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Abstract

A common data analysis task is the reduced-rank regression problem:

min_[|[AX — B||,
rank-k X
where A € R"*¢ and B € R™*? are given large matrices and || - || is some norm. Here the unknown
matrix X € R°*? is constrained to be of rank k as it results in a significant parameter reduction
of the solution when ¢ and d are large. In the case of Frobenius norm error, there is a standard
closed form solution to this problem and a fast algorithm to find a (1 + ¢)-approximate solution.
However, for the important case of operator norm error, no closed form solution is known and the
fastest known algorithms take singular value decomposition time.
We give the first randomized algorithms for this problem running in time

(nnz(A) +nnz(B) + c*) - k/e*® + (n + d)k? /e + ¢,

up to a polylogarithmic factor involving condition numbers, matrix dimensions, and dependence on
1/e. Here nnz(M) denotes the number of nonzero entries of a matrix M, and w is the exponent of
matrix multiplication. As both (1) spectral low rank approximation (A = B) and (2) linear system
solving (n = ¢ and d = 1) are special cases, our time cannot be improved by more than a 1/¢
factor (up to polylogarithmic factors) without a major breakthrough in linear algebra. Interestingly,
known techniques for low rank approximation, such as alternating minimization or sketch-and-
solve, provably fail for this problem. Instead, our algorithm uses an existential characterization of
a solution, together with Krylov methods, low degree polynomial approximation, and sketching-
based preconditioning.

1. Introduction

Given an n x ¢ matrix A, an n X d matrix B, and an integer parameter k, the reduced-rank regression
problem asks to solve for a rank at most & matrix X € R°*? for which ||AX — B|| is minimized in
some norm. A standard motivation is that by constraining X to have rank at most k, the solution X
can be represented using only (c + d)k parameters rather than ¢ - d parameters. Another important
motivation is that the rank constraint provides regularization on the solution, which often leads to
better generalization. Yet another motivation is that the solution X can be explained by at most
k latent factors, and one can try to interpret the latent factors, plot them [3], and so on. This is
commonly done in ecology, where reduced-rank regression is known as redundancy analysis [15],
and is a type of ordination method [14]. For a survey, we refer the reader to the textbook by Velu
and Reinsel [29] devoted to reduced-rank regression.

The mingn « x ||AX — B|| problem is only known to have a closed form solution when the error
measure is the Frobenius norm. In this case, the solution is given by X = AT[AAT BJj (see, e.g.,
[7]). Here for a matrix M, [M]; denotes the best rank k approximation for M in Frobenius norm

© 2021 P. Kacham & D.P. Woodruff.



KACHAM WOODRUFF

and M denotes the Moore-Penrose pseudo-inverse. This has a natural geometric interpretation -
project each of the columns of B onto the column span of A and find the best rank-% approximation
to the projected matrix. By the Pythagorean theorem, one can show there is no loss in this approach,
as the optimal cost decomposes into the sum of squared distances of columns of B to the column
span of A followed by the best rank-%£ approximation to the projected matrix inside of the column
span of A.

In a number of applications, the Frobenius norm is not the right measure. For example, in cancer
genetics more robust versions are desired, and versions based on the sum of Euclidean lengths
instead of the sum of squared Euclidean lengths are sometimes used [25]. Still, in other applications,
the operator norm error solution may give a solution of much better quality. Indeed, if B has a heavy
tail of singular values, as is common for data analysis and learning applications, then it has no good
rank-k approximation, much less one in the column span of A, and consequently, outputting an X’
with |AX" — B||2 < (1+¢)||AX¢ — B||2, where X is the optimal Frobenius norm solution, may
be meaningless as one could just set X’ = 0. Indeed, this is sometimes a motivation (see, e.g., [18])
for the low rank approximation problem with operator norm error, which is a special case of our
problem when A = B, and a number of works [9; 12; 13; 28] suggest considering operator norm
error in certain contexts.

It is tempting to think that the Frobenius norm solution holds also for other unitarily invariant
norms, such as the operator norm. However, one can show this is not the case. Indeed, let X be the
solution to mink x||AX — B||g. It was shown by Boutsidis [2] that this is a v/2-approximation,
namely, that || AXF — B2 < v/2 - Opt where Opt = mingnk. x ||[AX — B]||2. Unfortunately, the
V/2 factor is tight and there are instances where the Frobenius norm solution really does give at best
a v/2-approximation. Suppose, for example!

00 1 0
A= |1 0|,and B= |1 0
0 1 0 1+

For the problem ming,n1 x ||[AX — B||f, the optimum solution is

0 0 10
XF= ,withAXp, — B=-—1(1 0
0 14+~
0 0
and thus, ||AXf — B||2 = v/2. On the other hand, for
1 0
x=' Y ax-B=—|0 o |,
0 0
0 14~

and so ||[AX — B|l2 = (1 4+ 7). Asy — 0, the approximation factor becomes arbitrarily close to
V2.

We note that the reduced-rank regression problem in operator norm is non-convex in X due
to the rank constraint, and it is not even clear this problem can be solved in polynomial time. Of
the few techniques that are known for rank-constrained optimization, they do not apply here. One

1. We thank Ankur Moitra for pointing out this example to us.
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common method is alternating minimization, writing the problem above as mingy [|AUV — B||2,
where U € R"*F and V € R¥*4, The idea is to fix U, then solve for V, then fix V and solve for U,
and repeat. When U is fixed, then V = (AU)™ B is the optimum, and when V is fixed, the solution
turns out to be U = AT BV, though this is not as obvious, see (1.3) in [16], taking p — oo, for
a proof. It turns out if one initializes with the Frobenius norm solution U, V, then each of these
operations does not change U or V, and so by the example above, alternating minimization gives at
best a \/2-approximation. Other techniques include sketching to a small problem, and solving the
small problem in the sketch space; sketches are well-known not to apply to operator norm low rank
approximation problems, motivating the first open question in [31].

This issue of polynomial time solvability was raised in the control theory literature by Sou and
Rantzer [27], where a (1 + ¢)-approximation was obtained, but the the time required to find the
solution was at least the time to perform a singular value decomposition (SVD) on matrices A and
B, which is prohibitive for large n, ¢, and d. This is a common setting of parameters and indeed,
one of the motivations for constraining X to have rank at most k in the first place. This motivates
the question:

“Are there fast algorithms for reduced-rank regression with operator norm error?”

1.1. Main Result

We answer the question above by designing a new randomized algorithm running in time

. M 2 2
o <<nnz(f) k n nnzg(le) k n ;7]; 4 (n+€d)k> -polylog(k(B),n,d, k,1/¢) +cw> )

Here, x(B) denotes 01(B)/ok+1(B). This significantly improves over Sou and Rantzer’s polyno-
mial time result, which takes Q(nd? + nc?) time.

We note that spectral low rank approximation is a special case in which A = B, and the best
known upper bound is O(nnz(A) - k/+/€) for this problem, up to logarithmic factors [18]. A major
open question in randomized numerical linear algebra is to improve this bound (see, e.g., Open
Question 1 of [31]), or show that it is not possible. We note that for £ = 1, in the matrix-vector
query model, ©2(1/+/2) queries is known to be required if a slightly stronger guarantee than spectral
low rank approximation is desired, even for adaptive algorithms [4; 26]. Another important point
is that when n = c and d = 1, this is just the time to solve an arbitrary linear system, for which
the best known time is ¢¥. Improving either spectral low rank approximation or linear system
solving is a major open question, and barring that, our algorithm is optimal up to a 1 /¢ factor and
polylogarithmic factors involving matrix dimensions and condition numbers.

1.2. Our Techniques

Throughout the paper, let Opt := infk x ||AX — B]|2, 8 be such that (1 + £)Opt < 3 <
(1 + 2¢)Opt, and let A := BT(I — AAT)B. The work of Sou and Rantzer [27] shows that
Xp = AT[AATB(BI — A)~V2),(B2T — A)Y/? satisfies || AX — B||2 < . For completeness, we
give a short proof of this fact in this paper. It is not a priori clear how to extract a solution from this
expression, while multiplying out all of the matrices, computing an inverse square root, and taking
an SVD would take a prohibitive amount of time. This is essentially the algorithm of [27].
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We instead show that not only the best rank k approximation of the matrix AATB(3%I —
A)_l/ 2, but even a 1 + ¢ approximation in spectral norm yields an overall solution of cost at most
B(1+0O(g)). To obtain such a 1+ £ approximation, we next try to apply the iterative method of [18]
which computes the Krylov matrix K = [C-G, (CCT)-C-G,(CCT)?.C-G,...,(CCT)la-1/2.
C'- G] where G is a Gaussian matrix with k columns, ¢ = O(log(d/e)+/1/¢) is an odd integer, and
C = AATB(B?I — A)_l/ 2. The first problem with this approach is that we have to compute the
matrix vector product C'G and to do this, in each iteration we need to (1) multiply by the square
root of an inverse (multiplication by (321 — A)~'/2), and then (2) project onto the column span of
A (multiplication by AA™).

Computing exact matrix-vector products with the matrices AA* and (321 — A)_l/ 2 is slow

when ¢, d are large, and finding the matrices AA™ and (321 —A)~1/2 takes at least Q(nc?+nnz(B)-
¢+ d¥) time. To avoid such a running time, we show that the Block Krylov Iteration algorithm of
Musco and Musco [18] works even with approximate matrix-vector products i.e., we only need
algorithms to compute vectors C' ov and C'T o v’ for arbitrary vectors v, v’ such that ||C o v — Cv|2
and ||CT o v’ — CTo'||3 are small. Here and throughout the paper, we use the notation M o v to
denote an approximation to the matrix-vector product M.

An important idea of Musco and Musco [18] is that the Krylov matrix K spans a rank k£ matrix
P(C)G = Y di<q pi(CCTY=1/2G where p is a polynomial, such that projecting the columns
of the matrix C onto the column span of p(C)G gives a good rank k approximation. To prove
that the algorithm works even with approximate matrix-vector products, we first show that the ap-
proximations computed to matrices (CCT)(i_l)/ 20G fori = 1,...,q are good enough to imply
that the approximate Krylov matrix K’ spans a matrix Apz that is close to the matrix p(C)G in
Frobenius norm. To then conclude that the column space of Apzx is also a good subspace to project
the matrix C onto, we need to show that (Apz)(Apz)™ =~ (p(C)G)(p(C)G)™. We prove a simple
lemma that shows if ||p(C)G — Apz||f is small, and p(C)G has a good condition number, and so
then ||(p(C)G)(p(C)G)T — (Apz)(Apz)T||2 is small. Crucially, as G is a Gaussian matrix that
has, with good probability a good condition number, we only have to bound o1 (p(C)) /o (p(C))
to obtain a bound on the condition number of p(C')G. Using several properties of Chebyshev poly-
nomials used to define the polynomial p(z), we show that o1 (p(C)) /o (p(C)) can be bounded in
terms of K = 01(C)/ok+1(C), which finally shows that the k-dimensional column span of Apz is
also a good subspace to project the columns of C'.

