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Abstract

In the numerical linear algebra community, it was suggested that to obtain nearly optimal bounds for
various problems such as rank computation, finding a maximal linearly independent subset of columns (a
basis), regression, or low-rank approximation, a natural way would be to resolve the main open question
of Nelson and Nguyen (FOCS, 2013). This question is regarding the logarithmic factors in the sketching
dimension of existing oblivious subspace embeddings that achieve constant-factor approximation. We show
how to bypass this question using a refined sketching technique, and obtain optimal or nearly optimal bounds
for these problems. A key technique we use is an explicit mapping of Indyk based on uncertainty principles and
extractors, which after first applying known oblivious subspace embeddings, allows us to quickly spread out the
mass of the vector so that sampling is now effective. We thereby avoid a logarithmic factor in the sketching
dimension that is standard in bounds proven using the matrix Chernoff inequality. For the fundamental
problems of rank computation and finding a basis, our algorithms improve Cheung, Kwok, and Lau (JACM,
2013), and are optimal to within a constant factor and a poly(loglog(n))-factor, respectively. Further, for
constant-factor regression and low-rank approximation we give the first optimal algorithms, for the current
matrix multiplication exponent.

1 Introduction

We obtain several new results for fundamental problems in numerical linear algebra, in many cases removing,
in particular, the last log factor to obtain a running time that is truly linear in the input sparsity, and with
lower-order terms that are close to optimal. We note that the bottleneck in improving prior work, including such
removal of last logarithmic factors, involved well-known conjectures to construct Sparse Johnson-Lindenstrauss
transforms (see Conjecture 14 in [29]).

To sidestep these conjectures we introduce a new simple matrix sketching technique which allows for
multiplication by a random sparse matrix whose randomly chosen nonzero entries are random signs. The key idea
is to compose this matrix with an appropriate Flattening transform based on explicit embeddings of /5 into /1,
together with OSNAP embeddings. Using this, we obtain the first oblivious subspace embedding for k-dimensional
subspaces that has o(klog(k)) rows and that can be applied to a matrix A in time asymptotically less than both
nnz(A)logk and k“ log k, where nnz(A) is the number of nonzero entries in the matrix A, and w ~ 2.37 is the
exponent of fast matrix multiplication [1]. This scheme removes a log factor that has thus far remained both a
nuisance and an impediment to optimal algorithms. Our main embedding result is as follows:

THEOREM 1.1. (FAST SUBSPACE EMBEDDING, INFORMAL THEOREM 6.3) Given an n x k matriz, there is a
distribution S over matrices with kpoly(loglogk) rows such that, for S ~ S, with probability > 99/100, for
all vectors x € R*

[Az|2 < [[SAz]|2 < exp(poly(loglog k))|| Az||>.

For S ~ S, with probability > 95/100, the matriz SA can be computed in time O(y~'nnz(A) + k2t for any
constant v > 0.
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Using our subspace embedding, together with additional ideas, we obtain nearly optimal (up to loglog factors
in the sub-linear terms) running times for fundamental problems in classical linear algebra including computing
matrix rank, finding a set of linearly independent rows, and linear regression. Further, for regression and low-rank
approximation, we obtain the first optimal algorithms for the current matrix multiplication exponent. We begin
with least-squares regression:

THEOREM 1.2. (LEAST-SQUARES REGRESSION, INFORMAL THEOREM 7.3) Given a full rank n X k matriz A,
k < n, and vector b, there exists an algorithm that computes & such that ||Az — b||a < (1 + &) min, ||Az — b||2 in
time A
o (nnz() + k poly(loglog(k)) + k2+"(1)n7+°(1)>
vy poly(e)

for any constant v > 0 small enough.

We note that for constant ¢ and k = n(")| the running time obtained is within a poly(loglog(n)) factor of
optimal, for the current matrix multiplication constant. Further, it improves on prior work [4, 10, 14, 15, 27, 29]
describing algorithms with an additional log(n) factor multiplying either the leading nnz(A) term, or that is
nnz(A) time but has a k“ log k additive term or worse. We note that our additive term is only k&“ poly(loglog k),
for the current matrix multiplication exponent w, when k& = n®*()). Importantly, up to a poly(loglog k) factor,
our bound is best possible, and thus we remove the last logarithmic factor even in the additive term. As we
explain more below, the issue with previous work is that to obtain a sketching dimension of O(k), for constant
€, one needs either nnz(A)k time to directly perform a multiplication with a dense Sub-Gaussian matrix, or at
least k“ log k time to compose a dense Sub-Gaussian sketch with a sparse sketch. We avoid this using our new
subspace embedding, given by Theorem 6.3.

We note that simply sketching on the left with a CountSketch matrix and solving the sketched problem attains
an optimal O(nnz(A)) running time for k¥ = O(n°) for a sufficiently small constant ¢ > 0, and so our theorems
are most interesting when k = Q(n°).

Next, we show a similar result holds for low-rank approximation (LRA):

THEOREM 1.3. (LRA IN CURRENT MATRIX MULTIPLICATION TIME, INFORMAL THEOREM 7.8) Given ¢ > 0,
an n x d matriz A and k < min(n, d), k = max(n, d)*Y), there exists an algorithm that runs in

(n+d)k“—! N (n + d)k*01
&

@) (nnz(A) + + poly(elk))

time and outputs two matrices V € R"™* and X € RF¥*4_ with VIV = I, such that
A=V -X|r <1 +e)|A— [Alxlr

For the current matrix multiplication exponent, the running time is O(nnz(A) + (n + d)k“~1) for constant . In
contrast, existing low rank approximation algorithms [4, 10, 13, 14, 15, 16, 27, 29] take time at least nnz(A) logn
or dk“~1logk or worse. Thus, as with least squares regression, we remove the last logarithmic factor in both the
nnz(A) term and the leading additive term.

We also give constructions of 1+ ¢ subspace embeddings with O(klog(k)/c?) rows that have better running
times than earlier subspace embeddings with O(klog(k)/e?) rows, such as approximate leverage score sampling
and OSNAP embeddings.

THEOREM 1.4. (SUBSPACE EMBEDDINGS, INFORMAL THEOREM 7.2) Given a matriz A € R"™ ¥ there is a
non-oblivious subspace embedding S with O(klog(k)/e?) rows that can be applied to the matriz A in time
O(nnz(A) + k“ poly(loglog k) + poly (e~ 1)k2 oM for k = n®1),

Finally, we obtain faster algorithms for computing the rank of a matrix and finding a full-rank set of rows.

THEOREM 1.5. (MATRIX RANK AND FINDING A BASIS, INFORMAL THEOREM 7.6 AND 7.7) Given an n X d
matriz A, there exists a randomized algorithm to compute k = rank(A) in O(nnz(A) + k¥) time, where w
18 the matriz multiplication constant. Further, the algorithm can find a set of k linearly independent rows in
O(nnz(A) + k¥ loglog(n)) time.
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We note that this result improves prior work by Cheung et al. [8], in the case of matrices with real numbers,
who obtain an O(nnz(A)log(k) + k) time algorithm to compute matrix rank and an O(log(n)(nnz(A) + k“))
time algorithm to find a full-rank set of rows.

The following table lists our running times for k¥ < n and k = n**'")| assuming w > 2, and putting some terms
to constant values (such as 2.1 instead of 2 + 7). See theorem statements for exact running times.

Q(1)

Application Running time (up to constant factors)

¢ Subspace Embeddings nnz(A) + e 3k2 1M L k¥ poly(log log(k))
¢ approximate linear regression nnz(A) 4 e 3kt 1 k¥ poly(log log(k))
Linearly Independent Rows nnz(A) + k* poly(loglog(k)) + k>+o()

0.01 Low-Rank Approximation nnz(A)+ (n + d)k“~!

2 Related Work

Matrix Sketching. The sketch and solve paradigm [9, 38] was designed to reduce the dimensionality of a
problem, while maintaining enough structure such that a solution to the smaller problem remains an approximate
solution to the original one. This approach has been pivotal in speeding up basic linear algebra primitives such
as least-squares regression [9, 31, 33], £, regression [12, 37], low-rank approximation [16, 26, 29], linear and semi-
definite programming [17, 23, 24], solving non-convex optimization problems such as ¢, low-rank approximation
[3, 34, 35], and training neural networks [2, 7]. For a comprehensive overview we refer the reader to the
aforementioned papers and citations therein. Several applications use rank computation, finding a full rank subset
of rows/columns, leverage score sampling, and computing subspace embeddings, as key algorithmic primitives. In
addition to being used as a black box, we believe our techniques will be useful in sharpening bounds for several
such applications.

3 Preliminaries

Computational Model Throughout the paper, we work with matrices having real numbers and assume
that all elementary arithmetic operations on real numbers can be computed in O(1) time.

Let AT denote the Moore-Penrose pseudo-inverse of matrix A € R™*%, equal to VXU T when A has “thin”
Singular Value Decomposition (SVD) A = UXV T, so that ¥ is a square invertible matrix. We note that AA™
is the projection matrix onto the column span of the matrix A. Let ||A]|2 denote the spectral norm (¢35 — fo
operator norm) of A and [|Al|lr denote the Frobenius norm (3, ; A2, )1/2. Let x(A) = ||AT|]2]|A|l2 denote the
condition number of A. We write a £ b to denote the set {c | |c — al < |b]}, and ¢ = a £ b to denote the condition
that ¢ is in the set a +b. Let [m] = {1...m} for an integer m > 1. For i € [n], A;. denotes the i-th row of A and
for j € [d], A.; denotes the j-th column of A. We use bold symbols such as A, S to emphasize that these objects
are explicitly sampled from an appropriate distribution.

As mentioned, nnz(A) is the number of nonzero entries of A, and we assume nnz(A) > n, i.e., there are no
rows composed entirely of zeros. We let [A]; denote the best rank-k approximation to A in Frobenius norm and
operator norm. Further, for an n x d matrix A and S C [n], we use the notation Ag to denote the restriction of
the rows of A to the subset indexed by S, and for S C [d] we use the notation A% to denote the restriction of the
columns of A to the subset indexed by S.

Let n¥ be the time needed to multiply two n x n matrices. See [18] and references therein for ways of
computing other linear algebra primitives such as QR decomposition, SVD, and a matrix inverse, in O(n*) time.
Given an n x d matrix A, n > d, we can orthogonalize its columns in time O(nd“~!) as follows: first compute the
product ATA in time nd“~!, compute SVD of AT A in time O(d“) to obtain V, ¥ such that ATA = VY2V and
then compute AV ™! in time O(nd“~1) to obtain an orthonormal basis.

