMATION

For any z € R%, let y = Az € R™.

|SDyll, > 1/2-||Dyl|l, (conditioned on &s)
> 1/2-|Dyll ~1/2-|lyl, /v (uis exponential)
> 1/2-1/p"7 - |lyll,. (By (3), holds w.pr. (1 —¢™")) ()

Given this “for each” result, we again use a net-argument to show

1SDylly = 2 (1/0V7 - llyll,) =@ (1/(dlogd)"/?) - |yl ¥y € range(4). ®)

Due to space constraints, we leave it to Appendix C.1.
In the case when d > log2/ P=1p, using a finer analysis we can show that

1_1
IsDylly > @ (1 /(dlogdlogn)» 2 ) -yl vy € range(4).

Due to the space constraints, we leave the improved analysis to Section C.2.
Finally, Theorem 9 follows from (6), (8) and our choices of p.

4.3. Improved Analysis for /; Subspace Embeddings

We can further improve the distortion for ¢; using the 1-norm estimator in Remark 10. Let S’ € RO(@)xO0(d+7)

be an (O(d), log®™") d)-OSE from [25]. We have

|S’SDAz||, < 10g®M(d) - ||SDAz|; <1og®P(d) | DAz|,
< 1log®M(d) - |CAz||; (C € R™" be a diagonal matrix with i.i.d. Cauchy)
< 10g0(1)(d) ‘ Zie[n] ICAeilly - |zl
< dlog®M 4. |z||,, (Lemma 2.3 in [12])
< dlog®Md- || Az, .
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The first two inequalities follow from the fact that each column of S” and S only have log®™) (d) of £1’s,
and therefore the mappings S and S’ contract £1-norms, up to a 10g0(1) (d) factor.
The lower bounds in Section 4.2.2 still holds since ||S’SDAx||, > ||S’SDAz||, > 1/2 - ||[SDAx||, .
We state the following theorem in terms of a general matrix whose column space is a d-dimensional
subspace of (R™, ||-||;). In Section C.3 we show that our analysis is tight up to a polylog factor.

Theorem 11 Let M be a full-rank matrix in a d-dimensional subspace of (R™,||-||;). Given the above
choices of S, S" and D, let I1 = §'SD € ROW*" We have

0 (max{1/(d10g d), 1/«/dlogdlogn}) AIMz|l, < [TMz|l, < O(dlog®® d) - [Ma|,, Vae R

The embedding TIM can be computed in time O(nnz(M) + d2+t710g®®M) d).

5. Regression
We need the following lemmas for £, regression.

Lemma 12 ([12]) Given a matrix M € R™ < with full column rank and p € [1,00), it takes at most

O(nd?logn) time to find a matrix R € R such that MR™" is (., 3, p)-well-conditioned with o <
2d1+max{1/2,1/p}.

Lemma 13 ([12]) Given a matrix M € R"*% p € [1,00), € > 0, and a matrix R € R¥4 such that MR~}
is (a, B, p)-well-conditioned, it takes O(nnz(M) - logn) time to compute a sampling matrix 11 € R*"
such that with probability 0.99, (1 — €) [[Mzl|, < [[IIMz[, < (1 +¢) [Mz|,, Vz € RY. The value t is

O ((aB)Pdlog(1/e)/€?) for 1 < p < 2 and O ((aB)PdP/?log(1/e€)/€?) for p > 2.

Lemma 14 ([12]) Given an {,,-regression problem specified by M & R™X(d=1) b e R™, and p € [1,00), let

I1 be a (1 £ €)-distortion embedding matrix of the subspace spanned by M ’s columns and b from Lemma 13,

and let & be an optimal solution to the sub-sampled problem min,cga |[ILM x — IIb|| p Then & is a %-

approximation solution to the original problem.

5.1. Regression for p-norm with p > 2

Lemma 15 Let IT € R"™*" be a subspace embedding matrix of the d-dimensional normed space spanned
by the columns of matrix M € R™ 9 such that 11 Mz, < [OMz|,, < p2||Mz|, for Vz € RY. If
R is a matrix such that TIM R~ is (a, B, 00)-well-conditioned, then MR~ is (Bua, d"/Pa/ iy, p)-well-
conditioned for any p € (2, 00).