As the parameters of the polynomial p(z) are unknown, we cannot actually compute the matrix
Apz and then project C' onto the column span. But using the fact that K’ spans Apz, we can con-
clude, similarly to the arguments of [18], that the best rank k& Frobenius norm approximation of C'
in the span of K’ is a good rank k approximation to C. Using the oracle to compute approximate
matrix-vector products with the matrix C, we recover a 1+¢ approximation to the best rank k Frobe-
nius norm approximation of C inside the span of K’, which we then show is a 1 + & approximation
to a spectral norm low rank approximation of matrix C'. Our analysis that the Block Krylov Iteration
algorithm works with approximate matrix-vector products could help justify why the Block Krylov
Iteration algorithm works well when using finite precision arithmetic rather than exact arithmetic.
Our results address the comments of [19] about the stability of block Lanczos based methods for
problems such as low rank approximation. Though several analyses of the noisy power method have
been done previously [1; 10; 11], where each intermediate computation is corrupted by Gaussian
noise, we are not aware of an analysis that works for worst case corruption. Also, previous work
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bounds the amount of Gaussian noise that can be added in terms of a gap between o and o1,
which can be 0, and would not work for our analysis.

We return to the task at hand, i.e., of computing a low rank approximation of AAT B(B%I —
A)~1/2. We show that we can replace the matrix (521 — A)~/2 with the matrix (1/8)r(A/3?),
where 7(z) is a polynomial of degree O(1/,/Z), using polynomial approximation techniques based
on Chebyshev polynomials (see, e.g., [24] and the references therein). Here we crucially use the
fact that (1 + 2¢)Opt > 3 > (1 +¢)Opt > (1 +¢)||(I — AAT)B||2 to lower bound the minimum
singular value of the matrix (321 — A), thereby obtaining an upper bound on the number of terms
required to approximate (I — (A/3?))~/2 with a Taylor series. Then we replace each monomial in
the Taylor series with a low degree polynomial approximation to construct a polynomial 7 (). The
replacement of (321 — A)~1/2 with the matrix (A /3?) is done as we can give very fast algorithms
to approximately multiply a vector with the matrix (A /3?), as discussed below.

Let M’ = AA*B - r(A/B?%). Recall A = BT(I — AA™)B. To approximate the matrix-vector
product A for an arbitrary vector u, we need only approximate BT AA* Bu, since BT Bu can
be computed exactly in nnz(B) time. For computing an approximation to AA™(Bu), we use fast
sketching-based preconditioning methods for linear regression, which show given an arbitrary vec-
tor b and accuracy parameter &, how to find an x for which || Az — AATD||o < ereg||(1 — AAT)D|2
in time O((nnz(A) + ¢?) log(1/ereg) + ¢*), where w ~ 2.376 is the exponent of matrix multipli-
cation [6; 17; 21]. We note that we only need to pay the ¢* time once to compute a preconditioner,
after which each regression problem takes O((nnz(A) + ¢?) log(1/ereg)) time. This algorithm to
approximately compute Au for an arbitrary vector u is extended to approximate r(A/3?) - v for
an arbitrary v. After approximating the product r(A/3?) - v with a vector y, we approximate the
vector AAT By again using the sketching-based preconditioning methods for linear regression.

Similarly we also give an algorithm to approximate M’ Ty for an arbitrary vector v’. Thus,
as discussed above, we can obtain using a Block Krylov algorithm, a matrix Z with orthonormal
columns for which | ZZT M’ — M|z < (1 + ¢)ok11(M’) and then conclude that

|AA* Z(AATZ)* B — Bl|2 < (14 0(¢))8 = (1 + O(e))Opt

and that the rank k matrix X = ATZ(AATZ)"Bis a1 + O(g) approximation for the problem
mingn ¢ [|AX — Bl|2.

The time complexity of our algorithm depends logarithmically on x(B) = o1(B)/ok+1(B)
and K(AATB) = 01(AATB) /o411 (AATB). We show that if B = B + aGFT where G is an
n x (k + 1) random Gaussian matrix and F'T has k + 1 orthonormal rows, then for a suitable value
of o, the condition number x(AA* B) < (Cn/e)x(B) for a constant C.. We also show thata 1 + ¢
approximation for reduced rank regression computed using the matrix Bisa 1+0(e) approximation
for reduced rank regression on matrix B, thus removing the dependence on xk(AA™' B). Note that
matrix-vector products with B can be computed in nnz(B) + (n + d)k time.

Our final dependence on ¢ in the running time is 1/ e3/2, ignoring polylogarithmic factors, where
a factor of 1/4/ is from the number of iterations in the Block Krylov Iteration algorithm of Musco
and Musco [18], a factor of 1/1/¢ is from the degree of the polynomial (), which is used as a proxy
for the matrix (521 — A)~/2 with a matrix r(A/(2), and a factor of 1// is due to the running
time of high-precision regression methods based on the accuracy with which the approximate matrix
products need to be computed.
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2. Notation and Preliminaries

For a matrix M, nnz(M) denotes the number of nonzero entries in M. We refer to the Singular
Value Decomposition (SVD) with only nonzero singular values as the “thin” SVD. Given an arbi-
trary matrix M, colpsan(M) denotes the subspace spanned by the columns of A/, and the matrix
M™ denotes the Moore-Penrose pseudo-inverse of matrix M. Given a subspace V, the matrix Py
denotes the projection onto the subspace V. Therefore Py u = arg min, ¢y, |ju — v||2 for all vectors
u. Given a matrix M, we use P/ to denote Pegjgpan(ar)-

For a matrix M, the Frobenius norm (3, ; M; 2 )1/ 2 is denoted by || M ||r and the operator norm
(or spectral norm) sup,, ||Mz||2/||x||2 is denoted by || M ||2. For a square matrix M, tr(M) denotes
the sum of diagonal entries. For matrices M and M’ of the same dimensions, (M, M’) denotes
w(MTM') =3, M, JM . We use the following standard facts repeatedly throughout the paper:
for any matrix M, (1) HM||2 < |M||g, 2) ||M|lg < +/rank(M)||M||2 and 3) Pyy = MM™.
For any matrices A, B and C, (i) tr(ABC) = tr(BCA), (ii) | ABC||¢ < ||Al]2||B||¢||C|2 and (iii)
(4, B) < | Allel| Blle-

For a symmetric matrix M, define psd(M ) to be the closest positive semi-definite matrix to M
in Frobenius norm. It can be shown that if M = . A\;v;v], then psd(M) = 3., A0 Ao .

Weyl’s Inequality. For matrices A and B, Weyl’s 1nequa11ty gives that aiﬂll(A + B) <
0i(A) + 0j(B) for all 7 and j. In particular, if ||[A — Bl|2 < ¢, |0;(A) — 0;(B)| < € for all 4.

Polynomials and Matrices. Let p(z) = Z‘LO piz’ be a degree d polynomial. We define
lpll1 := >_, |pi| to be the sum of absolute values of the coefficients of the polynomial p(x). Given
A € R4 let A = USVT be the singular value decomposition of A with ¥ € R"*¢. Define
p(A) == Up(X)VT where p(¥) is the matrix with main diagonal entries p(c1),...,p(cq). Itis
easy to check that the singular values of p(A) are equal to |p(c1)], ..., |[p(cq)l.

Singular Value Excess. Let A € R™*4 with n > d be an arbitrary matrix. Let 07 > 09 >

- > 04 > 0 be the singular values of matrix A. The Singular Value Excess of matrix A, denoted
by sve(A), is defined as the number of singular values of matrix A that are greater than or equal to
lie.,
sve(A) = {i € [d]|o; > 1}

As eigenvalues of matrix [ — ATAare1— o% <...<1- 03, sve(A) is equal to the number of non-
positive eigenvalues of the matrix I — AT A. For any symmetric matrix M, let k= (M) denote the
number of non-positive eigenvalues of the matrix M. For any matrix A, sve(A) = k= (I — AT A).

Sketching Based Preconditioning for High-Precision Regression. Given a matrix A € R"*¢
and a vector b € R", we use fast sketching based preconditioning methods given by the following
theorem to obtain a (1 + ) approximation to the problem min,, || Az — b||2. See [31] and references
therein for more background.

Theorem 1 (High Precision Regression/Approximate Projections) Given a matrix A € R™*¢
and a vector b € R™, we can compute a vector z in time O((nnz(A) + ¢?)log(1/e) + ¢¥) that
satisfies ||[Az — b||3 < (1 + ¢)||AATb — b||3. By the Pythagorean theorem, the vector x obtained
satisfies ||[AATh — Ax|3 < || AATH — b3

We have to pay c* only once to compute a preconditioner. Thereafter, every regression problem
can be solved in time O((nnz(A) + c?) log(1/¢)). Throughout the paper, we use HIGHPRECISION-
REGRESSION(A, b, ¢) to denote the algorithm implied by Theorem 1. We extend the notation to
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compute approximate projections of each of the columns of matrix B, instead of just a single vector
b, onto the column space of A.

Low Rank Approximation(LRA). Let A € R™*¢and A = ULV T be its “thin” Singular Value
Decomposition, where UTU = I, VTV = Tand ¥ = diag(oy, ... 7Urank(A)) withoy > 09 > --- >
Orank(4) > 0. For any k& < rank(A), we define [A];, := Ele 0iUsi(V'T)ix, where U,; denotes the
i-th column of matrix U and V;I denotes the i-th row of matrix V7. The matrix [A]) optimally
solves the problems mingn x x||A — X||r and mingnx  x ||A — X||2. As computing [A], exactly
is expensive, we use the Block Krylov Iteration algorithm of [18] to obtain a matrix Z € R™** for
which ZZT A is a good solution to the Frobenius norm and spectral norm low rank approximation
problems.

Theorem 2 (Musco and Musco [18]) Given a matrix A € R"*% such that the products Av € R"
and ATv' € R% can be computed in time T for any vectors v € R% and v' € R™, the Block Krylov
Iteration algorithm runs in time

1 21 2 31 3
O<Tk ogd nklog®(d) k°log (d))

cl/2 c £3/2
and returns a matrix Z € R™* with orthonormal columns for which
IA—=ZZTAlls < (1 +€)| A~ [Algll2 and |A = ZZTAllp < (1 + )| A — [AlglF-

Frobenius Norm Reduced-Rank Regression. As discussed in the introduction, there is a
closed form solution to the reduced-rank Frobenius norm regression problem.

Lemma 3 (Lemma 4.1 of [31], Lemma 2 of [18]) Given matrices A € R" ¢, B € R" % and a
rank parameter k < ¢, let matrix Q) denote an orthonormal basis for the column span of A. Then
minur x[|AX — Bl = |Q[QTBlx — Bllr = |[[AATB]x — Bll. If US2UT is the SVD of
QTAATQ, and Uy, denotes the first k columns of U, then [QT By = UpU ];r Q" B, and therefore

_min_|AX — B|lr = [QIQ"Blx — Bllr = (QU:)(QUx)"B — Blr.