For a matrix A, let U be a matrix with orthonormal columns and colspan(A) = colspan(U). The leverage
score of the i-th row of A, £7, is defined as ||U;«||3.

LeEMMA 3.1. (KNOWN CONSTRUCTIONS OF SKETCHING MATRICES) For a given matriz A € R™ 9 with k =
rank(A), these constructions give e-embeddings with failure probability 1 — ¢, for given constant c¢. Here the
sketching matriz S is an e-embedding if with constant probability, ||SAx|2 = (1 £ ¢)||Az||2 simultaneously for all
r € RL.

e There is a sketching matriz T € R™T*™ with sketching dimension mr = O(e =2k T+ log k) such that TA can
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be computed in O(p~tnnz(A)/e) time (see, e.g., [11]), with 1/ue non-zero entries per column, in this form

called here an OSNAP, and in earlier forms with 1 non-zero per column called a CountSketch [10] matriz, or
sparse embedding. The sparsest version T € R™ %™ has ms = O(e72k?), with T A computable in O(nnz(A))
time; T has one nonzero entry per column. A less sparse version T of OSNAP has mp = O(e72klog(nd)),
O(log(nd)/e) entries per column, and failure probability 1/ poly(nd).

o There is a sketching matriz H € R™#X" with my = O(e 2klog(nk)) such that HA can be computed in
O(ndlogn) time (see e.g. [5]). This is called an SRHT (Sampled Randomized Hadamard Transform) matriz.
The matriz H = FID, where the rows ofH' are a random subset of the rows of a Hadamard matriz, and D
s a diagonal matrixz whose diagonal entries are £1.

o If matriz L € R™L*™ s chosen using leverage score sampling (see Theorem 7.1), then there is my =
O(e2klogk) so that L is an e-embedding [30, 32].

o If matriz G € R™¢*" with mg = O(c~2k) is an appropriately scaled matriz with i.i.d normal or Sub-
Gaussian random variables, then G is an € embedding.

These embeddings can be composed, so that for example S = HgTs is a “two-stage” e-embedding for A,
where Ts is an OSNAP matriz, and Hg is an SRHT, so that HsTsA can be computed in O(c~!unnz(A) +
e 2nk T/ log?(k/e)) time, and the sketching dimension is mp, = O(e 2klog(k/e)). The space needed is
O(n+mpugd).

We also require the following notions of projection cost preserving sketches and affine embeddings.

DEFINITION 3.1. (PROJECTION COST PRESERVING SKETCH[13]) Given a matriz A € R™™¢ & > 0 and an
integer k € [d], a sketch SA € R**? is a projection-cost preserving sketch of A if for all rank-k projection

matrices P,
(1= 9)lA(L = P} < |SA( = P)[If < (1 +9)[|A(L — P)|f

We note that sometimes Projection Cost Preserving Sketches allow an additive scalar in the definition, see, e.g.,
[28]. We do not need such an additive term here.

DEFINITION 3.2. (AFFINE EMBEDDINGS[10]) Given matrices A, B, let X* = argminy||[AX — Bl and B =
AX* — B. A matriz S is an affine embedding for (A, B) if for all matrices X,

IS(AX — B)|I# ~ ISBIIf = (1 £ ¢)|AX — Bl — || BIIf.

Many subspace embedding distributions for the column space of A satisfy the affine embedding property.
Importantly, the number of rows in S depends only on the rank of the matrix A and has no dependence on
number of columns in the matrix B. See [10] for properties required of a distribution to be an affine embedding.

Throughout the paper, we use the following fact numerous times: for any matrices A, B, and C, we have
|A— BC|2 > |A— ACTC|3. This is just the Pythagorean theorem, which says that the best approximation of
A inside the rowspace of C' is obtained by projecting each of the rows of A onto the rowspace of matrix C.

4 Technical Overview

The only known oblivious subspace embedding for a k dimensional subspace with o(klog(k)) rows is a dense
matrix of O(k) rows with independent Sub-Gaussian random variables. This embedding can be applied to a
matrix A in time Q(nnz(A) - k). All other subspace embedding constructions that are faster to apply have at
least Q(klog(k)) rows. Obtaining a subspace embedding with few rows is important to speed up the further
downstream tasks such as finding a maximal set of linearly independent rows of a matrix, computing approximate
leverage scores, low rank approximation, etc.

We analyze the properties required of a k-dimensional subspace V C R?, d = O(k;), such that a sparse random
sign matrix with o(klog(k)) rows can be a subspace embedding for V. The advantage of the sparsity is that the
embedding can be applied to a vector quickly. Suppose every unit vector in the subspace V has at least a constant
¢ fraction of coordinates that have a magnitude of at least Q(l /VE). Let z be an arbitrary unit vector in the
subspace V. Now consider a random matrix G where each entry is either 0 with probability 1 — p and +1 with
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probability p/2 each. For p = ©(1/d), as at least a constant ¢ fraction of the coordinates of the vector x have
a magnitude Q(1/v/k), each row of the matrix G has Q(1) probability of hitting one of the large coordinates of
the vector 2. Conditioned on a row Gj, hitting one of the large coordinates of x, we have |Gy.z| > Q(1/Vk)
with probability > 1/2 by using the random signs. Thus, with at least a constant probability, for a row G,
|Givz|? > Q(1/k). If the matrix G has Q(k) rows, using the Chernoff bound, we have that with very high
probability, |Gz||3 > Q(1), which suffices to union bound over a suitable net of unit vectors in a k-dimensional
subspace. On the other hand, showing that ||G||2 is small and that it does not increase the norm of any unit
vector by a lot is much easier. For the probability p that we consider, each row and column of the matrix G only
has O(1) nonzero entries with high probability. As all the nonzero entries are at either +1, we can bound the
operator norm ||G||2 by O(1). This implies that for any unit vector z, ||Gz||3 < O(1).

The above argument shows that if a subspace has the property that every unit vector in the subspace has a
large number of large coordinates, then a random sparse sign matrix is a subspace embedding with small distortion
for that subspace. We call subspaces having this property flat. But of course, the column space of the matrix
to which we want to apply the embedding may not have this property. Let V; C R™ be the column space of the
given matrix A. If we can find a linear map F that maps vectors in the subspace V; to a flat subspace V, and if F
preserves the Euclidean norms of the vectors, then we have that |GFz|s = || Fx||2 & ||z||2 for all vectors x € V;.
As we show later, by paying some cost in running time, we can assume that n = O(klog(k)) by first applying a
series of suitable OSNAP embeddings. To obtain such a mapping F, we use the {5 — ¢; embedding F' of [22]. We
show that recursively applying the linear map F gives a linear map F : n — n't°(1) with the property that for
all unit vectors z, || Fz|ls ~ 1 and ||Fz|; > Q(v/n). This property immediately shows that the vector Fa must
have a large number of large coordinates and therefore that the subspace range(F) is flat. We only obtain that a
1 /no(l) fraction of the coordinates are large but it is sufficient for our purposes. We also show that the sequence
of OSNAP, the mapping of [22] which we call Indyk, and the sparse random sign embeddings can be applied to
a matrix A € R™** in time O(y 'nnz(A) + k>T7+°() for any constant v > 0.

14 ¢ Subspace Embeddings. We use our exp(poly(loglog k)) distortion subspace embedding construction
to obtain 1 + £ non-oblivious subspace embeddings using approximate leverage scores obtained by using a
preconditioner. Let A € R™*¥. Earlier algorithms to compute approximate leverage scores can be described
as follows : (i) Compute SA where S is a subspace embedding for the column space of A, (ii) Compute an
orthonormal matrix @ and matrix R~! such that SA = QR™!, and (iii) Compute the approximate leverage
scores /2 = || A;R||3.

Thus, to make computing approximate leverage scores faster, we need a subspace embedding S that can
be quickly applied to matrix A to make step (i) faster while also having a fewer number of rows to make the
computation of the QR-decomposition in step (ii) faster. As discussed, our subspace embedding construction S
has both of these desired properties. In step (iii), instead of computing || A;.R||3 exactly, a Gaussian matrix G
with O(log(n)) columns is used so that for all the rows i € [n], || A RG||3 ~ || A;.R||3, which is a standard idea
[20]. However, computing the matrix ARG takes {2(nnz(A)log(n)) time. We consider using a Gaussian matrix
with only O(1/7) columns for an absolute constant v > 0, which is also a standard idea in this area. Consider
an arbitrary vector v and let g be a vector of i.i.d. normal random variables. Then we have the probability that
[{(v,g)| < ||v]l2/n7Y is at most 1/n7. If g4,. .., g, are independent Gaussian vectors for t = O(1/7), then at least one
of the values |(v, g;)| is at least ||v[2/n” with probability > 1—1/n? If G is a matrix with g as its columns, we
therefore have that || A;. RG||3 > || A R||3/n? for all i. We also argue that || A« RG|3 = O(|| A« R||3 log(n)) for all
i € [n]. Now the matrix ARG and the approximations || A;. RG||3 can be computed in time O(y~!(nnz(A) +£?)).
Therefore we can obtain over-estimates to the leverage scores. Using over-estimates to the leverage score sampling
probabilities, we first sample rows and then compute accurate leverage scores only for the rows that are sampled.
Then we employ a rejection step, in which we reject rows randomly based on the probabilities computed using
accurate leverage scores, and finally we show that we obtain a sample from the leverage score sampling distribution.
As we compute accurate leverage scores only for the rows that are sampled in the first stage, we do not incur the
O(nnz(A)log(n)) factor. We then compose our leverage score embedding with an OSNAP embedding to obtain
a 1+ ¢ embedding with O(klog(k)/e?) rows, which is faster than previous constructions.