Proof According to Definition 1, we only need to prove

lzll, < lzll, <B|IMR™ || (MR 'is (a, 3, 00)-well-conditioned)
< B HMR_lep. (property of IT)
And,
[MRTHP = > |[MR e’ (e is the standard basis in R)
i€(d]

< 1/uf Z |IIM R "eq||”.  (property of II)
i€[d]
< 1/uf-daP. (IMR'is (a, B, 00)-well-conditioned)
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Theorem 16 There exists an algorithm that given an {y,-regression problem specified by M € R™* @-1) p e
R™ and p € (2, 00), with constant probability computes a (1+¢€)-approximation to an {y-regression problem

in time O <nnz(M) + 1242/ 4 3P L (O(dPH?P /€2), d)), where M = [M, —b] and ¢(t,d) is
the time to solve {,,-regression problem on t vectors in d dimensions.

Proof Our algorithm is similar to those £,,-regression algorithms described in [14, 12, 22]. For completeness
we sketch it here. Let II be the subspace embedding matrix in Section 3 for p > 2. By Theorem 6, we have

(11, 12) = (Q(1/(dlog d)/7), O((dlog d)/7)).

Algorithm: /7, regression for p > 2
1. Compute ITM.

2. Use Lemma 12 to compute a matrix R € R¥*4 such that IIM R~ is (v, 3, 00)-well-conditioned with
aff < 2d%/2. By Lemma 15, MR ' is (Bpz, dl/pa/ul,p)—well—conditioned.

3. Given R, use Lemma 13 to find a sampling matrix II' such that
(1—€)-||Ma, < [0 Mal|, < 1 +0) - |[Ma],, VoeR

p )
4. Compute & which is the optimal solution to the sub-sampled problem min,cga |[TI' Mz — Hlep.

Analysis. The correctness of the algorithm is guaranteed by Lemma 14. Now we analyze the running time.
Step 1 costs time O(nnz(M)), by our choice of II. Step 2 costs time O(md>logm) by Lemma 12, where
m = O(n'~2/Plogn(dlogd)'T?/P + d>+*P). Step 3 costs time O(nnz(M)logn) by Lemma 13, giving
a sampling matrix II' € R>™ with t = O(d3+?Plog? dlog(1/€)/€?). Step 4 costs time ¢(t, d), which is
the time to solve ¢,,-regression problem on ¢ vectors in d dimensions. To sum up, the total running time is
@) (nnz(M) log n + n'=2/Pd*+2/P log? nlog' /P d + d¥+* log n 4 ¢(O(d>+2P log? dlog(1/e) /€?), d)) N

5.2. Regression for p-norm with 1 < p < 2

Theorem 17 There exists an algorithm that given an £, regression problem specified by M € R™* @=1) p e
R™ and p € [1,2), with constant probability computes a (1 + €)-approximation to an {,-regression problem
in time O (nnz(M) +d" P2 £ p(O(d?tP ) €?), d)), where M = [M, —b] and $(t,d) is the time to solve
{p-regression problem on t vectors in d dimensions.

Proof The regression algorithm for 1 < p < 2 is similar but slightly more complicated than that for p > 2,
since we try to optimize the dependence on d in the running time. Due to space constraints, we leave this
proof to Appendix D.1. n

Remark 18 In [22] an algorithm together with several variants for {1-regression are proposed, all with
running time of the form O <nnz(]\_4) + poly(d) + ¢(O(poly(d) /€?), d)) Among all these variants, the

power of d in poly(d) (ignoring log factors) in the second term is at least 7, and the power of d in poly(d)
in the third term is at least 3.5. In our algorithm both terms are improved.
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Application to /; Subspace Approximation. Given a matrix M/ € R"*? and a parameter k, the ¢1-
subspace approximation is to compute a matrix M of rank k € [d — 1] such that HM - M H is minimized.
1

Whenk =d—1, Misa hyperplane, and the problem is called ¢; best hyperplane fitting. In [12] it is shown
that this problem is equivalent to solving the regression problem miny ¢c ||AW||;, where the constraint
setis C = {W € R . W;; = —1}. Therefore, our /;-regression result directly implies an improved
algorithm for ¢; best hyperplane fitting. Formally, we have

Theorem 19 Given M € R™ Y, there exists an algorithm that computes a (1 + €)-approximation to the {1
best hyperplane fitting problem with probability 0.9, using time O (nnz(M )logn + €%poly(d, log %))

The poly(d) factor in our algorithm is better than those by using the regression results in [11, 12, 22].