Chebyshev Polynomials. The Chebyshev polynomials are defined as
To(x) =1, Ti(z) = x and T;(x) = 22T;—1(x) — T;—2(x)

for all i > 2. Thus T;(z) is a polynomial of degree . It can be shown that if  is odd, then T;(z) has
only odd degree monomials. Chebyshev polynomial 7} has the property that ||T;||; < (1++/2) for
all 7. See [18] for more properties of Chebyshev polynomials.

3. Previous work

Let A € R™*¢ be a matrix and UX VT be the “thin” SVD of A, where U is an orthonormal basis
for the column space of A. Note that the projection matrix onto the column space of A is given by
AAY = UUT. The first algorithm to solve minan.1, x [|AX — B||2 was by Sou and Rantzer [27].
They consider the following problem:

minimize rank (X))
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such that || AX — B2 < 1. (1)

As multiplying a matrix with a projection matrix does not increase the operator norm, we have that
|AX — Blls > ||(I — AAT)(AX — B)||2 = ||(I — AAT)B)||2. Thus the problem is feasible only
when ||(I — AAT)B|j2 = ||(I — UUT)B||2 < 1. The following theorem characterizes the solution
for (1).

Theorem 4 (Sou and Rantzer [27]) Given matrices A € R™¢ and a matrix B € R"*%, if there
is a matrix Y such that ||AY — B||a < 1, then the optimum value of (1) is sve(B) where sve(B)
denotes the number of singular values of B that are greater than or equal to 1.

For an arbitrary s > 0, consider the problem (1) with matrices A/s and B/s. The problem is
feasible if and only if ||(I — UUT)(B/s)|2 < 1,i.e., if and only if || (I — UUT)B||2 < s. Suppose
s is such that s > ||(I — UUT)B]||2. Then Theorem 4 implies that there is a rank & matrix X such
that ||[(A/s)X — (B/s)||2 < 1if and only if k& > sve(B/s), i.e., ox+1(B/s) < 1. This argument
shows that for any s > max(og1(B), ||(I — UUT)B]||2), there is a rank k matrix X such that
|AX — B|2 < s. Thus Opt = max(oy,1(B), ||(I = UUT)B|2).

It is interesting and perhaps surprising that the above theorem implies we can obtain a so-
lution that has a value max(oy,1(B),||(I — UUT)B|2), which is a simple lower bound on the
optimum. This shows that if ||(I — UUT)B|l2 < o441(B), there is a rank k& matrix in the col-
umn span of matrix A that is as good of an approximation to B in spectral norm as [B]j. Also,
if ||(I —UUT)B|l2 > o141(B), then there is a rank-k matrix in the column space of A that is as
good of an approximation to B in spectral norm as AATB = UU T B, the projection of B onto the
column span of A.

We thus have the following corollary summarizing the discussion above. The corollary was also
observed in [see 20, Section 4] in terms of a different parameter they call the critical rank.

Corollary 5 Given matrices A € R"*¢, B € R"*? and a parameter k,

inf | AX = Blly = max(|[(I — AA7) B3, 011 ().

We give a proof of Theorem 4 for completeness in Appendix A.1. Our proof is similar to the proof
of Sou and Rantzer [27] with some minor changes.

4. Reduced-Rank Regression in Operator Norm

We first consider the case when ¢, d are small. In this case, we could assume that we can compute
matrices U and A, where U is an orthonormal basis for the column span of matrix A, and the
matrix A = BT(I — UUT")B. We give a simple algorithm that demonstrates our techniques. We
then extend these ideas to the case when c, d are large, for which computing an orthonormal basis
for A and computing A is prohibitively expensive.

From Corollary 5, we have that Opt = max(||(I — UUT)B||2,0111(B)). Let 3 be such that
(14¢)Opt < 5 < (14 2¢)Opt, which can be found using the Block Krylov algorithm. Throughout
the paper we assume we know the value 5.

Lemma 6 If there exists a rank-k matrix X such that |{UX — B||s < f3, then oj41 (U B(5%I —
A2y < 1.
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Algorithm 1: Low Rank Approximation with Approximate Matrix Multiplication

Input: M € R"*? k € Z,e > 0,Oraclejs : R? x ¢ — R™, Oracle,;r : R” x ¢ — R?

Output: Z ¢ R™**

G ~ N(0,)*, & ¢ 01(M)/01(M). g  O((1//E) log(d/<))

g0 + O (g/(K*TPIKTCT)), g4 + O (£2/(48k(k*(Vgk)k)))

/* Let o and e denote approximate matrix-vector products using the Oracles
with accuracy ¢, and &,, respectively */

K [(MMT)@D2M 0 G, (MM @32 Mo G,... M oG]

Q' + Orthonormal basis for K’

[U,52,U7] + SVD(QT(M o (MT Q"))

Uy, +First k columns of U

7 Q’Uk

The proof of this lemma is in Appendix B.1. The proof of the above lemma also shows that if we
can find a matrix Y of rank k such that [|[Y — UTB(6%I — A)~'/2||y < 1, then we can obtain a
matrix X = Y (%I — A)'/2 such that |UX — B||s < 3. Thus, we can compute the SVD of the
matrix U B(8%I — A)~/2 and obtain [UT B(5%I — A)~'/2);, and obtain a solution [U T B(3*I —
A)Y2] (B2 — A)Y? of cost .

Computing an exact SVD, as required in the proof of above Lemma, is much slower than com-
puting a rank k£ matrix that satisfies the guarantees of the best rank k£ matrices approximately. The
following lemma shows that we can obtain a solution of cost close to 3 even if we can compute a
rank k matrix Y such that |Y — UTB(8%I — A)~1/?|; <1 +e.

Lemma 7 IfY is a rank k matrix such that |Y — UT B(B*I — A)~Y2||y < 1 + ¢, then we obtain
that |UY (621 — A)Y? — Blo < (1 + €)B. Furthermore, |UY (UY)TB — Blls < (14 ¢)8.

The proof of this lemma is in Appendix B.2. The above lemma states that a 1 4 € approximation to
the best rank-k approximation of the matrix U " B(3I — A)_l/ 2 in operator norm is sufficient to
find a solution of cost (1+¢) [ to the reduced-rank regression problem. We can use the Block Krylov
algorithm to compute such an approximation. The Block Krylov algorithm of Musco and Musco
[18] only needs an oracle to compute matrix-vector products. In the case when ¢, d are small, we
can compute the matrices U, (321 — A)_l/ 2 and then given arbitrary vectors v, v’ we can compute
UTB(B*I — A)~'/?v and (%I — A)~Y/2BTUv' and hence run the Block Krylov Algorithm. This
gives a 1 + O(e) approximation to the reduced-rank regression problem.

When r, d are large, it is expensive to compute the matrices U, A and (521 — A)~1/2. As the
analysis of Musco and Musco [18] works only when exact matrix-vector products can be computed,
we cannot run the Block Krylov algorithm unless we compute the matrices U, A or at least are able
to compute exact matrix vector products with the matrix UT B(5% — A)_l/ 2. So we analyze their
algorithm and show that it works even using approximate matrix products instead of exact matrix
products, given that the error is low enough.
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S. Block Krylov Iteration with Approximate Multiplication Oracle

Given a parameter k and an oracle to approximately compute Mv and M "¢/, given arbitrary vectors
v and v/, we would like to compute a matrix Z with k orthonormal columns such that

M —ZZ™M||s < (1 + &)op1(M). )

Specifically, suppose we have an oracle that, given an arbitrary vector v and approximation param-
eter &,, can compute in time 7'(g,) a vector M o v such that [|[Mv — (M o v)|l2 < &o||M||2]|v||2,
and also given an arbitrary vector v" and accuracy parameter €, can compute in time 7'(¢,) a vector
MT o' suchthat |[MTv — MT ov||a < &o||M||2|[v'||2. We are also given k = o1 (M) /op1(M)
and we want to compute a matrix Z as in (2).

Our algorithm to compute such a matrix Z is Algorithm 1. It is essentially the same as the
Block Krylov algorithm of [18] with exact matrix-vector multiplication replaced by approximate
matrix-vector multiplication with accuracy parameters as defined in our algorithm. Our main result
for this section is the following theorem that states that the Block Krylov algorithm of [18] works
even with approximate matrix-vector products.

Theorem 8 Let M € R™"*% Lk < d be a rank parameter, and € > 0 be an accuracy parameter. Let
k = 01(M)/ok+1(M). Given access to an oracle that can in time T'(e,) compute vectors M o v
and M'" o' such that

1M ov— Mollz < eof| Ml|2[[vll2 and [|MT o0 — MTv'[|2 < eof| Mll2][0[l2,

for any vectors v and V', Algorithm 1 computes a matrix Z € R™ ¥ with k orthonormal columns
such that, with probability > 3/5, ||(I — ZZT)M||a < (1 + €)opy1(M). The running time is

0 T<L> Y (R
2r5ak 11 pa ) 1926:2(vak)k ) 1)

where ¢ = O ((1/+/¢)log(d/e)) and D is an absolute constant. Further, if the approximations
M o v are spanned by M for all v, then the columns of the matrix Z are also spanned by the matrix

M.

Proof sketch Proof of Block Krylov Iteration Algorithm of [18] first shows that there is a poly-
nomial p(x) that has only odd degree monomials such that the k-dimensional column space of the
matrix p(M )G, where G is a Gaussian matrix with & columns, spans a (1 + ) approximation. As
we do not now how to compute this polynomial p(x), they show that the Krylov Space K spans
this matrix p(M )G and then show that the rank & Frobenius norm approximation of the matrix M
inside the Krylov Subspace K is also a 1 + € spectral norm rank &k approximation.

We adapt their proof for the case when we can compute matrix-vector products only approxi-
mately. We first show that the approximate Krylov Matrix K’ computed by Algorithm 1 is close to
the actual Krylov Matrix K in Lemma 14. However, this lemma isn’t sufficient to directly prove that
rank-k Frobenius Norm Approximation of M inside K’ is a 1 + ¢ rank-k spectral approximation as
the matrices K and K’ can be very poorly conditioned. Therefore, similar to the matrix p(M )G in
[18], we define a rank-k matrix Apz (see Equation 7) and show that the matrix Apz is spanned by
K'. Then we show in Lemma 21 that the matrix Apz is close to p(M)G. Using an upper bound on

10
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condition number of the matrix p(M )G (see Lemma 18), we conclude in Equation 8 that projection
matrices onto column spaces of the matrices Apz and p(M )G are close.