Computing Linearly Independent Rows. We give an algorithm to compute a maximal set of linearly
independent rows of a matrix A € R"*¢ of rank k in time O(nnz(A) + k* poly(loglog(n))). Using the rank-
preserving sketches of [8], we can assume without loss of generality that d = ck for a constant c¢. The
crucial idea here is that a leverage score sample of the matrix A, with high probability, must contain a set
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of k linearly independent rows. Therefore, directly applying the above leverage score sampling algorithm
for constant e gives, in time O(y 'nnz(A) + nYk*t°(M) + k¥ poly(loglog(n))), for any constant v, a set of
O(kexp(poly(loglogk))) rows of the matrix A that must contain a set of k linearly independent rows. To
obtain a running time that does not depend on v, we show that instead of running leverage score sampling on
the matrix A, we can apply reductions as in [8] to reduce the problem to computing linearly independent rows
of a sub-matrix A’ with nnz(A’) < nnz(A)/poly(log(n)) and with n/poly(log(n)) rows. This reduction can
be performed in time O(nnz(A) + k¥ loglog(n)). After this reduction, we perform leverage score sampling for
the matrix A’ as described above with constant € and v = O(1/log(n)) to obtain a matrix S}, that selects
and scales O(k exp(poly(loglog k))) rows randomly according to the leverage score distribution such that for all
x, ||SlevA’zll2 = (1 £1/2)||A’z||2. In particular, the guarantee implies that rowspace(S)eyA’) = rowspace(A’).
Therefore there are k linearly independent rows among the O(k exp(poly(loglog k))) rows sampled by S)e,. Now
we can again apply the recursive row reduction procedure mentioned above to the matrix S, A’, to finally
obtain, in time O(k?T°() 4+ k¥ poly(loglogk)), a set of O(k) rows that, with high probability, contain a set
of k linearly independent rows. These rows can now be identified in time O(k*). Thus, we obtain that in
time O(nnz(A) + k“ poly(loglogn) + k2T°(M), we can compute a set of k linearly independent rows of a rank k
matrix A. As discussed above, the subspace embedding having k poly(loglog k) rows turns out to be crucial to
obtain a running time that depends on k“ poly(loglogn) instead of the k“ log(n) dependence of earlier algorithms.

Low Rank Approximation. Finally, we give an algorithm to compute a (1 + ¢)-approximate rank-k
approximation to an arbitrary matrix A. We note that we do not need to utilize our subspace embedding
construction in this algorithm, though we include it as it is also a fundamental problem in linear algebra for which
we remove the last logarithmic factor. We compute a low rank approximation in two stages: (i) we first find a
rank k orthonormal matrix V' whose columns span a 1+ ¢ approximation. (ii) we then find a right factor X such
that V - X is a (1 + &) rank-k approximation. We obtain the left factor V by using projection-cost preserving
sketches and subspace embeddings along with the CUR decomposition algorithm from [6], to first obtain an
O(k)-dimensional subspace that spans an O(1)-approximate rank-k low rank approximation. We then perform
the residual sampling algorithm of [19] to obtain a set of O(k/e) columns of the matrix A, which along with the
O(k) dimensional subspace we already found, span a (1 + ¢)-approximation. We then use affine embeddings to
compute a left factor V' that spans a (1 4 ¢)-approximation.

After finding a left factor V, the matrix VT A is the optimal right factor but it takes Q(nnz(A) - k) time to
compute this matrix. We then run the CUR decomposition algorithm of Boutsidis and Woodruff [6] using the
matrix V we found to obtain a right factor X such that ||V - X — Allg < (1 +¢)||A — [A]]l¢-

5 Flattening the vectors

In this section, we argue that there is a linear mapping F : R™" — R

the set

such that for any unit vector x € R",

1

Large(Fz) == {i € [n' W] ||(Fz);| > V- epll(n)

}
has size |Large(Fz)| = Q(n).

We show that an explicit ¢ — ¢; linear embedding construction of Indyk [22] can be used to obtain such a
mapping F. First we define (e,l) extractors as follows.

DEFINITION 5.1. ((e,l) EXTRACTORS) A bipartite graph G = (A, B, E), A = [a] and B = [b], with each left node
having degree d is an (g,1) extractor if it has the following property. Let P be any distribution over the set A such
that for all i € [a], Prpli] < 1/1. Consider the distribution over B generated by the following process:

1. Sample i € A from distribution P

2. Sample t € [d] uniformly at random and set j = T'¢(i);. Here T'g (i) is the ordered set of neighbors of i in
the graph G and T'¢(4): is the t-th neighbor in the ordered set.

Let G(P) be the distribution of the element j sampled by the above process and let T be the uniform distribution
over the set B. The graph G is an (g,l) extractor if Z]EB | Prgepy[j] — 1/b] < €. We stress that this property
must hold for every distribution P with Prpli] < 1/1 for all i.
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See [22] and references therein for explicit constructions of extractors. Indyk uses the following extractor:
Fix a 6 = Q(1//n) and let L = O(1/6?) and s = \/n. Let G be an (g,1) extractor with A = [Ln], B = [b] for
b=n'?"% K >0,1=(1-0)2s/L, left degree d = (loga)®M) = (log Ln)°™") and right degree A = O(nLd/b).

In the following it will be helpful to have an abbreviation.

DEFINITION 5.2. Let epll(n) denote the class of functions in exp(poly(loglog(n))) as integer n — oo.

THEOREM 5.1. (THEOREM 1.1 OF [22]) For any ¢,k > 0, there is an explicit linear mapping F : R"™ — R™,
m = O(nLd) = nlog®® (n)/¢OD) and a partitioning of the coordinate set [m] into sets By, . .., By, forb=n'/2""
each of size at most A = n'/?***epll(n) /PN, such that for any x € R", ||z|2 =1,

b
(1 - O(QWVIdb < 3 [[(Fa) ||z < VIdb.

Without loss of generality, we can assume that all the partitions B; have the same size A by appending 0-valued
coordinates and so we have m = n - epll(n) /™).

We now prove the following lemma which essentially shows that an application of Indyk’s embedding to a
unit vector shrinks the Euclidean norm by a lot, while keeping the ¢; norm Q(1).

LEMMA 5.1. Let n be an arbitrary integer and 0 < {,k < ¢ for a small enough constant c. There is an explicit
linear mapping F : R™ — R™ for m = n - epll(n)/C°Y) and a partitioning of [m] into equal sized sets By, ..., By
where b =n'/?2"% and each set B; satisfies |Bj| = A = n'/**%epll(n)/¢OM), such that for any x € R™, we have

b
(1=0()]=ll2 < Z I(F)B; 2 < ]2

and

b
1
(L =0zl < 1Fzll3 =Y (Fz)5,l5 < Sllll3-

Jj=1

S| =

Proof. In the proof of the above theorem, Indyk uses the (&, 1) construction specified above with § = ¢ and ¢ = (2.
Indyk also defines (Fx)p, := (Dx)p ;) for j € [b], where D is a concatenation of certain L orthonormal matrices
and I'g(j) C A is the set of neighbors of j € B in the graph G. For any unit vector x, we have || Dz||3 = L and as
the left degree of G is exactly equal to d, we have ||[Fzll5 =, [[(Fz) ;|5 = X2, [(D2)rs )3 = dl|Dz||3 = Ld.

Let y = Dz and let S be the set of the s largest magnitude entries of y. Define z = y(,)_g where z is obtained
by zeroing out the coordinates of the set S. Indyk [22] showed that

b
j=1

where p > VL(1 — §). The inequality implies that >, [[zro(y[3 > p%d(1 — &) > Ld(1 — §)*(1 —¢). As

1
allra I3 - 18| <

lyrallz = llzrggyllz, we get Zj Hyl“c(j)”% > Ld(1 — §)%(1 — €) and plugging in § = ¢ and ¢ = (2, we obtain

Ld(1-0(¢)) < Z?:l [(Fz)g,||3 < Ld. Hence, the matrix F//v/ Ldb satisfies that for any vector x,

b F 1
(1=0())|z3 < ; II(\/mx)lelg < g||$||3-

S| =

From the above theorem, we already have

Tdb ), ll2 < [l
T)B, z||2.
5 Bjll2 < 2

b
(1= 0()ll=ll2 < Z It

Therefore, scaling the matrix F' gives the proof. 0
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We apply the above lemma recursively to each of the partitions B; for O(loglog(n)) levels to obtain the
following theorem.

THEOREM 5.2. Given any n, there is an explicit map F : R™ — R™ with m = n - epll(n) such that for all unit
vectors x € R™, we have
n
|Faly > ¥

and )
5 SIFzlE <1

Further, given any vector z, the vector Fx can be computed in n't°0) time.

Proof. Let N = ©(loglog(n)) and ¢ = ©(1/loglog(n)). Let By,..., By, be the partitions of the coordinates of
the range of F' from the Lemma 5.1. We recursively apply the lemma for each of the partitions for N levels to
obtain F : R" — R™ for m = n - epll(n). Define ng = n and let n; be the number of entries in each of the i-th
level partitions. Also, let by = 1 and b; be the number of partitions an (¢ — 1)-th level partition is mapped into.

From Lemma 5.1, we have

_1/2—k
bi =mn;’5

and
n; = ngﬁﬂepll(m—l)/co(l)'

The following lemma lower bounds the number of partitions in the N-th level.
LEMMA 5.2. The total number of partitions in the N-th level is given by B =bg - by ---by and

B >n/2.

Proof. Wehave B =by---by = (ng---ny_1)"?7%. Asn; > 7”L(1/2"”")i7 we have that ng - - -ny_1 > nXico (1/2+r)",
Now, SN N 1/2 + k)F = (1= (1/2 4 5)N)/(1/2 — k) which implies B > n!~(1/240)" " For N = ©(loglog(n)),
(1/2 + )N < 1/ poly(log(n)) and B > n/2. 0

This lemma implies that the N-th level has the partitions Bi,...,Bp of [m] with B > n/2 and |B;| = epll(n)
such that for any unit vector =z,

1 B
Sllllz < (1= 0O)Vllzllz < D [[(F2)s, ll2 < [l2]l2

=1
and 5
Lo (@=0)", . 2 _ 1, 9
gl < el < Y1 1 < gl

Finally, for a unit vector x,

B B
1 1
5 =5lzll2 < ) II(F)slla < ) (Fr)s, [l = [ Fxlly
2 2
j=1 j=1
and
B
1 1 1 1
58~ ﬁllmH% < || Fzll3 = ; [(Fz)s; I3 < EWH% =5
By scaling the map F by v/B, we complete the proof. O
We now have the following corollary.
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COROLLARY 5.1. Given any unit vector x, at least ©(n) coordinates of the vector Fx € R™ have an absolute
value of at least n = 1/(y/n - epll(n)).