6. Regression in the Distributed Setting

Due to space constraints, we leave this section to Appendix E.
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Appendix A. Missing Proofs in Section 2

A.1. Proof for Lemma 4
Proof By Nolan ([26], Theorem 1.12), if X, is p-stable with p € [1, 2), then

Pr(X > z] ~ ¢z P,
for some constant ¢, when x — oo. By Property 1 we know that if U is exponential, then
Pr[1/UY? > 2] = Pr[U < 1/2"] < cox™?,

for some constant c,. Therefore there exists a constant r, such that | X,| = #,, - 1/U/P. [

A.2. Proof for Lemma 5

Proof By Lemma 4 we know |C| = k1 - 1/u; for a 1-stable (i.e., Cauchy) C' and an exponential u;. Given
d Cauchy random variables C1,...,Cy, let Y = Zie[d} |C;|. By Lemma 2.3 in [12] we have for any ¢ > 1,

Pr[Y > td] < (1+ o(1)) log(td) /t.

The lemma follows from the fact that Y > x1 X. [ |

Appendix B. Missing Proofs in Section 3

B.1. Proof for Lemma 8

Proof (sketch, and we refer readers to [3] for the full proof). The first item simply follows from the birthday
paradox; note that by our choice of m we have /m = w(d/7P). For the second item, we use Bernstein’s
inequality to show that for each j € [m], 2;(y) is tightly concentrated around its mean, which is 0. [

B.2. The Net-argument

Let the ball B = {y € R" | y = Az, ||z[|; = 1}. By Property 2 we have [|y[|, < 1 forally € B. Call
B C Banenetof Bif foranyy € B, wecan finday’ € Be such that [y — /||, < e. Itis well-known that

B has an e-net of size at most (3/¢€)¢ [7]. We choose € = 1/(8(200/ 1 - pd? log d)'/?, then with probability

d
1—2e7"-(3/e) = 1—2e rdlosd. (24(2()0//{1 -crdlogd - d? log d)l/p)
> 0.99, (e sufficiently large)
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1SDy' ||, > 1/(2p"P) - |4/, holds for all y* € Be. Let & denote this event which we condition on.
Now we consider {y | y € B\B.}. Givenany y € B\ B, lety’ € Be such that [ly — ¢/[|, < €. By the
triangle inequality we have

ISDyllee = [|SDY | = 1SD(y = 4/)|o - 2
Let 2’ be such that Az’ = y'. Let =z — 2’. Letj = AZ =y — y/. Thus [|g[|, = |AZ], < e
ISDly =)l = 15DAZ|
2(200/k1 - dlogd)'/” - || A, (by (2))
2(200/k1 - dlogd)/P - e.
2(200/k1 - dlogd)/? - e d'/P. lyll, (by Property 2)
1/(4p7) - lyll, (e =1/(8(200/51 - pd*logd)'/?) (10)

IN

IA A

By (4), (9), (10), conditioned on &,, we have for all y € range(A), it holds that

1SDylloe = 1/(20"%) - llyll, = 1/(4p"7) - Iyll, = 1/(4p") - 1yl -

Appendix C. Missing Proofs in Section 4
C.1. The Net-argument

Let the ball B = {y € R" | y = Az, |ly|l, < 1}. Let Be C B be an e-net of B with size at most
(3/€)%. We choose € = 1/(4cs(pd? log d)'/P). Then with probability 1 — ™" - (3/¢)4 > 0.99, ||SDy/|, >
1/(2pY2) - |1/l p holds for all y € Be. Let &7 denote this event which we condition on. For y € B\ B, let
y' € Besuch that |ly — y'[|,, < €. By the triangle inequality,

ISDylly > ||SDY||, — |SDy — )|, - (11)

By (6) we have

ISDly =9l < es(dlogd)”- [ly /],
< ex(dlogd)/P - e
< cs(dlogd)'/? e d'7 |y],

= 1/(4p"") - |y, - (12)

By (7) (11) and (12), conditioned on &7, we have for all y € range(A), it holds that