Similar to the argument of [18], we encounter the issue that this matrix Apz cannot be com-
puted as we don’t know the parameters of the polynomial p(z) but we do have that this matrix Apz
is spanned by column space of K'. Using this fact, we show that an approximate rank % Frobenius
norm approximation of M in column space of K is also a 1+ ¢ spectral norm rank k approximation
for the matrix M. We also show that this approximate rank & Frobenius norm approximation can
be computed using approximate matrix-vector product oracles. |

6. Approximate Oracles and Reduced Rank Regression

Lemma 7 shows that if Y is a rank & matrix such that ||[Y — UTB(8%I — A)~'/2|y < 1 + ¢, then
|UY(UY)*B — Bz < (1+¢)0. Based on this result, we prove the following lemma which shows
that a low rank-approximation of the matrix AAT B(5%I — A)~1/2 suffices.

Lemma9 Let Z € R™* be a matrix with orthonormal columns such that
|AAYB(B*T — A)"Y2? — ZZTAATB(B2I — A) 2|y <1 +e,
then ||(AAYZ)(AATZ)* B — B2 < (1 +¢)B.

Proof of the lemma is in Appendix D.1. Hence, if we can get a good k-dimensional space Z for
approximating the matrix AA* B(32I — A)~/2, we can then obtain a good k dimensional space for
B. We first show that we can instead find a low rank approximation for a matrix AA* BM /3, for a
suitable matrix M/, which will also be a good low rank approximation for AA* B(32I — A)~1/2,

Lemma 10 Given that f > (1 + ¢)Opt, there exists a polynomial r(x) of degree at most t =
O (1/+/elog(r/e)) such that for M = r(A/3?), if Z is a matrix such that

IAATBM /B — ZZT(AAYBM/B)|2 <1+,

then |AATB(B2 — A) V2 — ZZTAATB(B21 — A) 12|, < 1+ O(e).
O((1 + V2)0W1/elogw/a) 1og (i /&) Je), < 2/\/e and opin (M) > 1/2.

The proof of the above lemma is in Appendix D.2. From Theorem 8, to find a 1 4 ¢ approximation
for rank k spectral norm low rank approximation (LRA) of the matrix M’, we need only a way
to compute the products M’v and M’ v Ty for any vectors v,v’. As r(A/3?) is a polynomial in
the matrix A/f2, it is much easier to design approximate multiplication oracles for the matrix
AA*BM/( than for the matrix AA* B(32I — A)~'/2. The following lemma shows that we can
compute good approximations to the matrix vector products and then compute a 1+-¢ approximation

to the LRA of matrix M’ = AAtBTR=2) (A/ p2 ),

Lemma 11 Given arbitrary vectors v,v' and an accuracy parameter €, Algorithms 3 and 4 com-
pute vectors y,y' such that || M'v — ||z < eg||v]|2 and [|M' 0" — 3 ||2 < egllyll2 in time

T(gg) := O(t - (nnz(B) + (nnz(A) + ¢?) log (H(B)2”T'H1/(Ef6))))
+0((nnz(A) + ¢) log(x(B)/ (ere)))
where t = O(;/1/clog(k/e)) and ||r||1 = (1 + v/2)O/VEler/e) Jog(k /) Je.

11
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Algorithm 2: Operator Norm Regression

Input: A e R"*¢, BeR"™ ke Z,e>0
Output: X’ € ROk X" ¢ Rkxd
B+ (1 +e/2) max(op+1(B), (I — AAT)B||2)

A+ BT(I - AAT)B /* Not computed explicitly */
/* Let r(z) be the polynomial given by Lemma 10 x/
M« (AATB/B)r(A/B?) /% Not computed explicitly %/

Z + Algorithm 1(M’, k, /2, APXPRODUCT, APXPRODCUTTRANSPOSE)
X' < HIGHPRECISIONREGRESSION(A, Z,1/2)
X"+ Z".B

6.1. Main Theorem

We finally have our main Theorem that shows that Algorithm 2 outputs a 1 + ¢ approximation in
factored form. Proof of the Theorem is in Appendix D.4.

Theorem 12 Given matrices A € R"*¢ and B € R™*%, a rank parameter k < c and an accuracy
parameter € Algorithm 2 runs in time

nnz(B) -k nnz(A)-k %k w
O<< P I L - polylog(r, K(AATB),d, k,1/e) + ¢ ) .

and with probability 4/5 outputs a matrix Z with k orthonormal columns and colspan(Z) C
colspan(A) such that |ZZ"B — Bz < (1 + ¢)Opt and outputs matrices X' € R** and X" €
RF>*4 sych that ||A(X' - X") — Blla = || ZZ"B — B||2 < (1 4 £)Opt.

6.2. Removing ~(AA™ B) dependence

We observe that we can add a random rank k£ + 1 matrix to B to obtain a matrix B for which
#(AA™ B) is bounded in terms of x(B). We also show that any arbitrary vector v can be multiplied
with the matrix B in time comparable to nnz(B).

Lemma 13 Given any matrices A € R"*“and B € R™ 4 if rank(A) > k + 1, then there exists a
matrix B such that if L _
|IAX — Bll2 < (14+¢/2) min ||[AX — Bl|2 3)
rank-k X

for a rank k matrix X , then B
|AX — Bll2 < (14 ¢)Opt.

Additionally, K(AATB) = 01(AAYB) /o1 (AATB) < (Cn/e)oy(B) /o1 (B) and given a
vector v, Bv can be computed in O(nnz(B) + (n + d)k) time.

The proof of this lemma is in Appendix D.5. Therefore we run Algorithm 2 on matrix B and can
compute a (1 + ) approximate solution to the problem mingnk 1 x ||AX — B||2 in time

o <<nnz(B) k N (n + d)k? N nnz(fl5) ko Pk
£ £ gl-

+ ;5> -polylog(r,n,d, k,1/¢) + cw> @

12
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7. Experiments and Implementation

It is evident that our algorithm is faster than the algorithm of Sou and Rantzer [27] for large matrices
A and B as their algorithm cannot make use of the sparsity of the matrices and also has to compute
eigen value decomposition of a dense and large d x d matrix. Let n = d = 7000,c¢ = 100 and
k = 30. We instantiate an n X d matrix B with 5% of the entries being nonzero where each nonzero
entry is sampled independently from a uniform distribution on [0, 1]. The n X ¢ matrix A is obtained
by taking first ¢ columns of the matrix B. With € = 0.05, our algorithm runs in less than 20 seconds
whereas an implementation of Sou and Rantzer’s algorithm runs in around 10 minutes. For even
larger values of n and d, our algorithm will be faster by an even larger factor. An implementation
of our algorithm and the above example is available here 2.
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Appendix A. Omitted Proofs from Section 3
A.1. Proof of Theorem 4

Proof Without loss of generality, we prove the theorem assuming A has orthonormal columns.
Thus U = A. Let X be an arbitrary matrix such that |[UX — Bl|2 < 1. We will give a series of
statements equivalent to ||[UX — B2 < 1 that prove the theorem. Using the fact that for any matrix
A, ||All2 < 1if and only if ATA < I, we obtain the equivalent statement

(UX -B)T(UX-B)<1.
Writing B as UUT B + (I — UUT) B, we get another equivalent statement
(UX -UU'B)"(UX -UU'B)<I-B"(I-UU"B=1-A.

As the LHS of the above relation is a positive semi-definite matrix, we obtain that / — A > 0 and
hence invertible. Thus the above condition can be equivalently written as

I-ANV2Uux -vU"B)T(UX —UUTB)(I —A)Y2 <1
Using the fact that A is symmetric and UTU = I, we get that the above condition is the same as
IX(I—A)Y2_UTB(I-A)"Y2, < 1.

Thus we obtain that in the case that ||(I — UUT)B||2 < 1, for an arbitrary matrix X, the condition
that |[UX — Bllz < 1 is equivalent to || X(I — A)~Y2 —UTB(I - A)"'2||], < 1. Let B :=

UTB(I — A)~/2. 1t is easy to see that X = [B]Sve(B)(I — A)'/2 satisfies |[UX — Bl|z < 1 and

that any matrix X that satisfies |[UX — B||2 < 1 must have rank at least sve(B). All that remains to
show is that sve(B) = sve(B). We will show that k= (I — BT B) = k~ (I — BT B) which completes
the proof.

I-B"B=I1—(I—-A)"2BTUUTB(I — A)~/?
=1 —(I-A)"Y2(BTB-A)I-A)"/?
=1 —(I—-A)"YV2B"B—I+1—-A)I-A)"?

=TI —T+(I-A)"Y*1-B"B)(I-A)"1/?
= (I- A1 -BTB)(I - )72

Thus k= (I — BTB) = k= ((I — A)~'2(I — BTB)(I — A)~/2). By Sylvester’s law of inertia [5,
p313], k= ((I — A)~Y2(I — BTB)(I — A)~'/2) = k= (I — B" B). Therefore

sve(B) =k~ (I — B"B) = k= (I — B"B) = sve(B).

Thus sve(B) is the optimum value for (1) if it is feasible. [ |
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Appendix B. Omitted Proofs from Section 4
B.1. Proof of Lemma 6

Proof The proof of this lemma is very similar to the proof of Theorem 4. Suppose there exists
a rank-k matrix X such that |[UX — Bl||s < 8. We already have 3 > ||[(I — UU")B||2. The
statement ||[UX — B||2 < /8 implies that

(UX -B)"(UX — B) < p°I.

We can write B = UU ' B+(I—-UUT) B and obtain that for any matrix X, (UX —B)T(UX—-B) =
(UX —UU'B)N(UX — UU"B) + A which implies that

(UX -UU'B)"(UX —UU'B) < 5% — A.
As ||Allz = |(I = UUT)B||3 < 82, B2I — A is invertible which implies that
(B2 — A)V2(UX —UUTB)T(UX —UUTB) (%I — A)"Y2 < 1.
Thus we have ||(UX — UUTB) (821 — A)~12|y = || X(B2] — A)~Y2 —UTB(B2I — A)~1/2||,
is less than or equal to 1. As X is a matrix of rank k, the matrix X (421 — A)~'/2 also has rank k.

Therefore

ort (UTB(FT — 8)712) = |[UTB(#T — A) ), ~ UTB(8T — )12
< X (82 = 8) 72— UTB(B — 8) 723
<1

B.2. Proof of Lemma 7

Proof Suppose Y is a rank & matrix such that |Y — UT B(82I — A)~/?||3 < 1+e¢. Then we have
|V (B2 — A)Y2(B%T — A)~V/2 —UTB(B%I — A)~'/2||y < 1 + € and therefore

(B2 — A)V2(V(B2T — A2 —UTB)T(V(B2T — A2 —UTB)(B2T — A) Y2 < (1+¢)°L
Multiplying the above relation on both sides with (321 — A)'/2 on the left and the right, we obtain
(Y(B*T =) —UTB)(Y(B’T — A)'/? —UTB) < (14+¢)*(8°T — A).