Proof. Let m’ be the number of coordinates of Fz with an absolute value of at least 7. Let T C [m] be the set
of indices of those coordinates. Then

V< Fel = Y IFad + Y IFa

i¢T i€T

__m )2
< eplitn) T iET(f )2VIT|

n - epll(n) —
< i opll(n) + V',

Here we use the Cauchy-Schwarz inequality and the fact that || Fxz||3 < 1. For appropriate 7 chosen based on m,
the above inequality implies that

vm!' >/n/8 = m' >n/64

which shows that an Q(n) fraction of the coordinates of Fx have an absolute value of at least 7. |

Thus, applying Lemma 5.1 for N = O(loglog(n)) levels gives an n dimensional subspace of R™ for m = n-epll(n)
such that for every unit vector x, the vector Fz has a large number of large coordinates.

6 Fast Subspace Embeddings

Algorithm 1: FASTEMBEDDING

Input: A € R"*F v >0

Output: A subspace embedding SA with O(k - epll(k)) rows

S, < OSNAP(A, v) with O(k' 7o) rows

Sy <— OSNAP(S1 A4, O(1/log(n))) with O(klog(k)) rows

F < Indyk Embedding for RO*1°8(*) for ©(loglog(k)) levels with r = k - epll(k) rows

m + k- poly(loglog k), p < epll(k)/r

G < m x r random matrix where each entry is independently 0 with probability 1 — p, and +1 with
probability p/2 each

SA+ k-G-F-Sy-81A where & is an appropriate scaling factor

7 return SA

[SLEN VU R

=]

Let A be an arbitrary n x k matrix with nnz(A) nonzero entries. We design a random matrix S with
k - poly(loglog(k)) rows such that with probability > 9/10, for all vectors z,

2]z < [[SAz|l2 < epll(k)|[x]l2.

The matrix SA can be computed in time nnz(A) + k21+°(1), The matrix S is constructed as a composition of
various oblivious subspace embeddings.

We first apply OSNAP S with p = 0.1 to obtain an O(k'!log(k)) x k matrix §1 A in time O(nnz(A4)). Now,
nnz(S1A4) = O(k**log(k)). Therefore, we can apply OSNAP S5 with p = 1/log(k), to obtain an O(klogk) x k
matrix S587 A4 in time O(nnz(S1A4) - 1/u) = O(k*'log?(k)). We also have with probability > 98/100 that

HSQSlAl‘HQ S (1 + 3/10)||A1‘||2
for all vectors z € R¥. We then use the flattening transform F to obtain a constant subspace embedding for the

matrix S-S5 - A which also has the property that every unit vector in the column space of the matrix F-S5-S7-A
has a large number of large entries.
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THEOREM 6.1. (INDYK EMBEDDING, THEOREM 5.2 AND COROLLARY 5.1) Given any n, there is an explicit
linear map/matriz F € R™*™ with m = n - epll(n) such that for any vector x € R™,

1
slellz < [ Fzll2 < lzfl2

and for any unit vector x, at least ©(n) coordinates of the vector Fx have an absolute value of at least
1/(/n - epll(n)). Given a vector x € R, the explicit map Fx can be computed in time n*+o(),

Combining F, S2,S1, we obtain that with probability > 98/100, for all vectors z,
1 3
1Azl < 782 51 Azllz < S| Azl2.

The matrix F - S-S - A can be computed in time nnz(A) + k>1+°(1) . As the matrix S5 - S - A has O(k - log(k))
rows, the matrix F has O(klog(k) - epll(k)) = k - epll(k) rows and we also obtain that for any unit vector
x in the column space of F - Sy - S1 - A, at least O(klogk) coordinates have an absolute value of at least
1/(v/klogkepll(k)) = 1/(vVEkepll(k)). The following theorem shows that a sparse sign matrix is a subspace
embedding for a subspace with every unit vector in the subspace having a large number of large entries.

THEOREM 6.2. Let A € R™¥F with m = k - epll(k), be a matriz such that for all unit vectors x € colspan(A),
the set

. S S
Large(z) := {z € ml [ |zl =2n= \/E.epﬂ(k)}

satisfies |Large(x)| > Ck for some constant C. There is a distribution G over matrices with M = k-poly(loglog(k))
rows such that for G ~ G, with probability > 9/10, for all vectors x € R*,

[Az]l2 < |GAz||> < epll(k)||Az]|>.
With probability > 9/10, the matriz GA can be computed in time k* - epll(k).
Proof. Define the M x m random matrix G as follows:

+1 with probability p/2
G;j = ¢ —1 with probability p/2
0 with probability 1 —p

for some values of M < m and p to be chosen later. The random variables G;; are mutually independent. Let
X ; be the number of nonzero entries in the i-th row of G and let Y'; be the number of nonzero entries in the i-th
column of G. By the Chernoff bound, for § > 1,

Pr(X,; > (1+490) -mp| < exp(—omp/4) and Pr[Y; > (1+9)- - Mp] < exp(—dMp/4).
Let p be such that p|Large(x)| > 10 for all . As |Large(x)| > Ck, there is a value of p for which pm < epll(k).
By a union bound, we obtain that with probability > 99/100, for all ¢ and j, X; < epll(k) and Y'; < epll(k).
Thus, with probability > 99/100

max G;;| = max X; < epll(k) and max G;i| =maxY ; <epll(k).
€ §| il ; b ¢ J ¢ J p
j i

We now have that |G|z < \/(maxi > |Gijl)(max; 37, |Gij|) < epll(k), which implies that for any vector y,

IG - Ayll2 < epll(F)||Ayll2-

Let the event that ||G||2 < epll(k) be &.

3052 Copyright (© 2022 by SIAM
Unauthorized reproduction of this article is prohibited



Downloaded 06/17/23 to 73.222.54.66 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

We now show a contraction lower bound. Let x be an arbitrary unit vector in the column space of the matrix
A. We say arow G, is good if G;; is nonzero for some j € Large(z). We say G is bad if it is not good. We have

Pr[G,. is bad] = (1 — p)L2r&e@)| < exp(—p|Large(z)|) < exp(—10) < 1/100.

Thus, Pr|[G;. is good] > 99/100.

We say arow G, is large if |G.z| > n. Condition on the event that G;. is good. Let j € Large(z)Nnnz(G;.) #
0. Now, Gij.x = Zj,elmz(Gi*)_j Gijxj + Gijx;. As entries of the matrix G are mutually independent, with
probability 1/2, G;;x; has the same sign as Zj,e]mz(Gi*)_j Gi;x;, which implies that with probability > 1/2,
|Gisx| = |zj| = n. Thus,

Pr[G;. is large | G;. is good] > 1/2
which implies that
Pr[|G;.z| > n] = Pr[G,, is large] > (1/2) - (99/100) > 1/4.

Let | denote the number of large rows. As rows of the matrix G, are independent, largeness of rows is mutually
independent. Thus, by the Chernoff bound,

Pr(l < (1/2) M - (1/4)] < exp(~1/32).
We now condition on the event £. We have

Prll < M/8|
Pr[€]

Therefore, conditioned on the event £, with probability > 1 — 2exp(—M/32), we have [ > M /8 which implies
that

Pr[l < M/8|€] < < 2exp(—M/32).

l S M
kepll(k) — 8kepll(k)

IGz[3 > Y |Gzl = In* >
large i

In what follows, we condition on the event £. For M = k - poly(loglog(k)), we obtain that for a unit vector z,
with probability > 1 — exp(—k poly(loglog(k))),

poly(loglog(k))
epll(k) '

|G|l >
By suitably scaling G, we obtain that for all vectors x,
1Gx[l2 < epll(k) ||
and for any unit vector z, with probability > 1 — exp(—k - poly(log log(k))),
|G|z > 2.
The column space of the matrix A has dimension at most k. Let A be a net of the unit vectors in the column

space of A such that for any y € colspace(A), |ly|l2 = 1, there is an z, € N, ||z,]|2 = 1 such that

oy =yl < 75
Ty — Y|z < ——.
! Gl
As ||G|l2 < epll(k), there exists a net N of size exp(k - poly(loglog(k))). We union bound over all the net vectors
to obtain that with probability > 99/100, for all net vectors x € N,
1G]]z > 2.

Now conditioning on this event, for an arbitrary y € colspan(A4), ||y|l2 = 1, we have

1Gyllz = |G(zy + (y — zy)) 2
> |Gyl = |Gy — zy)ll2
> 2 —||Gll2[ly — 22
>1
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as the net is chosen so that ||y — z,||2 - |G|]2 < 1.

Conditioned on the event £, we have that each row of G has at most epll(k) nonzero entries. Thus, each
row of the matrix GA can be computed in k - epll(k) time and hence the matrix GA can be computed in time
k2epll(k). As Pr[€] > 99/100, the claim follows. O

THEOREM 6.3. (SUBSPACE EMBEDDING) Given an n X k matriz A, we can compute an m X k matriz SA with
m = k - poly(loglog(k)) such that with probability > 9/10, for all vectors x € R¥,

| Azllz < || S A2 < epli(k) ] Axl]..

The matriz S-A can be computed in time O(nnz(A)+k>' M) or more generally in time O(y~ 'nnz(A)+k>+tr+o())
for any constant v > 0. Further, for any matrix M with n rows,

E[|[SM 7] < epli(k)|| M]|?-

Proof. The matrix S is defined as follows
S§=4-G-F-82-51

where S7 is OSNAP for k& dimensional subspaces with v = 0.1, S5 is OSNAP for k£ dimensional subspaces with
v = 1/log(k), F is Indyk’s embedding for O(klog(k)) dimensional subspaces as in Theorem 6.1 and G is the
sparse embedding matrix with k - poly(loglog(k)) rows as in Theorem 6.2. We have with probability > 9/10, for
any vector z € R¥,

1 3
Azl < [[S2 - 81 - Azllz < 5| Az]>.
Condition on the above event. From Theorem 6.1, we have
1 1 3
7lAzllz < SISz - 81+ Azfle < |7 S2 - Sy - Azllz < |[S2 - Sy - Azllz < Sl Az]s.

By Theorem 6.1, every unit vector in the span of F has at least Ck coordinates with an absolute value of at
least 1/(Vk - epll(k)). Thus, the matrix F - S5 - Sy - A satisfies the conditions of Theorem 6.2. Therefore with
probability > 9/10, we have for all vectors z € R¥,

|G -F-82-8;- Ax|2 < epll(k)||F - Sz - S1 - Azx|2 < epll(k)||Ax||2
and 1
|G-F-Sqo-81-Azx|2 > | F-S2-S1- Axl|l2 > Z”A‘THQ.
Thus with probability > 8/10, for all vectors z,
[Azlly < [|S - Azl2 < epll(k)[| Azl
The matrix S - A can be computed as 4G(F(S2(S14)))) in time
O(nnz(A) + k> log? (k) + k*°M) 4+ k2 - epli(k))

where the last term follows from the fact that each of the kpoly(loglog(k)) rows of the matrix G has at most
epll(k) nonzero entries.