1SDyll, = 1/(2p"7) - yll, — 1/(40"/7) - llyll,, = 1/(40"/7) - Iyl

C.2. An Improved Analysis for ¢, (p € [1,2)) Subspace Embeddings with d > log?/?~'n

The analysis for the upper bound is the same as that in Section 4.2.2. Now we give an improved analysis for
the lower bound assuming that d > logz/ p=lp,

Given a y, let yx (X C [n]) be a vector such that (yx); = v; ifi € X and 0 if i € [n]\X. For
convenience, we assume that the coordinates of y are sorted, that is, y; > y2 > ... > y,. Of course this
order is unknown and not used by our algorithms.
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We partition the n coordinates of y into L = log n+2 groups W1, ..., Wy, such that Wy = {¢ | [|y[|,, / 2! <
vi < [lyll, /2571 Letwy = |Wy| (¢ € [L]) and let W = Urerr) We. Thus

D p p L-1 D
lyw iy = Mlylly — - llylly /257 > (lyll, /2.

Let K = cidlog d for a sufficiently large constant cx. Define 7' = {1, ..., K} and B = W\T. Obviously,
WiU...UWipgr—1 € T. Let A = 1/(10d” K) be a threshold parameter.
As before (Section 4.2.2), we have ||SDy||, > 1/2 - || Dyl|,. Now we analyze || Dy||, by two cases.

Case 1: [lyr|) > [lyl|? /4. Let H = {i| (i € [n]) A (€] > \)}, where £} is the i-th leverage score of A.
Since 37, (, £7 = d. it holds that |H| < d/X.
We next claim that [|yrng [y > [lyll) /8. To see this, recall that for each y; (i € [n]) we have |y| <

dP~1¢% (Property 2). Suppose that ||yrnm 15 < [lyll;, /8. let y;,,,, be the coordinate in Y7z with maximum
absolute value, then

Yl = lyll} /(8K)
> (1/d)/(8K) (by Property 2)
> dPTIA
> PP (imax € H)

This is a contradiction.

Now we consider {u; | ¢ € H}. Since the CDF of an exponential u is (1 — e~*), we have with
probability (1 — d=1°) that 1/u > 1/(10logd). By a union bound, with probability (1 — d~1° |H|) >
(1 —d=19. 104" K) > 0.99, it holds that 1/u; > 1/(10logd) for all i € H. Let & be this event which
we condition on. Then for any y such that [[yr[[} > [ly[[}, /4, we have =,y |47 /ui > [|yll} /(801log d),
and consequently,
1Dy, Iol,

KYr=1/2 = (80logd)!/r - K1/p=1/2"

Case 2: |lypll) > |lyll?) /4. Let Wy = BNW, (¢ € [L]) and wy = [W|. Let F = {£ | wj, > K/32} and
let W' = Jyec p We. We have

HDsz 2

L
lowe s = lwlp /A= > (K732 (lyll, /2717)

l=log K
L
>yl /-yl K32 Y (1/27)
l=log K
>

lyll; /8-

For each ¢ € F, let ay = w)/(2%)P. We have

Iyl /8 < Nl = (i (Il /21)) <30 (e 4lliy)

LeF LeF

Thus 3,cp v > 1/32.
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2
Now for each ¢ € F', we consider Zz’eWe (yz /u;/p) . By Property 1, for an exponential u we have

Pr(l/u > w,/K] > ¢, - K/w) (¢, = ©(1)). By a Chernoff bound, with probability (1 — e~%)), there
are at least Q(K) of i € W such that 1/u; > wj/K. Thus with probability at least (1 — e~*(¥)), we have

1/p\ 2 2/p ), 112
o Iyll, o7 |yl
> (/) ZW()'(% x| 2 ' |

€Wy

Therefore with probability (1 — L - e=5)) > (1 — ¢~ dlogd)) "we have

Dyl = 33 (sl

LeF ieW,
lyll; 2/p
-0 (K/ 2
(eF
lyll,
> 0 Kiogm T (X pep e >1/32and |F| <logn) (13)

Since the success probability is as high as (1 — e~ ¥dlog d)), we can further show that (13) holds for all
y € range(A) using a net-argument as in previous sections.
Dyll, = © <||y||p1_1>
(dlogdlogn)p 2