Using UTU = I and adding A to both sides, we conclude that
|UY (821 = A2 = Blly < /(L +)°F°1]s < (1 +2)8.

Now Y is a matrix that has rank at most k. We also have |[UY Z — Blls > |[UY (UY)*B — B2
for any matrix Z. Therefore |[UY (UY )" B — Blls < ||[UY (B?I — A)Y?2 - B|; < (1+¢)3. 1
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Appendix C. Omitted Proofs from Section 5
C.1. Error in Computing Krylov Subspace
Given a matrix M € R™*¢, an integer k¥ < d and an odd integer ¢ > 0, the Krylov Subspace is
defined by
K =[(MMD2pya, (MMT)a32paG, ... (MM MG, MG)

where GG is a d x k matrix with i.i.d normal entries. Using the algorithm to approximately multiply
a vector with the matrices M and M, we compute an approximation to the matrix & defined
above. For any vector v, define (MM 7)Yy := v and for i > 0, define (MM 7)%v := M o
(M7 o (MMT)°(=14)) (recall M o v is the approximation for Mv computed by the oracle). The
notation is similarly extended to approximate matrix multiplication using the oracle. Now we define
the matrix

K'=[(MMT) DM oG, (MM T3P M oG, -, (MMT)*'M oG, M oG],

Let @, Q' denote orthonormal bases for the matrices K and K’ respectively. We now bound || K —
K'||r and the time required to compute K’ using the following lemma.

Lemma 14 For any matrix M € R™ 4 matrix G € R¥™* and an odd integer q, let A; g =
(MMTYED2MG — (MMT)ED2M o G and matrices K, K' € R"*% be as defined above.
Then

Eig = ||Aicllr < 820 (2| M| G lF)
fori = 1,3,5,...,q and |K — K'|[g < O(o||G|le|M||$T2@t1)/2). The matrix K’ can be
computed in O(T (e5)qk).

Proof For an arbitrary vector v and i odd, let A; := (MM 7)0=D/2\fy — (MM T)°C=D/2)\f o v,
Let E; = [|A;]]2. We have By = [|[Aq]l2 = [[Mv— M owv|y < ||M||2]|v|l2. We now define a
recurrence relation between F; and F;_o and then bound F; using this recurrence. We have

MMT)(MMT)(i—?))/QMU _ (MMT)OI(MMT)o(i—S)/2M o
(MM (MM 27y — (MMT)E=3/2)f o 0]
+ [(MMT)l(MMT)o(i—S)/ZM ov — (MMT>01<MMT>O(1'—3)/2M o]
= (MM Aj_g + [(MMY (MM TY 32N 0 — (MM (MM T2 0.

Ay = (MMTYED2 00 — (MMTY D20 0y
=

Therefore by triangle inequality of ||-||2,

E; < HMMTAZ?ZHQ + |’(MMT)1(MMT)o(i—3)/2M oy — (MMT)OI(MMT)o(i—3)/2M o U||2
< IM|BEi—s + (MM (MMT) =320 00 — (MMT)HMMT) =320 o |5,

Let v/ := (MMT)°0=3)/2M o v. We now bound ||[M M v/ — (MMT)°/||,.

| MM — (MM ||y = [[MMTv' — Mo (M o)

18
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<|IMMT = M(MT ov)||o 4+ [[M(MT ov') = Mo (M7 od')|2
<M o] MY = MT 00/ ||2 + o [M||2[| M T 0 v/||2
< o[ M I3[0/ [l2 + ol | M ||2(eo | M |2V |2 + || M T ||2)
< Beo|| M50
As vf = (MMT)(Z"S)QM'U — Aj_9, we get |[V/][2 < H(MMT)(HS)/ZMUHQ + |Ai2|l2 <
|| M HZQ_2 ||v]|2 + Fji—2. Therefore we finally obtain that
E; < ||M|j3Ei—2 + 35| M 13110/ [|2 < [|M |3 Ei—2 + e | M|53(| M5 [|v]l2 + Ei—2)
< (1+3eo) | M|3Ei—2 + 3eo|| M ||| v]|2-

Solving this recurrence relation we obtain that

E; < (14 320) V2 M5 By 4 (14 (14 320) 4+ (14 30) /%) e | M I3 v]|2)
< eo(1 4 207V2Beo)) [IM I3]0l + 267 V/2(3eo) [ M [ 02
< (o272 M|3][v]|2)-

In the above inequalities, we used the standard inequality (1 + x)" < 142"z if 0 < z < 1. Thus
for any arbitrary vector v, ||(MMT)°C=D/2 M o v — (MMT)=D/2Mully < 82,212 M|5|v]l2
and therefore for the Gaussian matrix G,

Eig = |(MMT)*""D2M o G — (MM 7)Y 2MG]|r < 8e022| M|3]|G|l.

We then have that | K — K'||p < O(e,||G|l¢||M||5T"2(@+1D/2), In computing the matrix K’ we
make O(gk) calls to each of the oracles and therefore take O(7'(g,)gk) time. [ |

Musco and Musco [18] consider a polynomial p(x) such that the column space of the ma-
trix p(M)G is spanned by K. They then argue that the column span of p(M)G is a “good” k-
dimensional subspace to project M onto and then conclude that the best rank k& approximation of
M inside the span of K satisfies (2). Although we have an upper bound on || K — K'||g from the
above lemma, we cannot directly argue that the best rank k approximation of M inside K’ satisfies
the guarantee of (2), as the matrix K might be very poorly conditioned.

To overcome this issue, we first show that the matrix p(M )G has a bounded condition number
with O(1) probability and that K’ spans a matrix Apz that is close to p(M)G. We then show that
the span of the matrix Apzx is a good subspace to project the matrix M onto and then conclude that
the best rank k approximation of M inside the span of K’ satisfies (2).

C.2. Condition Number of the matrix p()/)G and existence of good rank & subspace inside
an approximate Krylov Subspace

Throughout this section let « = o441 (M) and v = €/2. Let ¢ be an odd integer and T'(x) be the
degree ¢ Chebyshev polynomial. Define

T(z/a)
T(1+7)

The following lemma bounds o1 (p(M))/ok+1(p(M)) which lets us bound x(p(M)G).

p(x) = (1+7)a (5)
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Lemma 15 If M € R™ 9 is a matrix such that o1(M)/oy11(M) = K, then

a1(p(M))/or41(p(M)) < (3)7.

First, we have the following lemma that shows that T'(x) > 1 for all z > 1 for the Chebyshev
Polynomial T of any degree d.

Lemma 16 If T;(x) is the degree d Chebyshev Polynomial, then for all d > 0 and for all x > 1,
Tyr1(x) > Ty(x) > 1.

Proof We prove the theorem using induction on the degree d. We have Ty(z) = 1 and T3 (x) =
Thus T3 (x) > To(x) > 1 for z > 1. Assume that forall d < nand z > 1, Tyyq1(x) > Ty(x) >
If we now prove that 7,11 (z) > T,,(z) > 1, we are done by induction.

We have T),11(x) = 22T, () — Th—1(x) = Ty (x) + [Tn(z) — Th—1(z)] + (22 — 2)T),(x). As
x > 1 and by induction hypothesis 7, (x) > T,,—1(x) > 1, we obtain that T}, 1(z) > T, () > 1.
Thus foralld > 0and x > 1, Tysq(z) > Ty(x) > 1. [ |

z.
1.

39(x/a)?

Lemma 17 Ifz > o > 0, then p(x) < (1 + v)am.

Proof By a standard property, the sum of absolute values of coefficients of the degree-q Chebyshev

polynomial is bounded above by 37. Thus T'(z/a) = Y1 Ti(z/a)’ < YL, |T|(z/a)! <
(x/a)?>7 |T;| < 3%(x/a)?, where we use the fact that (z/a) > 1. Thus p(z) = (1 +
YaT(x/a)/T(1+7) < (1+7)a3!(x/a)!/T(1+ 7). u

Proof [Proof of Lemma 15] We bound o1 (p(M)) and ok 1(p(M)) then infer an upper bound on

%. Letoy > 09 > ... > g4 > 0 be the singular values of the matrix M. Then we have that
Ip(o1)], |p(e2)], ..., |p(oq)| are the singular values of the matrix p(M). Consider any i < k + 1.
We have 0; > 01 = a. Therefore,
T(oi/ok1) o (L+7)0ks
0;) = (1 +7v)o >
(o) = (1 Popr —ry 2ot > Sk

Here we use Lemma 16 to lower bound the value of 7'(0;/0)41) by 1. Therefore at least k + 1
singular values of p(M) are at least % which implies o1 (p(M)) > %

Now forany i < k+1, p(0;) < (1+7)0ok+1(39%%)/T(1+) by Lemma 17. Forany i > k+1,
we have that 0; < o1 and [p(0;)| = (1+7)ok+1|T (03 /ok+1)|/T(1+7) < (14+7)0k+1/T(1+7)

by a well known property of Chebyshev polynomials that |T'(z)| < 1 for all z € [—1, 1]. Therefore

39k1
T(1+7)

Thus, o1(p(M))/ok+1(p(M)) < 3k1. [

Ip(M)][2 = o1(p(M)) = max [p(o;(M))| < (1 +7)or+1 (6)

We now bound the condition number of the matrix p(M )G where G is a Gaussian matrix with
k columns. We use results from [23] to bound the maximum and minimum singular values of G
with O(1) probability and then use the above lemma to obtain bounds on extreme singular values
of p(M)G.
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Lemma 18 If G € R ¥ is a matrix of i.i.d. normal entries and M € R™? is a matrix such that
01(M)/ok+1(M) = K, then with probability > 4/5,

K(P(M)G) = Omax (P(M)G) /omin(p(M)G) < CE3K,
for an absolute constant C' > 0.

Lemma 19 If A € R™*? is a matrix with 01(A) Jop(A) < k1 and G € R>F is a matrix with i.i.d.
normal entries, then for d greater than a constant, with probability > 4/5, the matrix AG has full
rank and has 01(AG)/o,(AG) < Ck(o1(A)/or(A)) where C > 0 is an absolute constant.

Proof Let A = UX VT be the singular value decomposition of A with U € R™*" ¥ € R**¢ and
VT e R4 Let G/ = VTG. Asrows of VT are orthonormal and entries of G are i.i.d. normal
random variables, we obtain that G’ is a also a matrix of i.i.d. normal random variables of size d x k.
Let ¥J;, € R**? be the first k rows of . For any vector ,

IAGz |2 = [USVT Gall2 = [5G x|z 2 [|ZxG 2.

Thus, minx:HI||2:1 HAGl‘HQ > minx:Htz:l HZ]CGI:L'HQ. We have that

d—k+1
Pr[omin(G") < (\f Vk—-1)] < ( 10) + e

- 20C

for some absolute constants ¢ and C' by Theorem 1.1 of [22]. Thus for large enough d, with proba-
bility > 9/10, we have

Omin (G/) Z

1
o (Vi — VE=T).