There is nothing special about v = 0.1. We can choose any constant 1 > v > 0 and use OSNAP with the
parameter v which gives an overall running time of O(y~'nnz(A) + k2T7+e(),

We now bound Eg[||SM||Z] for an arbitrary matrix M. We have

21 — . . . 2
EllSMe =16 , E _[IG-F 51 S M|

<16 - . F. . 2 .
<16 E[g[g[“G F -85 S1M||g[ 51, 82]| S1]]
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First, Eg[|G-F-S2-S1M|2| S1, S2] < Mp-(scale)-||F-S2-S1M||Z, where M is the number of rows of G, p is the
probability of an entry of G being nonzero and scale = epll(k) is the scaling factor for the random sign matrix. As
M = k-poly(loglog(k)) and p = epll(k)/k, we have Eg[||G - F - Sa- S1M||2| S1,S2] < epll(k)-||F-S2-S1M|E <
epll(k)||S2 - S1M||? as the matrix F does not increase the Euclidean norm of any vector. Thus,

E[||SM|[e] < epli(k) E(ElS>- S1M|[E | S1]] < epli(k)[|MIIZ,

where the last inequality follows from the fact that ||S; M ||2 is an unbiased estimator to || M ||Z if S; is an OSNAP.
0

7 Applications

Algorithm 2: LEVERAGESCORESAMPLING

Input: A€ R"¥F ¢~ >0
Output: An € subspace embedding S}, A

For i € S1, set (Slev)i: to be equal to 1/1/f;
return S, A after removing 0-value rows

1 SA + SPARSEEMBEDDING(A)

2 [Q, R + QR-DECOMPOSITION(S A) // QR =S84
3 s + kexp(poly(loglog k) />

4 Sy C[nl, f; for i € [S1] + SAMPLEFROMPRODUCT(A, R, s,7) // Lemma 7.2
5

6

7.1 Subspace Embeddings We use the fast subspace embedding construction from previous sections to
compute approximate leverage scores and then sample rows using the approximate leverage scores to compute
1 + ¢ subspace embeddings in time O(y 'nnz(A) + e 3n7k?+t°() + k¥ poly(loglog(k))) for any constant v. We
then compose with an OSNAP to obtain a subspace embedding with O(e =2k log(k)) rows.

THEOREM 7.1. (LEVERAGE SCORE SAMPLING) Given a full column rank matriz A € R™ ¥ et (2 for i € [n]
be the leverage score of the i-th row. Let p € [0,1]™ be a vector of probabilities such that for all i € [n],
min(1,7 - ((2/k)) > p; > min(1l,r - B - (¢2/k)) for some B < 1, and let the n x n diagonal random matriz
Siev be defined as follows: for each i € [n], the entry (Siev)ii is set to be equal to 1//p; with probability p;, and is
set to be 0 with probability 1 —p;. If r > Cklog(k)/Be? for an absolute constant C, then with probability > 99/100,
for all vectors x € R?

1w Asl3 € (1 % )]} As3.

With probability > 1 — exp(—0O(k)), the matriz Siev has at most O(Cklog(k)/Be%) nonzero entries.

The following lemma shows that a subspace embedding S for the column space of a matrix A can be used to
compute approximate leverage scores which can be used to perform leverage score sampling as described above
to obtain a 1 + € subspace embedding.

LEMMA 7.1. If S is a B subspace embedding for the column space of a full rank matriz A € R™ % j.e., for any
vector x,
[Az[ly < [[SAz|]2 < B Azl

and if SA = QR™! for an orthonormal matriz Q, then for all i € [n],
0;/B% < | ARl < £,
where £; is the leverage score of the i-th row of A.

The proof of the lemma is in Appendix A.1. Using our fast subspace embedding with & poly(loglog(k)) rows
and 3 = epll(k), the above lemma shows that if we can compute the values ||A;. R||3, then we can obtain a 1 + ¢
subspace embedding with k - epll(k)/e? rows.
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Often, the row norms || A;, R||3 are approximated with || A;. RG/||3, where G is a Gaussian matrix with O(logn)
columns using the fact that for an arbitrary vector z, ||zTG|% € (1/2,2)||z||% with probability 1 — 1/poly(n).
However, computing the matrix ARG takes O((nnz(A) + k2?)log(n)) time.

The following simple lemma shows that instead of obtaining constant approximations to ||A;.R||3 for all
the rows by using a Gaussian matrix G' with O(log(n)) columns, we can use a Gaussian matrix G’ with only
O(1/7) columns to obtain O(n” log(n)) factor approximations to || A;. R||3. We sample the rows using these coarse
approximations and then compute constant-factor approximations to ||A;«R||3 only for the rows that are sampled
in the first stage and then reject each of the sampled rows with appropriate probabilities to obtain a leverage
score sample.

LEMMA 7.2. Let A € R™? gnd R € R*™? be such that for any vector x € R%, the matriz-vector products
ARz, Rx can be computed in time at most Ty and Ty respectively. Given parameters v and s, there is an algorithm
conditioned on an event £, Pr[€] > 95/100, that samples indices i € [n] to obtain a random subset S C [n], such
that each i € [n] is in the set S independently with probability f;, where

[ AiR|3

. | 4i. RI3
* 4RI

min(1 =)
IARIZ

)= f; > min(1, (5/16)
The algorithm returns the random subset S along with the probabilities f; for i € S. The algorithm runs in time
O(y~'Ty + Ty log(n) + sdn” log?(n)).

Proof. Let p; := ||AiR|3/||AR||% for i € [n]. Let G be a Gaussian matrix with O(1) rows and n columns and
G be a Gaussian matrix with d rows and O(1) columns. We have

1
S IARIE < [G1ARG: | < 2| AR[E  (Event &1)

with probability > 99/100. The matrix G;ARG3 can be computed in O(T} + n) time. Let G3 be a Gaussian
matrix with O(log(n)) columns. With probability > 99/100,

1

We note that we do not compute the matrix ARG3 but we only compute the matrix RG3 which can be done in
time O(T3 log(n)).

Now, let G4 be a Gaussian matrix with ¢t = O(1/7) columns. Let g4, 95, .., g, be the columns of the matrix
G4. For each i € [n], with probability > 1 —1/100n?, max;cy [(AiR, g;)| > | AsxR||2/n7/? using the fact
that [(Ai R, g;)|je[ are independent half-Gaussians with standard deviation [|A;.R|[|2. By a union bound, with
probability > 1 —1/100n, for all i € [n], we have ||Ay RG4||3 > max;cy(AicR, g;)* > [|AiR|3/n7. By Lemma 1
of [25], we also obtain that with probability > 1 —1/100n, for all i € [n], || A« RG4||3 < O(log(n))|| A R||3. Thus,
with probability > 1 —2/100n, for all ¢ € [n]:

ARIE 4, RGA 2 < Clog(n)]| Ase B2

o S [AaRG|l; < Clog(n)|[ AR (Event &).

We compute ARG, and all squared row norms ||A; RG4||3 in time O(T3y~!). Condition on the event
E:=& N&E NE;. We have Pr[€] > 95/100.

Define z; := 2n7||A;+RG4||3/||G1ARG:||2. We have 4Cn” log(n)p; > z; > p; and define ¢; := min(1, sz;).
Sample i € [n] independently, each with probability ¢; to obtain a random subset S C [n]. If i € S, compute the
value || A4;.(RG3)||3 in time O(dlog(n)) and reject i with probability 1—min(1, (s/4)||A;«RG3||3/||G1ARG2||%)/q:.

We need to show that this procedure is well-defined. We have (s/4)||Ai« RG35|3/|G1ARG:||3 < (s/4)(4p;) =
sp; < sz; which implies that min(1, (s/4)| 4:«RG3||3/||G1ARG:||2) < ¢; and therefore the rejection probability
as defined is valid. Let S5 be the subset obtained after performing the rejection step on S;. The probability that
arow i€ Sy is

~min(1, (s/4)]|Ais RG33/||G1 ARG: ||?)
qi

fi=a

> min(1, (s/4)(p;/4)) = min(1, (s/16)p;).
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We also have that f; < min(1, sp;). Thus with probability exp(—s) only O(s) rows survive the rejection.

Now, with probability > 1 — exp(—s), |Si| = O(3_,¢) = O(sn”log(n)) and therefore the squared row
norm || A; RG3|% has to be computed only for O(sn” log(n)) rows. Therefore the time complexity of sampling is
O(y~'Ty + Ty log(n) + O(sdn” log?(n))). Thus, conditioned on the event &, the algorithm returns a subset S C [n]
sampled from the desired probability distribution in time O(y =T} + T log(n) + sdn” log®(n)). |

Using these lemmas, the following theorem shows that Algorithm 2 gives a 1 + & subspace embedding by
sampling using approximate leverage scores.

THEOREM 7.2. Given a full rank matriz A € R™*k, q constant v and a parameter e > 0, we have the following:

1. Algorithm 2 computes a matriz Siey A with ©(e~2k - epll(k)) rows such that with probability > 9/10, for all
vectors x,
1S1evAzl3 € (1% &) Az]3.

This matriz SievA can be computed in time

O(y'nnz(A) + e 2n koM 4 k¥ poly (loglog(k))).

2. Composing S\ey with the matriz S osnap, an OSNAP with O(e~2klog(k)) and at most O(e~*1og(k)) nonzero
entries in each column, we obtain that with probability > 9/10, for all vectors x,

IS osnap - Stev - Az|3 € (1 £ O(e)) || Azlf3.

The matriz Sosnap - (SievA) can be computed in time O(e3k*t°()) and hence, overall, the matriz
Sosnap - Siev - A can be computed in time

O(y 'nnz(A) + k* poly(loglog(k)) 4 e 2k*To) 4 g=2prFo(l)g2+e(1)
for any constant ~y.