To sum up the two cases, we have that for Vy € range(A) andp € [1,2),

C.3. A Tight Example

We have the following example showing that given our embedding matrix S’S D, the distortion we get for
p = 1 is tight up to a polylog factor. The worst case M is the same as the “bad” example given in [22],
that is, M = (I, 0)” where I is the d x d identity matrix. Suppose that the top d rows of M get perfectly

hashed by S” and S, then ||S’SDMz|, = (Zie[d] (mi/ui)z)l/Q, where wu; are i.i.d. exponentials. Let
i* = arg max;c(g 1/u;. We know from Property 1 that with constant probability, 1/u; = €2(d). Now if we
choose x such that z;+ = 1 and z; = 0 for all ¢ # *, then ||S’SDMz||, = d. On the other hand, we know
that with constant probability, for 2(d) of ¢ € [d] we have 1/u; = O(1). Let K (| K| = 2(d)) denote this
set of indices. Now if we choose z such that z; = 1/ | K| forall i € K and x; = 0 for all ¢ € [d]\ | K|, then
|S’SDMz||, = 1//|K| = O(1//d). Therefore the distortion is at least (d*/2).

Appendix D. Missing Proofs in Section 5

Lemma 20 ([29, 22]) Given M € R™ < with full column rank, p € [1,2), and I1 € R™ ™ whose entries
are i.i.d. p-stables, if m = cdlogd for a sufficiently large constant c, then with probability 0.99, we have

Q1) - | Mal|, < |TMz], < O((dlogd)"/?) - || Mz, Va € R,

In addition, TIM can be computed in time O(nd*“~') where w is the exponent of matrix multiplication.
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Lemma 21 Let IT € R"™*™ be a subspace embedding matrix of the d-dimensional normed space spanned
by the columns of matrix M € R™*% such that

- [ M|, < |IMz|, < pp - [|M2],, VoeR™ (14)

If R is the “R” matrix in the QR-decomposition of TIM, then MR~ is (o, 3, p)-well-conditioned with
aB < d"/Pug/p forany p € [1,2).
Proof We first analyze A, (M R™1) = us/u; (Definition 2).

[MR™ ||, < 1/w - |[EMR™'z|[, (by (14)

1/p - [|Qell, (IMR™'=QRR'=Q)
= 1/pi-|lzl|; (Q has orthonormal columns)

And
MR a| > 1/pe- [HMR™ x|, (by (14))
= 1/p2 - [|Qzl,
= pz- |zl

Then by Lemma 3 it holds that
af = A (MR™Y) < @mexU/2UPA (MR = dYPps /.

D.1. Proof for Theorem 17

Proof The regression algorithm for 1 < p < 2 is similar but slightly more complicated than that for p > 2,
since we are trying to optimize the dependence on d in the running time. Let IT be the subspace embedding
matrix in Section 4 for 1 < p < 2. By theorem 9, we have (u1, o) = (Q(1/(dlogd)*/?), O((dlog d)'/P))

(we can also use (£2(1/(dlog dlog n)%fé), O((dlog d)/P)) which will give the same result).
Algorithm: /,-Regression for 1 < p < 2
1. Compute ITM.
2. Compute the Q R-decomposition of IIM. Let R € R?*? be the “R” in the Q R-decomposition.
3. Given R, use Lemma 13 to find a sampling matrix IT' € R***" such that

(1-1/2)- || M|, < W' Mz|| < (1+1/2) - ||Mz||,, VoeR? (15)

p7
4. Use Lemma 20 to compute a matrix I1? € R?2*% for IT' M such that
Q1) - [ M|, < ||PTTMe|| ) < O((dlogd)'/?) - [T M|, Vz € RY.
Let II? = II2II! € R™2*", By (15) and ||2]|, < 2], < m!/P=1/2 2|, for any z € R™, we have

Q(1/t,/P=1/2) . HM:UHp < HH?’Mtz < O((dlogd)'/P) - HM:L‘HP, vz € R%
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5. Compute the ) R-decomposition of II> M. Let R; € R%*9 be the “R” in the () R-decomposition.

6. Given R;, use Lemma 13 again to find a sampling matrix I1* € R®%*" such that IT* is a (1 + 1/2)-
distortion embedding matrix of the subspace spanned by M.