Thus ming,||;|,—1 I:G'x]|2 > omin(Zk)omin(G') > Ué“o(g (\f Vk —1). Similarly, for large
enough d, we have with probability > 9/10 that ., (G') < D(vVd+ \f k) for an absolute constant
D by Proposition 2.4 of [23] and therefore max,.|,|,=1 |[AGz|l2 = max,|,=1 [EGz|]2 <

Doy (A)(Vd 4 k). Therefore with probability > 4/5,

max A A
w(AG) = TmaxAG) o0 o1(d) Vi + vk
Omin(AG) ok(A)Vd -k -1
The maximum of this expression occurs at d = k and is at most 4k. Therefore with probability
> 4/5, for d at least some constant, k(AG) < 40CDk(o1(A)/or(A)). [

Proof [Proof of Lemma 18] Using the above lemma, we have that with probability > 4/5,

Umax(p(M)G) al(p(M)) Ul(p(M))
omm(p0G) = Fonwn) = o)

for an absolute constant C'. The last inequality follows from oy (p(M)) > op+1(p(M)). From

Lemma 15, we have % < 39k4. Therefore k(p(M)G) < Ck39x9 with probability > 4/5.
|

r(p(M)G) =

The bound on the condition number of p(M )G enables us to conclude that if the Frobenius
norm error between p(M )G and a matrix Apz is small, the projection matrices onto the column
spaces of the matrices p(M )G and Apz are close. Specifically, we use the following lemma.
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Lemma 20 Let A and B be full column rank matrices such that |A — Bl|2 < 0||Al|2. Let k(A)
denote the condition number of the matrix A i.e., K(A) = omax(A4)/omin(A). Let U and V
denote orthonormal basis for matrices A and B respectively. If § < 1/(2k(A)) < 1, then
|AAT — BBl = |[UUT —VV Tz < 200k(A)%.

Proof As A and B are full rank matrices, we have A* = (ATA)™'AT and B = (B"B)"'B".
Let A— B = A. We have |A||2 < || Al|2. We first have

IAAT — BBT |2 = |AAT — (A= A)BT|;
< | All2lAT = BT Iz + |A]|2][ BT |2

All2
< J|A|]sllAT = BT I )
< lI4lal I+ > =

Note that ATA = (B+ A)T(B+A)=B"B+ATB+ BTA + ATA. Now,

|A* — B¥y = [(ATA) AT — (BTB)' BT,
= [(ATA) AT — (BTB) (4T - A7)
< (AT — (BTB) o Alls + [(BTB) o] All
< (AT — (BTB) ) Al + AL

Omin(B)?’
We finally bound ||[(ATA)~! — (BTB)7Y..

I(ATA)™ = (BTB) |2 < ATA)(ATA) T = (BTB) )2

1
oo (ATA) It

1 T T-1

< - - —

< amin(ATA)HI (ATA)(B B) ]2
1 T T T T T -1

< - - _

—amin(ATA)HI (B"B+A"B+B'A+ATAYB"B)™ ||,
1

— | I-T—(ATB+BTA+ATAYB"B)!
— Umin(ATA) H ( + + )( ) H2
2| All2|| B2 + [|AJ13
= 0min(ATA)owmin(BTB)’

We therefore obtain

A2/l All2 A2

Umin(BTB) Umin(B)
1A]3 2\|A||2HB||2+||AH§Jr [A[2]lAll2 N A2

o Umin(ATA) Umin(BTB) Umin(BTB) Umin(B)'

IAAT = BB||2 < || AJ3I(ATA) ™ — (BTB) 2 +

As ||A — Bll2 < §]|A||2, we get that (1 — d)[|Al2 < ||Bll2 < (1 + §)||A||2. We also have that
Omin(B) 2 omin(A) — [[A=Bl2 = [[All2/k(4) = 6[|All2 = [[All2/26(A) = omin(A)/2 if
§ < 1/2k(A). We can therefore conclude that | AAT — BBl < 206k(A)*. [ |

The condition that 6 must be less than 1/2k(A) in the above lemma makes sense as otherwise
200k(A)* > 10k(A)? > 10, which is a trivial upper bound on the norm.
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Now we construct a matrix Apx that has its columns spanned by K’ and is close to the matrix
p(M)G. Using the bound on the condition number of the matrix p(M )G, we can conclude that
projection matrices onto column spans of Apx and p(M )G, respectively, are close.

Recall p(z) from (5). For ¢ odd, the Chebyshev polynomial of degree ¢ contains only odd
degree monomials. So we have T(x) = Tyx?+ T, 929 2+ ...+ Tz and therefore the polynomial

p(e) = $25 (Lrat + Bgao? 4 4 D) which implies

M)G =——"— (MM T@D2pG+ -+ MG .
p(M)G T+ ) oﬂ( ) G+ +a1 G
We now define
(I+7)a (T, Tyo(g—1)/2 Ty
Apz = Ta+7) \a (MM) Mo G+ —|—a1MoG . 7

Clearly, the matrix Apz is spanned by the columns of the matrix K’. Using Lemma 14 and proper-
ties of Gaussian matrices, the following lemma bounds || Apz — p(M)G||2.

Lemma 21 For the matrices p(M )G and Apzx defined above, we have with probability > 3/5

Ip(M)G — Apzllz < |p(M)G — Apz || < 64Ceok™?(3v/2)|[p(M) G-

Proof By the triangle inequality,

Ip(M)G — Apz|lF

(1 +7)e Z |E| H(MMT)(zfl)/QMG _ (MMT)O(’L'*U/ZM o GHF
(1 +’Y) oddi < ¢ at

T
(1+7)e T
< 15,
T (1 +7)0d£q ol ¢
< e > Tils. @203l ) (Lemma 14)
TA+Y) it
(14 v)op1(M) } ; -
< T(Lt ) 8€oHGHFOd§:<q!TZI(\/§ﬁ) (o = 041 (M)
(1 +7)oks1(M) |
Y B2 Gllr (3v2%)" (Ei: T3] < 39
< HP(M)H2850HGHF(3\@H)q- (Equation 6)

We also condition on the following events both of which hold simultaneously with probability >
4/5.

* |G| < 4Vdk, and
* [lp(M)Gll2 = (1/C)[[p(M)]2(Vd — VE = 1) = (1/2C)||p(M) 2Vd.
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Thus, with probability > 4/5, if d > 4k,
Ip(M)G — Apz||r < ||[p(M)]|2(3260)Vdk(3V2k)? < 64CeoVE(3V2r)||p(M)G|2.

Itk < d < 4k then [p(M)Gll2 > (1/O)lp(M)||a(vVd — VE—T) > (1/20)||p(M)||2(1/VE)
and [[p(M)G — ApalF < 64C=,kY/2(3v/2k)1[p(M)G |l n

Let Y} € R™ ¥ be an orthonormal basis for the column span of p(M)G and Y € R™ * be an
orthonormal basis for the matrix Apz. We now have from Lemmas 20 and 21 that

IYYT =Y |l2 € O(eok®2(3V2k) 1k (p(M)G)*) = O(eok®?(3v/2k) 9 (k*3%5%9))
= 2,055
for some constant C. Let § := £,C%k5x54. Hence
VY =YY T2 <. ®)

For I < k such that oy(M) > (1 + &)op1(M), let & = ||[[M]]|2 — |[Y1Y]' [M]||2 and & =
[[M];]|2 = [[YY T[M];||2. Musco and Musco [18, Equation 7] show that

& = I[MNlE — VY7 [ML][E < (e/2)on41(M)*.

Bounding &; is one of the important steps in the analysis of [18]. We obtain a similar bound on &;.
We further show that if M- ; is the best rank [ Frobenius norm approximation of A in colspan(K”),
then |[[M];||2 — || Mg 1||2 < (32/4)0k+1(M)?, showing that there is a very good rank-I approxi-
mation for M in colspan(K”). We have the following lemma.

Lemma 22 Given a matrix A and a parameter k, let Y1 be an orthonormal basis for a k dimen-
sional subspace such that & = ||[M];||2 — |[Y1Y\" [M]||} < (e/2)0%,, for all | < k satisfying

o(M) > (14 ¢€)ory1(M). IfY is an orthonormal basis for another k dimensional subspace for
which ||[YYT — V1Y |2 < £/(1662Vk), where k = o1(M) /oy11(M), then for all suchl,

& = |IMYIE = 1YY T[M)i]I < (3e/4)0741-

There also exists a matrix Y with | orthonormal columns with colspan(Y"') C colspan(K') such
that |[MY )2 — [YU(Y)TMZ < (32/4)02, .

Proof Forany 1l > ¢ >0
1
I MR < (1+e)|[YYTME + (1+ ;)H(YYT -y )M
S
< (1+ ss)HYYTMlH% + (2/55)2k5201(M)2.

The last inequality follows from the fact that YY'T — Y1Y;" has rank at most 2k. Therefore

1 4koq(M)?
vy ag) — o)

52
1 + 85 85

1YY T M| >

which implies that

& = |M||} — |[YY T M|
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1 4koy(M)?
M| — ——||V1Y" My |2 + ————
Il - T aggz + 2

52

IN

1 dko(M)?
(DI = [Y2YT MR) + el M2 + 2P 5o

1+ & Es
1 ¢ dkoy (M)?

—_— M)? kop(M)? + ———2_62.

1+5820k+1( )" +ekor(M)” + .

Picking £, = £/(8kx?) and if 6 < £/(16x2/k), we obtain that

3e
& =M - [YYTM|} < ZUI%Jrl'

<

<

Recall here that k = o1(M) /o)1 (M). The matrix Y'Y T M; is a rank [ approximation for matrix
M inside the column span of Y and hence in the column span of K’. Let Y be a rank [ matrix that
forms a basis for the best rank / approximation of M inside the column space of K’ i.e.,
min 10 - BJ? = |M - Y'Y M2,
rank-l B:colspan(B)Ccolspan(K")
From Lemma 3, note that if U3?V T is the singular value decomposition of the matrix Q"7 MM T Q'
(recall @’ denotes an oﬂhonqmal basis for the matrix K’), then Y! = Q'U; where U; denotes the
first / columns of the matrix U. By the optimality of Y, [|[M — Y{(Y!)TM||2 < |M - YY T M2
which implies that [[YYTM|[2 < |[Y/(Y))TMIE. Thus [[M]g — [[Y/(Y)TMIRE < || MR —

IYYTM||E =& < (3e/4)o7,,. |

The proof also shows that if U207 is the singular value decomposition of the positive semi-
definite matrix Q"7 MM TQ’, then Y! = Q'U; where U; denotes the matrix that contains the first /
columns of U. Let m < k be the largest integer for which o, (M) > (1 + )01 (M). From the
above lemma, the matrix Y™ satisfies || M;||2 — [|[Y™(Y™)TM||2 < (3e/4)ok1(M)%. We later
show that this implies |M — Y™ (Y™)T M|y < (1 + 3¢/2)ox11(M). Unfortunately, we cannot
compute the matrix Q'T M M T ()’ exactly as we only have access to an oracle that computes vector
products with matrices M, M T approximately. Nevertheless we show that we can compute a matrix
Y™ based on an approximation to the matrix QT M M T Q' and it still satisfies the desired guarantees
approximately.