Proof. From Theorem 6.2, we have a subspace embedding St.ss with O(k poly(loglog k)) rows and distortion
epll(k) that can be applied to matrix A in time O(y 'nnz(A) + k2t7+°M) for any constant v > 0. Compute
the matrices @, R~! such that @ has orthonormal columns and Sg.A = QR which can be done in time
O(k¥ poly(loglog(k))). By Lemma 7.1, we have

L < ||ALR|2 < 2
epll(k) — || T RH2 — EZ

which implies, using the fact >, (7 = k, that

2 _|AuR|3
kepll(k) ~ [ARJZ

Using Lemma 7.2, conditioned on the event £, we can sample a random subset S along with probabilities f; for
i € S such that each i € [n] is independently in the subset S with probability f;,

| AiR||3
IARIZ

7?2

fi = min(1, (s/4) - T~ epll(k)

) = min(1, (s/4) - )-

For s = O(klog(k) exp(poly(loglogk))/e?), we have f; > min(1,C¢?log(k)/e?) which implies that the matrix
Slev constructed by Algorithm 2 is a 1 4 & subspace embedding, with probability > 9/10, for the column space
of A by Theorem 7.1. In the notation of Lemma 7.2, for the matrices A and R, Ty = nnz(A) + k? and Ty = k2.

Thus, the sampling process runs in time

O(y 'nnz(A) + k?log(n) + e~ 2n"k? exp(poly(loglog k))) = O(y 'nnz(A) 4+ e~ 2p ToM 2 +el)y,
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Thus, overall, in time O(y 'nnz(A) 4 e 2n7 oM g2+ 1k poly(loglog k)), we can compute a leverage score
sampling matrix S}, with O(¢ =2k exp(loglog k)) rows such that for all z € R¥,

1S1evAx]3 € (1 )| Ax]3.

As nnz(S)vA) < (e71k)2epll(k), the OSNAP embedding Sosnap can be applied to SieyA in O(e~3k2epll(k))
time and the fact that Sosnap-Siev is a subspace embedding follows from the composability. Thus, we can compute
Sosnap-Slev-A which has O(e 2k log k) rows in O(y~'nnz(A)+k* poly(log log k) +& 3 k>H0() 4e=2prto(l) 2+o(1))
time.

d
7.2 Linear Regression Let A € R™** and b € R". By the linear regression problem (4,b), we mean
min,, ||Az — b||s and OPT(A,b) denotes the optimum value of this problem. We prove the following theorem.
THEOREM 7.3. Given a full-rank matriz A € R™* and b € R™, we obtain a solution x* such that
[|[Az™ —bll2 < (1+¢)OPT(A,b)
in time O(y~'nnz(A) + e~ 3p oM E2He() 1 k@ poly(loglog k)) for any constant .

Proof. We first find a 1+ € subspace embedding S for the column space of [4, b]. From Theorem 7.2, SA and Sb
can be computed in at most O(y~'nnz(A) + e~ 3pr+teM2+e() 4 k@ poly(loglog k)) time. We can also compute
a preconditioner R using the fast subspace embedding from Theorem 6.2 such that

k(AR) = epll(k)

by first computing Sg.cA = QR and then inverting R~! to obtain R. The matrix R can be computed in time
O(y 'nnz(A) 4 k27 4 k¥ poly(loglog(k))) for any constant . We also have that

k(SAR) = epll(k).
Let z* be a solution such that ||[SARz* — Sb||2 < (1 + €) min, ||SARxz — Sb||2. Then, we have

1+¢ +e€
— 18 Azop — Sb> < (1 &

[ ARz ~ bl < —— | SARz" — S| < | Azop — bl
Thus, Rz* is a 14+ O(e) approximate solution for the linear regression problem (A, b). Now, we focus on obtaining
a 1 + ¢ approximate solution for the regression problem (SAR, Sb).

We first compute an approximate solution for the regression problem as follows: let St.st be the subspace
embedding with & poly(loglog(k)) rows for the column space of [A,b]. Let £(9) = (St.50A)t (Stastb). This solution
can be computed in time O(nnz(A) 4 k*7+t°M 4 k¥ poly(loglog(k))). Let @gary = R~ '2(?) which can also be

computed in time O(k?). Now, we have
|SARZgare — Sbll2 < (1 + €)|| ARZgtare — blla = (1 + €)[| Az — bll2 < (1 4 €)||Stase A2 — Stasibl|2-

Let g be the optimal solution for the regression problem (SA,Sb). By optimality of z(®) for the regression
problem (Stast A, Stasth), we have

HSARxstart - Sb||2 ||Sfa5tA$( ) — Sfastb||2

<(1+¢)
< (14 €)[|Stast Azs — Stasibl|2
< (1+0)-epli(k) - | Az — b}
< epll(k) - OPT((SA, Sb)).

Thus, Zsart i an epll(k) approximate solution for the linear regression problem (SAR, Sb). Using the solution
Tstart, We can obtain a 1 + e approximate solution in O(epll(k)/e) iterations of gradient descent where each
iteration can be performed in time O(k?log(k)/e?). Thus, overall, in time

O(y 'nnz(A) 4+ e 3n oW 2+e() 4 k@ poly(loglog k),
we can compute a 1 + O(g) approximate solution for the linear regression problem (A, b). 0
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7.3 Rank Computation and Independent Row Selection We give an algorithm to compute a maximal set
of independent rows of an n x n matrix A of rank k& = n*(") in time O(y~'nnz(A)+k2T7+t°M L k< poly(loglog(k)))
for any constant v > 0, improving upon the earlier running time of O((nnz(A) + k“)log(k)) from Cheung et al.
[8] for any constant w > 2.

DEFINITION 7.1. (RANK PRESERVING SKETCHES) A distribution S over zg X n matrices is a rank preserving
sketch if there exists a constant ¢ such that for 8 ~ S, with high probability, for a given matric A € R"*?,
min (rank(SA), zg/c) = min (rank(A), zg/c) i.e., multiplying A with the matriz S preserves the rank if rank(A) <
zg/c.

THEOREM 7.4. ([8]) There are rank-preserving sketching distributions as above with ¢ = 11 such that

e SA can be computed in O(nnz(A)) time
o S has at most 2 nonzero entries in a column

e S has at most 2n/zs nonzero entries in a row

They use rank preserving sketches to give an algorithm to compute the rank of an arbitrary matrix and an
algorithm to compute a maximal set of linearly independent rows of the matrix.

THEOREM 7.5. (THEOREM 2.6 OF [8]) Let A € R"™*? be an arbitrary matriz with n > d. There is a randomized
algorithm to compute k = rank(A) in time O(nnz(A)log(k) + min(k¥,k - nnz(A))) with failure probability at
most O(1/n'/3).  There is also an algorithm to find k linearly independent rows of the matriz A in time
O((nnz(A) + k) log(n)) with failure probability at most O(log(n)/n'/?).

We show that the log(k) factor can be removed from the time required to compute the rank of the matrix.

THEOREM 7.6. (RANK COMPUTATION) Given A € R™"¥4 let k = rank(A). Let w be the matriz multiplication
constant and assume w > 2. Consider two cases:

1. If k <log(n)?“=2) & can be computed in time O(nnz(A) + log(n)® (“~=2)) = O(nnz(A)).
2. If k > log(n)?/“=2) k can be computed using Algorithm 3 (RANK) in time O(nnz(A)+min(k*, k-nnz(A))).

Proof. If k < log(n)?/(“=2) then we have rank preserving sketches S, R such that SAR can be computed in time

nnz(A), SAR is an O(log(n)?/“=2)) x O(log(n)?/“=2)) matrix and rank(SAR) = rank(A). Now the rank of SAR

can be computed in time O(log(n)% (“~2)). Thus, rank(A) can be computed in time O(nnz(A) + log(n)%/(«w=2)).
In the case k > log(n)*“=2) consider Algorithm 3. As z > ©(y/n/log(n)), with failure probability

< O(y/log(n)/n), the sketch SAR is rank preserving. As SAR is a z x z matrix, we have nnz(SAR) < 22 <

O(nnz(A)/log(n)). So, the rank k; of SAR can be computed in time O(nnz(SAR) log(ky)+min(k$, k1 -nnz(SAR))

by Theorem 7.5. As k1 < k, we have that the rank k; can be computed in time O(nnz(A4) + min(k¥, k - nnz(A))).
We now have two cases. In the case that k; < (nnz(A)/log(n))'/2, as we have

min(rank(A), (nnz(A)/ log(n))'/?) = min(rank(S; AR, ), (nnz(A)/log(n))/?),

we obtain that rank(A) = rank(SAR) = k.

If (nnz(A)/log(n))*/? < ki, we have k = rank(A) > k; > (nnz(A)/logn)’/? which shows that
nnz(A)log(n) < k%log®(n) < k¥ for any w > 2 and k > log(n)*“=2. We can now compute rank(A) in
time O(nnz(A)log(k) + min(k“, %k - nnz(A))) by Theorem 7.5. As nnz(A)log(k) = O(min(nnz(A) - k, k)), we
obtain that the running time is O(nnz(A) + min(k“, k - nnz(A))). 0
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Algorithm 3: RANK(A)

Input: A € R™*¢ rank(A) > (log(n))%/(“=2)

Output: k :=rank(A)

// CKL-RE, the algorithm of Theorem 2.6 of [8]
2+ ¢ (nnz(A)/logn)'/? // ¢>1 is a constant
Generate rank-preserving sketches S € R**™ and RT € R**¢
Compute SAR // using Theorem 7.4
k1 < rank(SAR) // using CKL-RE
if k1 < z/c then

‘ return &
end
ko <+ rank(A) // using CKL-RE
return ko

© 00 N o ok W N -

We now describe an algorithm to compute k linearly independent rows of a matrix A € R"*? of rank k in
time O(nnz(A) + k* poly(loglog(n))), replacing the log(n) factor in the running time of [8] with poly(loglog(n)).
Thus for matrices A with ¥~ < nnz(A) < k¥/log(n), we can now compute the rank k and a set of k linearly
independent rows in time O(k“ poly(loglog(k))) instead of O(k“ log(k)) time.

Without loss of generality, using the rank-preserving sketch, we can assume that d = ck for a constant c¢. The
following lemma describes a reduction to a sparse sub-matrix of A which also has rank equal to rank(A).