7. Use Lemma 12 to compute a matrix Ry € R4 guch that IT*M Ry~ ! is (a, B, p)-well-conditioned
with a8 < 2d111/7,

8. Given Rs, use Lemma 13 again to find a sampling matrix IT° € R®*" such that II° is a (1 =& ¢)-
distortion embedding matrix of the subspace spanned by M.

9. Compute & which is the optimal solution to the sub-sampled problem min,,cga ||[II° Ma — H5pr.

Analysis. The correctness of the algorithm is guaranteed by Lemma 14. Now we analyze the running
time. Step 1 costs time O(nnz(M)), by our choice of II. Step 2 costs time O(md?) = O(d**7) using
standard Q R-decomposition, where + is an arbitrarily small constant. Step 3 costs time O(nnz(M ) log n) by
Lemma 13, giving a sampling matrix IT' € R*"*" with t; = O(d*log? d). Step 4 costs time O(t;d*~!) =
O(d3+* log? d) where w is the exponent of matrix multiplication, giving a matrix IT> € Rf2*" with t, =
O(dlogd). Step 5 costs time O(t2d?) = O(d®logd). Step 6 costs time O(nnz(M)logn) by Lemma 13,
giving a sampling matrix IT* € R®*™ with t5 = O(d*?/21og?> /2 d). Step 7 costs time O(t3d> logts) =
O(d™P/210g37P/2 d). Step 8 costs time O(nnz(M ) logn) by Lemma 13, giving a sampling matrix II° €
R¥“4>X" with t4 = O(d?Plog(1/€)/€%). Step 9 costs time ¢(t4, d), which is the time to solve ¢,-regression
problem on ¢4 vectors in d dimensions. To sum up, the total running time is

O (nnz(M) log n + d7P/2 1og3 P2 d 4+ $(O(d>P log(1/e) /é2), d)) .

Appendix E. Regression in the Distributed Setting

In this section we consider the /,-regression problem in the distributed setting, where we have k£ machines
P, ..., P, and one central server. Each machine has a disjoint subset of the rows of M € R7x(d-1)
and b € R?. The server has a 2-way communication channel with each machine, and the server wants to
communicate with the k£ machines to solve the /,-regression problem specified by M, b and p. Our goal is
to minimize the overall communication of the system, as well as the total running time.

Let M = [M, —b]. Let I1,. .., I}, be the sets of rows that P, . . . , P, have, respectively. Let M; (i € [k])
be the matrix by setting all rows j € [n]\; in M to 0. We use II to denote the subspace embedding matrix
proposed in Section 3 for p > 2 and Section 4 for 1 < p < 2, respectively. We assume that both the server
and the k£ machines agree on such a II at the beginning of the distributed algorithms using, for example,
shared randomness.

E.1. Distributed /,-regression for p > 2

The distributed algorithm for £, regression with p > 2 is just a distributed implementation of Algorithm 5.1.
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Algorithm: Distributed /,-regression for p > 2
1. Each machine computes and sends HMal to the server. And then the server computes HM Hp =

—_ 1/p . - . . .
(Zie[k] HMZ Hp) and sends to each site. HM Hp is needed for Lemma 13 which we will use later.

2. Each machine P; computes and sends IT)M; to the server.

3. The server computes I1)/ by summing up IIM; (i = 1,...,k). Next, the server uses Lemma 12 to
compute a matrix R € R such that IIM R~ is (a, 3, c0)-well-conditioned with a3 < 2d/2, and
sends R to each of the k machines.

4. Given R and HM‘

a(l+ e)—di§t0rtion embedding matrix of the subspace spanned by M;, and then sends the sampled
rows of Hil M; that are in I; to the server.

» each machine uses Lemma 13 to compute a sampling matrix H} such that HZ-1 is

5. The server constructs a global matrix TI' M such that the j-th row of IT'M is just the j-th row of
I} M; if (j € I;) A (j get sampled), and O otherwise. Next, the server computes Z which is the
optimal solution to the sub-sampled problem min,,cga ||II' Mz — Hlep.