First we have the following lemma that shows if a subspace Y™ is a good approximation for
Frobenius norm low rank approximation of M in m dimensions, then the subspace Y™ is also
a good subspace for spectral norm rank-k approximation of matrix M. It also shows that even
if Y™ only approximately satisfies the properties of Y, the matrix ym spans a good low rank
approximation for M.

Lemma 23 Given an arbitrary matrix M, if an orthonormal basis Y™ to an m-dimensional sub-
space, where m < k is the largest integer such that o, (M) > (1 + €)og1 (M), satisfies

1MiIf = Y™ (Y™) TMIE < ops1 (M),

then |M —Y™(Y™TM||s < (1+ 2¢)op41(M). Additionally if Y™ is a matrix with m orthonor-
mal columns such that

M =Y (Y™ TME < M =Y™Y™)T M|} +3,
then ||[M — Y™ Y™ T M|y < (1 + 2¢)op41(M) + V6.
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Proof As [|My [ — Y™ (Y™ TM|E = [IM|E — [|M — My - [[Y"(Y™)TM|E = [|M -
Y™(Y™TM|2 — ||M — M,y,||2, we obtain that

1M = Y™ (Y™) M| < [|M — M7 + €ops1(M)>*.

As an additive error in Frobenius norm translates to additive error in spectral norm for the above
case (see Theorem 3.2 from [8]), we obtain

IM = Y™ (Y™ M3 < |M — Mu|l3 + e0141(M)? < 0t (M)? + 0y (M)?
< (1+ 481 (M)>.
Thus |[M — Y™(Y™)TM||s < (1 + 2¢)0y41(M). Similarly, we have that
M = Y™ (V™M < |IM ~ M|l + 01 (M) + 5
which implies that
M —Y™(Y™) M|} < ||M — M3+ cop1(M)?+6 < (1+4e)op1 (M) 46
which shows || M — Y™ (Y"™)TM||y < (1 + 2€)0p41 (M) + V0. u

The above lemma shows that we need only compute a matrix Y™ such that | M —Y™(Y"™)TM |2 ~
|0 — Y (v ) A

We show that using an approximation to matrix QT MM TQ'T we can compute such a matrix
Y™ which shows that |[M — Y™ (Y™ TM|y < (1 + O())osr1(M). As the value of m < k is
not known, we further show that we can compute a matrix Y* with k orthonormal columns such
that colspan(M) D colspan(K’) D colspan(Y*) D colspan(Y"™). Therefore we can conclude that
|M - Y Y*)TM|y < |M - YR TM|ly < (14 O(¢))ors1(M). We thus have our final
result for low rank approximation.

C.3. Proof of Theorem 8

Computing top k singular vectors of the matrix Q"TMMT(Q’' We now show that if Y™ are top
m singular vectors of the matrix Q'T (M MT) o Q'), then

1M = Y™ (Y™ TME ~ M - Y™ (Y™) M.

Lemma 24 If Z,, are the top m orthonormal eigenvectors of the matrix MM, then for any matrix
Y with m orthonormal columns,

te(ZN MM Z,)) > te(YTMMTY).

Proof We have t(Z\ MM Z,,) = || Z,Z) M||2 and c(YTMM'Y) = |[YYTM|2. We are
given that Z,, are top m eigenvectors of the matrix M M T and therefore Z,, are top m singular
vectors of the matrix M. Therefore for any matrix ¥ with m orthonormal columns, we have that
| ZmZ) M||2 > Y'Y TM|2 and therefore that tr(Z) MM Z,,) > (Y TMMTY). |
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Lemma 25 Let M be a matrix and Q) be an orthonormal basis for an arbitrary r dimensional
space. Let B be a positive semi-definite matrix such that B — Q" MMTQ = A. Let Z be a matrix
whose columns are the top k eigenvectors of the matrix B. Then if Z,,, denotes the matrix with first
m columns of Z form =1, ...,k we have

1M~ (QZn)(QZm) M < M — Q(QTM)um|7 + 2m|AllF.

Proof Let Z* be the matrix whose columns are the top k eigenvectors of the matrix QT MM '@ and
77, be the first m columns of Z*. Thus Q(QTM),, = Q(Z:(Z:)TQTM) = (QZ:)(QZ:)T M.
Now,
(QZm)(QZm) "MIIE = [I(QZm) " M|
(ZnQ"MM ' QZy)
=tr(Zp(Q"TMM™Q + A)Z,,) — e(Z),AZ,y,)
t(Z) BZy) —te(Z) AZ,,)
> u((Zy) " BZy,) —m| Al

(Since tr(Z) AZ,,) = r(AZn Z)) < |AlE|ZmZb IF < 1A]lF - m)
=u((Z,) (QTMM'Q)Z;,) — u((Z,) ' AZy,) —m| Al
=w(QZ(Z,) QT MMTQZ; (2;)QT) — u((Z;,)TAZy,) —m|Alle
> 1(QZ)(QZy,) T M[E — 2m||Al|r.

= r m

ZT
ZT

Thus,
IM = (QZm)(QZm) T MIE < IM = (QZ,)(QZy,) T MI[E + 2m]|Allr,

which concludes the proof. |

Hence if Apz is a positive semi-definite matrix such that || Apz — Q'TMMTQ'|| is small and if
Zm denotes the top m singular vectors of the matrix m, we can conclude by Lemma 23 that
|M — (Q'Zn)(Q' Zm) T M |2 is close to o1 (M).

We now show that we can compute such a matrix Apz. LetE = QT((MMT)oQ") (recall that
o denotes matrix multiplication using the noisy oracle). Let Apz = psd((Z + Z')/2). Then the
following lemma shows that Apz is close to Q' TMMT(Q'.

Lemma 26 Given matrices M € R™ % and Q' € R™*t where Q' is a matrix with t orthonormal
columns, if for all vectors v,v', |[M ov — Mu|ls < &||M|2||v|2 and [|[MT oo — MTo' || <
|| M||2]|v"||2, and E := QT (MMT) o @, then

Ipsd((E +E7)/2) = QTMM Q' [[F < (60| M3) V2.

Let Apx = psd((E + ZT)/2). The matrix Apz can be computed in time O(2tT (go) + t3).

Proof Let k; be the i™ column of the matrix K’ and E; = ||Q"T(MMT) o k; — Q' T (MM )k;||o.
Then

Ei=QT(MMT ) ok — QT(MM")ki|2
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< (MM 0 ki — (MM 7)ki]2

= || Mo (M7 oky)— M(MTE)|-

<|[Mo(MToky)— MM oky)+M(MT ok;) — M(MTk)|-
<|[Mo(MToky)—M(MT ok)|o+ |M(MT ok;) — M(MTk;)|2

< eol M2l M7 o killa + || M |20 | M||2| k]2

< ol Ml2(IMTkill2 + eol M |2[Kill2) + | M 5e0 |[Kill2

< 3eo||M|)3. (Since || k|2 = 1)

Thus |QTMMTQ — Z|2 = 30 |QTMM ki — QT(MMT") o k|3 < (3e0||M||3)* which
implies that ||Q'TMMTQ' — Z||r < (3eo||M||2)v/t. Now as Q'TM M TQ' is a symmetric matrix,
IQTMMTQ — (E+ZE7)/2|F < (3eo||M||3)Vt. As Q'TMMT Q' is itself a positive semidefinite
matrix,

Ipsd(E+ET)/2) = (E+EN/2[F < |QTMMTQ — (E+ET)/2|lr < (3eo|| M|3) V.

Finally, by the triangle inequality we obtain that |QTMMTQ' — Apz|f = [|QTMMTQ —
psd((E 4+ Z7)/2)||F < 6¢,||M||3+/t. The time required to compute matrix = is 2¢7(,) + nt? and
psd((Z + ET7)/2) can be computed in time O(#3). Thus the matrix Apz can be computed in time
O(2tT (go) + t3). |

Proof [Proof of Theorem 8] Let ¢ = O((1/1/¢)log(d/e)). Algorithm 1 computes the Krylov

Subspace K’ with
€

~ 16K2¥5aKTC

for an absolute constant C'. Let Y7 be an orthonormal basis for p(M )G and Y be an orthonormal ba-
sis for the matrix Apz(defined in (7)). Then by (8) we have that |[YYT — V1Y{"||2 < £/(16x2Vk).
If m < k is the largest integer such that o, (M) > (1 + €)og41(M), by Lemma 22, there exists a
d dimensional subspace Y™ inside the column span of K’ such that

€o

IM|E = Y™ (V™) T AR < (32/4)07 41
If = is now computed with &, = £2/(48x2(\/qk)k), then by Lemma 26,

- €
|QTMMTQ — Apalle < croin.

Now if Z;, denote the first k singular vectors of the matrix ;15;: and Z,,, denote the first m columns
of Z, then by Lemma 25, we get that

2
1M~ (Q'Zn)(QZin) T M[E < [IM — Q'(Q"T M)um|I7 + 2m(§7€0§+1)

g2

<M = Q@M + S0t

Finally, by Lemma 23, we obtain that
1M —(Q'Zin)(Q'Zin) " M2 < (1 +3¢/2)0k11 + 1/ (€2/4)07 1 < (1+26)0k11.
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Also | M — (Q'Zk)(Q'Zk) " M2 < [|M —(Q' Zim)(Q'Zm) T M|z < (1+42€)0341(M) since Q' Z
has orthonormal columns and colspan(Q’Zy) 2 colspan(Q’Z,,). Thus in time

T (e ) ab+ T R, P
woagica) 4 18:2(Vak)k ) !

Algorithm 1 computes a 1 4+ 2¢ approximation. Scaling the value of € gives us the result. If the
approximations M o v are spanned by column space of M for all vectors v, then the columns of K’
are spanned by the matrix M. Thus the columns of @’ are also spanned by M which implies that
columns of the matrix Q' Z,, is spanned by M. [ |

Appendix D. Omitted Proofs in Section 6
D.1. Proof of Lemma 9
Proof Define Z := U7 Z. We have
14+¢e>|[AATB(B2T — A)"Y2 = ZZTAATB(B21 — A) /2|,

> |[UUTB(B%I — A2 — ZZTUUTB(B2I — A) 2|
> |UUTB(B2I — A2 —UuUTZZTUU T B(B*T — A) /2|,

= |[UUTB(B?T — A2 —UZ2ZTUTB(B*T — A)~Y2 ||,

= |UTB(B* — A)~YV2 — ZzZTUTB(B*T — A)~ V2|,
which implies using Lemma 7 that UZ = UUTZ = AAYZisa good space to project the columns

of B onto i.e.,
I(AATZ)(AATZ)"B - Bll2 < (1 +¢)B.