Algorithm 4: ROWREDUCTION(A, k)

Input: A € R"¥* rank(A) =k
Output: Ag € R™** m < (3n/11)k,nnz(Ag) < max((2/5)nnz(A), O(k?)),rank(Ag) = k
1 S < R%X" be a rank-preserving sketch
2 Compute SA
3 Compute P C [ck], |P| = k such that (SA)p has k linearly independent rows
4 Let Q < {i € [m]|S,; # Ofor some j € P}
5 return Ag

Algorithm 5: INDEPENDENTROWS(A, k)

Input: A € R"*? rank(A) =k
Output: Ag € RF*4 rank(Ag) =k
1 8 < R°%*d be a rank preserving sketch
2 B+ AST
3 Compute B’ by applying ROWREDUCTION O(loglog(n)) times
4 Compute S)ey, a leverage score subspace embedding for B’ using Theorem 7.2 with v = 1/log(n) and
e=0.1
Compute B” with O(k) rows by applying ROWREDUCTION to the matrix Siev A4, O(loglog(k)) times
Compute k linearly independent rows of B” and return Ag corresponding to these k rows

[~}

LEMMA 7.3. Let A € R™ * be an arbitrary matriz of rank k. There is a submatriz Ag € R™** that can be
computed in time O(nnz(A) + k) such that

e m=|Q| < (3n/11),
e nnz(Ag) < max((2/5) - nnz(A), O(k?)), and
o rank(Ag) = k.
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Proof. Let § € R°**" be a rank-preserving sketch for ¢ = 11. We have rank(SA) = rank(A) = k with probability
> 1—0O(1/k). Consider a set L of k linearly independent rows of the matrix SA which can be determined in
O(k¥) time. Let @ C [n] be the set of rows of A that contribute to the construction of the submatrix (SA)z which
implies that k& > rank(Ag) > rank((SA)r) = k and hence rank(Ag) = k. We therefore have that the sub-matrix
Ag consists of k linearly independent rows. The reduction A — Ag can be performed in O(nnz(A) + k%) time.
As each row of the matrix S has at most 2n/11k nonzero entries, we have |Q| < (2n/11k) - k < 2n/11. We now
bound nnz(Ag).

Let P C [ck] be an arbitrary subset of size k. We show that if @p C [n] is the subset of rows of A that
contribute to the construction of the sub-matrix (SA)p, then nnz(Ag,) < (2/5) - nnz(A) with high probability.

Let X; be the random variable that indicates if A;, contributes to the construction of (SA)p i.e., if i € @Qp.
By inspecting the proof of Theorem 7.4, we obtain that Pr[X; = 0] = (1 — 1/c)%. Thus, for ¢ = 11, we obtain
that Pr[X; =1] =1—(1—1/11)? = 21/121. We also note that the random variables X1,..., X, are negatively
associated [36]. Let a; denote the number of nonzero entries of the row A;, which implies that ) . a; = nnz(A).
Now, we have nnz(Ag,) = >_,a;X;. Using the Chernoff-Hoeffding bound for negatively associated random
variables [21],

2
Prnnz(Ag,) = Z a; X ; > nnz(A)-21/121 4+ t] < 2exp <—Z2t2> .
, i 4

u ) < (11e)* subsets P, we obtain that for a constant C,

By a union bound over all ( P

2t
Pr[There is a subset P C [11k],|P| = k with nnz(Ag,) > nnz(A4)/5+t] < 2exp <C’k - z:2> .
i 4

Now, we have >, a7 < max;a; - y.;a; < 11k - (nnz(A)) since the matrix A is assumed to have only ck = 11k
columns. For ¢ > ©(k4/nnz(A)), we obtain that with probability > 1 — exp(—©(k)), for all P C [11k],|P| = k,
we have that nnz(Ag,) < nnz(A4)/5 + t. For nnz(A) > O(k?), we have nnz(A4)/5 > O(k+/nnz(A)) which implies
that for all P, nnz(Ag,) < (2/5)nnz(A). This, in particular, implies that for M = @, that corresponds to
the set of rows contributing to a linearly independent set of rows of (SA), we have nnz(Ays) < (2/5) - nnz(A) if
nnz(A) > O(k?). d

Recursively applying the above lemma, we obtain the following.

COROLLARY 7.1. Let A € R4 be an arbitrary matriz of rank k. There is a matriv A’ € R™** with either
nnz(A’) < nnz(A)/log(n) or nnz(A’) < ©(k?) such that

e rank(A’) =rank(A) =k, and
e m < n/poly(log(n))
e linearly independent rows of A’ correspond to linearly independent rows of A.

The reduction A — A’ can be performed in O(nnz(A) 4 k* loglog(n)) time.

Proof. Let N = O(loglog(n)) and A(®) = A. Starting with i = 0, we apply the above reduction A — AG+1) to
obtain a matrix with nnz(A®+1) < (2/5) - nnz(A®). Then

nnz(A™)) < max((2/5)Vnnz(A4), O(k?)) < max(nnz(A)/ log(n), O(k?)).
The time complexity is O(Zivzl(nnz(A(i)) + k¥)) = O(nnz(A) + k¥ loglog(n)). O

We have now reduced the general problem of computing k linearly independent rows of a rank-k n X d
matrix A to computing k linearly independent rows of a rank-k m x ck matrix A’ with m < n/ poly(log(n)) and
nnz(A’) < O(max(k?,nnz(A4)/log(n))). Using these reductions, we have the following theorem.

THEOREM 7.7. Given an arbitrary matric A € R™? of rank k, Algorithm 5 computes a set of k linearly
independent rows of the matriz A in time O(nnz(A) + k* poly(loglog(n)) + k2T°(1),
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Proof. Let S € R**? be a rank preserving sketch which implies rank(AS") = rank(A) = k with probability
1 — O(1/k). Condition on this event. Let M C [n], |[M| = k be such that rows of the sub-matrix
(AST)M = Ay ST are linearly independent. Then, k > rank(Ay) > rank(AMST) = k which implies
rank(Ay) = k. Thus, we only have to find k linearly independent rows of the n X ck matrix B = AST.
We also have nnz(B) = O(nnz(A)). Using the above corollary, we can find an m x ck sub-matrix B’ such that
rank(B’) = k, nnz(B’) < O(max(nnz(B)/ poly(log(n)), ©(k?)) and m = n/ poly(log(n)).

From Theorem 7.2, using v = 1/log(n), in time O(nnz(B’)log(n) 4+ k* poly(loglog(n)) 4+ k2t°M) 4 my~1) =
O(nnz(A) + k* poly(log log(n)) + k2T°(1)), we can compute a row sampling matrix S}, that samples O(k - epll(k))
rows such that

|SievB'll3 € (1% 1/10)]| B3

for all vectors z. This, implies that the matrix S)e, B’ has rank k& and hence has k linearly independent rows.
As Siey is a leverage score sampling matrix, the rows of S)., B’ are multiples of rows of the matrix B’. Thus,
a set of k linearly independent rows of the matrix S)., B’ directly corresponds to a set of k linearly independent
rows of B which corresponds to a set of k linearly independent rows of the matrix A.
Applying the row reduction poly(loglog(k)) times to the matrix S)eyB’, we obtain a matrix B” of dimension
O(k) x k from which we can determine a set of k linearly independent rows in time O(k*). This concludes the
proof. ]

7.4 Low-Rank Approximation Let A € R"*? be an arbitrary matrix. We want to compute a matrix B of
rank at most k£ such that
|A =Bl < (1+e) A~ [Alull?-

Let OPT 4 denote ||A — [A]x]|2. Our main theorem for Low-Rank Approximation (LRA) is as follows.

THEOREM 7.8. Let A € R"*? | < min(n,d) be a rank parameter and € > 0 be an accuracy parameter. There is
an algorithm that outputs matrices V€ R"¥* and X € R¥*4 VTV = I}, such that with (1) probability,

IA-VX|E < (1+e)lA - [Alx]-

The algorithm runs in time O(y~'nnz(A) + e~ (n + d)k*~' + e k(nd M) + dn W) 4 poly(e~1k)) for any
constant v > 0.

In the following sections, we will describe how to compute the left factor V and the right factor X. We are not
very careful with probabilities, as we only have to condition over the success of O(1) events, and all these events
can be chosen to have a success probability 1 — ¢ for any absolute constant ¢ > 0 without affecting the time
complexity.

We start with a residual sampling algorithm that lets us obtain a subspace containing a 14 ¢ approximation
given a subspace that is only O(1) approximate.

7.4.1 Residual Sampling Suppose we have a subspace V € R? such that
|A— APy [|f < K||A — [Alx]?.

The following theorem of [19] shows that sampling O(K -k/e) rows of the matrix A with probabilities proportional
to the squared distances of the rows to the subspace V' gives a subspace that along with V' contains a 1+ ¢ rank-k
approximation to the matrix A.

THEOREM 7.9. (THEOREM 2.1 OF [19]) Let A € R"*4 and V € R? be a subspace. Let E = A— APy, the matrix
formed by projecting each row of A away from the subspace V. Let S be a random sample of s rows of A from a

distribution D such that row i is chosen with probability p; > o Ei.||3/||E||2. Then for any non-negative integer
k

7

k

E i — B|3 < — 24— 2

B win |4 - BIR] < 14 - Al + | B
rowspan(B)CV 4rowspan(Ag)

Instead of sampling s rows independently from the distribution p, we can also sample each @ € [n] with probability

¢; := min(1, sp;) and obtain the same result for the resulting random subset of rows. Sampling each i € [n]

independently with probability ¢; lets us use the sampling framework from Lemma 7.2.
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LEMMA 7.4. (SAMPLING EACH ROW INDEPENDENTLY) Let A € R" < and V be a subspace in R? and let
E =A— APy. Sample each i € [n] independently with a probability q; := min(1, sp;), with p; > o||Ew. |3/ E||E to
obtain a random subset S C [n]. For any nonnegative integer k,

k
E i — Bl?*l < _ 2 2.
B min A BIR<A- AR+ 2
rowspan(B)CV +rowspan(Ag)

The proof of this lemma is in Appendix A.2

7.4.2 Computing the left factor of an approximation Let T be a CountSketch matrix with ©(k?) columns.
In [13], the authors show that T is a projection cost preserving sketch, i.e., with probability 9/10, for all projection
matrices P of rank at most O(k),

I(I = P)AT|2 = (1 + 1/10)|(I — P)AJ12.