Analysis. Step 1 costs communication O(k). Step 2 costs communication O(kmd) where

m = O(n'~2/Plogn(dlog d)'+?/P + d°+*). Step 3 costs communication O(kd?). Step 4 costs communi-
cation O(td + k) where t = O(d®>T?P log? dlog(1/€)/€?), that is, the total number of rows get sampled in
rows I; U Iy U - - - U I}. Therefore the total communication cost is

0 (kn1—2/1’d2+2/1’ log nlog!*2/? d + kdS*+*P + 442 log? dlog(1/€) /62) .

The total running time of the system, which is essentially the running time of the centralized algorithm
(Theorem 16) plus the communication cost, is

0 (nnz(M) logn + (k + d2 log n) (n'=2Pd22/P log n1og"*/? d + dS4P) 4 $(O(d*2 log? dlog(1 /) /¢2), d)) .

E.2. Distributed /,-regression for 1 < p < 2

The distributed algorithm for /,-regression with 1 < p < 2 is a distributed implementation of Algo-
rithm D.1.

Algorithm: Distributed /,-regression for 1 < p < 2
1. Each machine computes and sends HMal to the server. And then the server computes HM Hp =

<Zi6[k] HM; Hz) v and sends to each site.

2. Each machine P; computes and sends IIM; to the server.

3. The server computesﬁH]\_l by summing up ITM; (i = 1,...,k). Next, the server computes a QR-
decomposition of ITM, and sends R (the “R” in () R-decomposition) to each of the £ machines.

4. Given R and H]\_ﬂ

such that I} is a (1 & 1/2)-distortion embedding matrix of the subspace spanned by M;, and then
sends the sampled rows of H%Mi that are in I; to the server.

» each machine P; uses Lemma 13 to compute a sampling matrix HZ1 € Rhxn
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5. The server constructs a global matrix IT' M such that the j-th row of IT' M is just the j-th row of Hl1 M;
if (j € I;) A (j get sampled), and O otherwise. After that, the server uses Lemma 20 to compute a
matrix I1? € Rf>% for IT' M. Next, the server computes a () R-decomposition of II?IT' M, and sends
Ry (the “R” in Q) R-decomposition) to each of the £ machines.

6. Given R; and HM Hp, each machine P; uses Lemma 13 again to compute a sampling matrix Hf €

R%*™ guch that H? isa(1+1/ 2)—d_istortion embedding matrix of the subspace spanned by M;, and
then sends the sampled rows of H;LMZ- that are in I; to the server.

7. The server constructs a global matrix I1* M such that the j-th row of II1*M is just the j-th row of
I} M; if (j € I;) A (j get sampled), and 0 otherwise. Next, the server uses Lemma 12 to compute a
matrix Ry € R%*9 such that TIM Ry~ ! is («, B, p)-well-conditioned with o8 < 2d1*1/P | and sends
R to each of the k machines.

8. Given Ry and HM Hp, each machine P; uses Lemma 13 again to compute a sampling matrix H? €

R*™ such that TT? is a (1 4 €)-distortion embedding matrix of the subspace spanned by M;, and then
sends the sampled rows of H? M, that are in I; to the server.

9. The server constructs a global matrix II° A/ such that the j-th row of II°M is just the j-th row of
2 M; if (j € I;) A (j get sampled), and O otherwise. Next, the server computes  which is the
optimal solution to the sub-sampled problem min  cga HH5M x — H%Hp.

Communication and running time. Step 1 costs communication O(k). Step 2 costs communication
O(kmd) where m = O(d'*7) for some arbitrarily small . Step 3 costs communication O(kd?). Step 4
costs communication O(t1d + k) where t; = O(d*log®d). Step 5 costs communication O(kd?). Step 6
costs communication O(t3d + k) where t3 = O(dlog d). Step 7 costs communication O(kd?). Step 8 costs
communication O(t4d + k) where t; = O(d?™P log(1/¢)/€?). Therefore the total communication cost is

O (kd*™ + d°log® d + d*™Plog(1/€) /€?) .

The total running time of the system, which is essentially the running time of the centralized algorithm
(Theorem 17) plus the communication cost, is

0 (nnz(M) logn + kd*tY + d7"P/210g3P/2 4 + ¢(O(d*+P log(1/e) /€2), d)) .

Remark 22 [t is interesting to note that the work done by the server C' is just poly(d), while the majority

of the work at Step 2,4,6,8, which costs O(nnz(M) - logn) time, is done by the k machines. This feature
makes the algorithm fully scalable.
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