Let S be a CountSketch matrix with ©(k*) rows. Then, with probability > 99/100, S is a subspace embedding
for the matrix AT and therefore for any matrix X,

|SATX — SAT||} = (14 1/10)||ATX — AT|?.
We can relate OPT 4 and OPT gt as follows:

11 11
— i 2 _ . 2 < . 2 _
OPTgar = ||SAT — [SAT ||z = _.Inin ISAT — SATX ||; 0 _.nin |AT — AT X ||f = —1OOPTAT

where the inequality follows from the subspace embedding property of S for the column space of AT. Now,

1 1
OPTar = min |(I — P)AT||2 < 10 mi (I — P)A|j2 = §OPTA.

m
rank-k projections P 9 rank-k projections P

Here, the inequality follows as T is a projection cost preserving sketch for k& dimensional projections. Thus,
OPTgar < (11/9)OPTA.

Boutsidis and Woodruff [6] show that for any matrix M, there exists a sub-matrix M’ of M, with O(k/e)
columns such that there is a rank k matrix B, colspan(B) C colspan(M’), and |M — BJ|2 < (1+¢)||M — [M]x||2.
They also give an algorithm to find such a subset of columns. As SAT is a O(k*) x O(k?) matrix, using their
algorithm, we can compute in time poly(k), a column selection matrix 2 that selects O(k) columns of SAT such
that

min || SAT — SATOX |2 < gOPTSAT < 20PTa,4.

We now have ||[(SATQ)(SATQ)TSAT —SAT||Z < minyankk x |SAT—SATQX||2 < 20PT 4. Using the property
that S is a subspace embedding for the column space of AT, we have

20
|ATQ(SAT)TSAT — AT||2 < 11OPTa.
Let U be a matrix with orthonormal columns such that colspan(ATQ?) = colspan(U). Therefore,
2
[UUTAT — AT|)? < |[(ATQ)(SATQ) T SAT — AT < T(l)OPTA

which finally implies, as T is a projection cost preserving sketch for O(k) dimensional projections, that
[UUTA — A||2 < (10/9)(20/11)OPT4 < 30PT4. Thus, colspan(U) is an O(k) dimensional subspace with
(I —UUT)A||2 <30PT4. As, T and S are CountSketch matrices, the matrices AT and SAT can be computed
in time nnz(A). The matrix Q can be computed in time poly(k) and the matrix AT is obtained by selecting
the appropriate columns of matrix AT. The orthonormal matrix U can be computed in time O(nk“~1). Using
U, we now obtain a larger subspace of dimension O(k/e) that spans a 1 4 ¢ approximation.
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Using Lemma 7.4, we have that if columns of the matrix A are sampled independently to obtain a subset
Stes C [d] such that Pr[j € Syes] > min(1, sp;) for s = O(k/e), p; = ||(I —UUT) Ay ||3/I|(I —UUT)A||Z, then with
probability > 99/100, the subspace colspan(U) + colspan(ASre) spans columns of a k dimensional matrix that is
a (14 ¢) rank-k approximation for A.

Lemma 7.2 shows how to sample S, from such a distribution. In the notation of Lemma 7.2, we have
T = O(nnz(A) + nk) and T = nk. Therefore, with probability > 95/100, we can obtain a sample S
from a distribution over subsets of [d] such that independently, Pr[j € Sies] > min(1,0(k/e)p;) in time
O(yY(nnz(A) + nk) + nklog(d) + e *d'nklog?(d)) = O(y 'nnz(A) 4+ e 'nkd +°)) for any small constant
7. Let M = [U AS+]. We have with probability > 9/10, that

min_|[MX — Al < (1+4¢)OPT4.
rank-k X

To obtain a good k-dimensional subspace within the column space of M, we can sketch and solve the above
problem. Let T; be a CountSketch matrix with O((k/¢)?/e2) rows. Then with probability > 99/100, T'; is an
affine embedding for (M, A) and therefore for any matrix X, ||[T1MX —T1A||2 € (1+¢)||[MX — A||2. Let X7, be
the optimal solution for minyank i x |T1MX — T1A||r. As X, is optimal, the rows of the matrix X, must be
spanned by the rows of the matrix T'1 A, which implies that min,ankr x |MXT14— A2 < (1+0(¢))OPT 4. This
problem can now be solved by sketching on the left and the right with Ty and T's, where T'5 is a CountSketch
matrix with poly(k/e) rows, and then solving the sketched problem optimally. The time complexity of sketching
is O(nnz(M) + nnz(A)) = O(nnz(A) + nk/e), and the sketched problem can be solved in time poly(k/e). Thus
in time O(nnz(A) + nk/e + poly(k/e)), we can compute a rank k matrix X such that

[MXTiA— Al < (14 0(g))OPT 4.

We can also compute a decomposition of X = X; - Xy where X; has k columns in time poly(k/e), which
implies that the k£ dimensional column span of M X; is a 1 + O(e) approximate rank k singular subspace i.e.,
I(MX:1)(MX1)TA — Al|2 < (14 O(¢))OPT 4. The matrix M X; can be computed in time O(nk“~1/e) and a
matrix V which is an orthonormal basis for the column space of the n x k matrix M X; can be computed in time
O(nk“~1). Thus, in time O(y 'nnz(A) + e~ tnkd oM + e~1nkv~1 + poly(e~1k)), we can compute a left factor
for a 1 + € rank-k approximation of A. Thus, we have the following lemma.

LEMMA 7.5. Given a matriz A € R"*?, a rank parameter k and accuracy parameter €, we can compute a matric
V with k orthonormal columns in time O(y~'nnz(A) 4+ e~ nkd 1) 4 e~ @=Dpgw=1 4 poly(s~1k)) such that

A= VVTAIR < (1+2)]1A— [l

7.4.3 Computing a right factor given a left factor Given a matrix V with & orthonormal columns such
that
min [VX — Allg < (1+0(e))[|4 - [AxIf,

we want to compute a rank k matrix X that satisfies |[VX — A2 < (14 0())|| A — [A]4] 3.
For i € [n], let p; = ||Vii||3/k. Suppose Siey is a sampling matrix with s = O(klog(k)) rows such that each
row of Sley is independently equal to e} /,/sp; with a probability p;. Then we have

for all vectors x, || Siey V|3 € (1 £ 1/2)||V|3.

Let My = VTS and let Vi, be a matrix with k orthonormal columns such that colspan(Vay,) = rowspan(Ms).
Let S5 be the BSS-Sampling matrix returned by the dual set spectral sparsification algorithm of [6] on the inputs
Vg Stev (I — VVT)AT with a parameter 4k, where T is a CountSketch matrix with O(k?) columns. The matrix

Sa selects 4k rows of the matrix SieyA. Let Ry = S3S)evA. Lemma 6.7 of [6] shows that
|A— AR Ry ||} < O(1)[| A — [AlI?-

As the matrix R; has 4k rows, an orthonormal basis U for the rowspace of R;, with 4k orthonormal columns,
can be computed in time dk“~!. We can then perform residual sampling of rows of A with respect to the
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subspace U using the Lemma 7.2. Here T3 = nnz(A) + dk and T, = dk. Thus, we can sample rows from a
distribution defined by the probabilities min(1, (s/16)|| Az (I — UUT)|3/||A(I — UUT)||2), for s = O(k/¢) in time
T

O(y 'nnz(A) + e 1dkn?+°M). Let S, C [n] be the rows sampled. Let R = AU . The matrix R has O(k/¢)
S/

res

rows.
Now, as in proof of the Theorem 5.1 of [6], we have with proabability > 9/10,

IA = VVTARTRIf < (1+ O(e))| A — [Alx]|?,

which implies minx ||4 — VXR||2 < (1 + O(¢))||A — [A]x||2. By sketching the problem on the left and the right
with CountSketch matrices T'; and T with poly(k/e) rows and columns respectively, the optimal solution X
for the sketched problem satisfies

IA=VXrR[E < (1+0(e))[|A - [Al7-
Finally, the product X - R can be computed in time O(dk“~!/¢) to obtain a matrix X such that
1A= VXIE < (1+0(e) A~ [Alll?.

Thus, we can compute two matrices V, X with & columns and k rows respectively, such that the product V - X is
a 1 + ¢ approximate rank-k Frobenius norm approximation to the matrix A, in time

O(y 'nnz(A) + e Y (n+ d)k“ ™ + etk (nd? oM 4 dn W) 4 poly(e71k)).
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Missing proofs from Section 7

A.1 Proof of Lemma 7.1

Proof. [Proof of Lemma 7.1] Let AR = UT where U is an orthonormal matrix. As colspan(AR) = colspan(A),
we have that £2 = ||U;.||3. We first have for any vector z,

and

ITz)2 = [UTxlls = [[ARz|2 < |SARz|]2 = [[Qz[l2 = [l]2

[Tzll2 = [UTx|ls = [[ARz|2 > (1/B)||SARz|]> = (1/8)]|Qx[l2 = (1/5)|z[l2-

Here we repeatedly used the facts that @ and U are orthonormal matrices. Thus, we obtain ||T'||2 < 1 and
omin(T) > 1/8. As A;uR = U;, T, we obtain that

and

[AixRl2 = [|[UiT|2 < |Usl[2/|T]|2 < [|Uix]l2

[AixRll2 = (Ui T||2 > |Uss|l20min(T) = (1/8) |Usx]|2-

Thus, £;*/8% < |AuRI3 < (. O
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A.2 Proof of Lemma 7.4

Proof. [Proof of Lemma 7.4] Let uM, ... ul be the left singular vectors and vV, ...,

vectors. For j =1,... k, let
| G)
X0 = Z Y (Bi) T I[i is sampled]
. qi
i:q; <1

v be the right singular

and w@) = X 4 D=1 u (E;,)T + Py ATu@. We have E[w@®] = ATul) = o;00). Now,

Eflw? — o033 = B[ XY — 3" wP ()T = BIXDZ - | D uf

1:q; <1 1:q; <1

Now,

E[|XY|3] = E]| Z

zq1<1

TI[i is sampled]||3]

l

)13

- Z ||Ez*||2Qz Z U(J)U(/J)<EM,EL/*>

irqi <1 l 174’ :qi,q, <1

As the values p; used to define probabilities g; are such that p; > a| E;.||3/||E||2, then we have

HIXJ)||]<7”EHF+” Yo uE)TIE = D ()T

i:q; <1 1:q; <1

Thus, E[|w") — g9 (3] < (1/s0)| B2 - 3, gi<l ||u(])(EZ-*)T||§. From here, using the same proof as [19], we

obtain that the subspace V + span(Ag) spans rows of a rank k£ matrix B such that

k
A— B2 <||A = ALllZ + —=||E|3.
|4 - Bl < 1A~ Akl + || EII?
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