D.2. Proof of Lemma 10

Polynomial Approximation of (1 — z)~!/2, We want to obtain a polynomial p(z) such that
Ip(z) — (1 — 2)~'/2| < § in the interval z € [0,1/(1 + £)]. Consider the Taylor expansion of

(1—z)" V2%
12 _ (24)!
Z 22]]'2
J=0

The above series converges for all |z| < 1. Consider ¢(z) to be the Taylor series up to 7" terms.
Then for 1 > z > 0, we have 0 < ¢(z) < (1 —z)" Y2 and for 0 < z < 1/(1 + ¢)

(1—2)"* —g(x) = Z

=T

m]<zx] (1+€) . 1

2233'2 e(14+6)T  g(1+¢)T-1

Thus, if T — 1 > 4log(1/(6))/e > log(1/26)/log(1 + €), we have (1 + &)T~1 > 1/6 which
implies that

0<(1—a) 2 —q(z) <9
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forall 0 < z < 1/(1 4 €). So, there is a degree t = O(log(1/2d)/e) polynomial that uniformly
approximates (1 —z)~'/2 upto an error ¢ in the interval [0, 1/(1+¢)]. Now, we further approximate
the degree ¢ polynomial ¢(x) with a degree O(+/t) polynomial.

First we have the following Theorem.

Theorem 27 (Theorem 3.3 of [24]) For any positive integers s and d, there is a degree d polyno-
mial ps 4(x) that satisfies

sup  |psa(z) — 2] < 267/,
z€[—1,1]

Further, this polynomial ps q is defined as follows
psa(x) = By, v, [T)p)(x)I[| D] < d]]

where Y1, ..., Y, are independent Rademacher random variables, D = Zle Y; and I denotes the
indicator function.

Clearly the polynomial p; 4 is defined as a weighted linear combination of Chebyshev Polynomials
of various degrees at most d. With d = /2slog(1/9), we have that

~log(1/6)

sup |psa(v) — 2% < 2e < 2.
z€[—1,1]
Thus, given an arbitrary degree ¢ polynomial ¢(z) = Y";_ g;2* where qo, . . . , g; are the coefficients

of the polynomial, then the degree d polynomial r(x) = > i_, gipia(x) with d = \/2t1og(1/9)
satisfies

sup |g(z) —r(x)| = sup |Z%$ _Z%pzd

z€[—1,1] z€[—1,1] i—0

sup Z!%Hw — pia(@)]

xe[llzo

IN

< sup Z |¢:|26

z€[-1,1] ;5
= 2|lgllr0.

We now bound ||7||;. We have

Il = 13" apea@)| < D laillprate)|n
| = Z 46l Eva....v. [Tjpy ()T[| D] < dlI
< Z 4:| Eva....v, [T}y (@)1 D] < d]jl]
<qu‘, (14 V3 = 0+ V3 llgl.

Here we use the fact that || - ||; is convex over polynomials and that the sum of absolute values of
coefficients of a Chebyshev polynomial of degree d is bounded by (1 + v/2)?. Thus we have the
following lemma.
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Lemma 28 Given any polynomial q(x) of degree t, there exists a polynomial r(x) of degree d =

\/2tlog(2]|ql|1/6) such that

sup |q(z) —r(z)| <6
ze[—1,1]

and |[rlly < (1+v2)%q]1.

We already saw that the polynomial g(z) = 37j_, %aﬂ satisfies |q(x) — (1 —xz) /2| < 6 for
x €[0,1/(14¢)]ift = O(log(1/ed)/e). We also have ||¢|[1 = Z§:0 |(2)!/ (2% (12| <t + 1.
Thus by the above lemma, we can compute a polynomial r(x) of degree d = O(+/tlog(t/d)) =
O(-L log(1/26)) such that

NG
sup  fr(a)—(1-2)""* < sup  |(1-a)F—q@)|+ sup |q(z) —r(x)| < 26.
2e(0,1/(1+2) 2e(0,1/(1+e) zel-1,1

and we also have ||r||; = O((1 + v2)%) = O((1 + v/2)0W1/=1oe(1/20) 169 (1 /£6) /). We sum-
marize this in the following lemma.

Lemma 29 Given ¢,6 > 0, there exists a polynomial r(x) of degree O(\% log(1/€6)) and ||r||; =
O((1 + 2)0W1/e108(1/20) 160(1 /e6) /€) such that

sup  |r(z) — (1—=2)" Y2 <4
z€[0,1/(1+¢)]

Lemma 30 (Matrix Approximation Lemma) If A € R™*"™ is a positive semidefinite matrix with
Amax(A4) < 1 and if r(x) is a polynomial such that

sup |r(z) — (1 — x)*l/Ql <4
2€[0,Amax (A)]

then ||r(A) — (I — A)~1/2|)y < 6.

Proof Let A = VDV be the eigenvalue decomposition of D with D = diag(\y, ..., \,) where
Mmax = A1 > ... >\, > 0. Then (I — A)~/2 = V(I — D)2V T and r(A) = Vr(D)VT.
Therefore
Ir(A) = (I = )7l = V(I = D)2 =+ (D)V T2
= (I = D)2 = r(D)]l2
= max|(1 = A;) "% —r(N)]

< sup (1 —2)"V2—r(2)] <6
2€[0,Amax (A)]

Here we use the fact that 0 < Ay, ..., Ay < Apax(A4). [ |

As A is a positive semidefinite matrix such that 32 > (1+¢)||Al|2, then ||A/B?|]2 < 1/(1 +¢) and
hence we can compute a polynomial 7 () of degree O(ﬁ log(1/£4)) such that

Ir(A/8%) — (I = A/8%) 2|2 < 6.
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Modified Problem. Instead of considering the matrix M = AA* B(32I — A)~1/2 for low rank
approximation, we consider the matrix M’ = AATBM/j3 for M = r(A/3?), where r(x) is a low
degree polynomial, and argue that a 1+ ¢ LRA solution for the matrix M’ is a 1+ 2¢ approximation
for the LRA problem on matrix M.
Proof [Proof of Lemma 10] Recall A = BT (I — AA')B and therefore || A2 = ||(I — AAT)B|2.
Given that 3 > (1 + ¢) max(||(I — AA1)B|2, 0%41(B)), we have 82 > (1 + ¢)?||Allz > (1 +
)| Alls. Thus, [|A/2]> < 1/(1 +2).

As |A/B%|]2 < 1/(1 + €), we approximate (I — A/B?)~/2 with the matrix M = r(A/5?)

where r(z) = Y.'_ 7z’ is a polynomial of degree t = O(% log(Z)) given by Lemma 29. By

Lemma 30, the matrix 7(A/8%) = S0 ri(A/B?) satisfies

I = A/8%) 2 = M2 = (I = A/8*)712 = r(A/5%)])2

= =8/ Y (A)ZHQ <4

t
2
=0 ﬁ
As |[|A/B%|2 < 1/(1+¢) and A/B? is a positive semidefinite matrix, we have opax (I — A/B?%) <
1 and omin(I — A/B?) > €/(1 + €). Therefore omax((I — A/B%)71/?) < /(1 +¢)/e and
omin(I — A/B%)~1/2) > 1. By Weyl’s inequality, we obtain that

Omax(M) < /(1+¢e)/e+¢6 and opin(M)>1—0.

By sub-multiplicativity of the spectral norm

_ AAYBM AATB _
aarp(s - oy - AU, < I Bl ) - g,
+
_ 447 B
B
Using Weyl’s inequality, we obtain
+ + +
Okt1 (W) SUk+1(AA+B(,82I—A)_1/2)+w(sg 1+HAABB|2& 9)

The last inequality follows as there exists a rank & matrix with ||AX — Bl|2 < (. If we can now
find a rank £ matrix Z with orthonormal columns such that

STAATBM  AATBM

Z

+
AA BM>7 (10)

I < (1+€)opn ( -

then

|ZZTAATB(B*1 — A)~Y/2 — AATB(B%1 — A7V,

AATBM  AATBM AATBM
< |2z AN - AL E 1 - 22T (PP A B - a2,
AATBM AATB
< (L +€)okm ( 5 ) + H 3 2
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Algorithm 3: Oracle 4

Input: v € R e >0
Output: y € R™
/* Let r(z) be the polynomial as in Lemma 10 */
t < degree(r)
ereg ¢ O (er/[r]1)
y<+0
Apxg v
fori:=0,...,tdo
y <y +riApz;
Apz;, 1 + BB - Apz; — BT - (HIGHPRECISIONREGRESSION(A, B - Apz;, €reg))
end
y < (HighPrecisionRegression(A, B - y, ereg)) /8

< (1+e)(1+2|AATB]2(5/5)).

The last inequality follows from (9). If d is chosen to be less than ¢ /4 where k = 01(B)/ok+1(B),
then

||ZZTAA+B(,B2I _ A)_1/2 _ AA+B(ﬁ2I _ A)_l/QHQ
< (1+¢) (1+2|[AATB|]2(6/8))
|AAY Bla 50’k+1(B)>

ﬁ 40’1(3)

<(1+¢) <1+2

<1+2
as |AAt By < o1(B) and 8 > (1 + €)1 (B). This implies that if (1 — 2)~/2 is approximated
by a polynomial r(x) uniformly in the interval [0, 1/(1+¢)] with an error at most € /4« and if matrix

Z is an orthonormal basis for a space that spans a 1 + € rank &k approximation in spectral norm for
2
the matrix AA+B%, then

|AATZ(AATZ)"B — B2 < (1 + 6¢)3 = (1+ O(¢))Opt.

We obtain the proof by appropriately scaling . |

D.3. Proof of Lemma 11

Throughout the analysis, we assume ||AAT B||2 > ¢||B||2. Suppose if || AAT B||2 < ¢||B||2. Let 2
be the top singular vector of matrix B. Then

1B = || B=]3
= [|[AATBz|j3 + || - AAT) Bz
< B3 + (I — AAT)Bz|l3.
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Algorithm 4: Oracle ;7
Input: v € R4, &, > 0
Output: y € R"
/* Let r(z) be the polynomial as in Lemma 10 */
t < degree(r)
ereg = O (&r/kllr]l1)
y<+0
Apzy + BT - (HIGHPRECISIONREGRESSION(A, v, reg))
for:=0,...,tdo
y <y +riApz;
Apz;, 1 + BB - Apz; — BT - (HIGHPRECISIONREGRESSION(A, B - Apz;, €reg))
end
y<y/b

Thus, ||[(I — AAT)B|%2 > ||(I — AAT)Bz||2 > (1 — £2)||B||3. Therefore Opt > /1 — £2||B||z
which implies || Blj2 < (1/v1 —&2)Opt < (1 + ¢)Opt for e < 1/2. Thus [|A(0) — B2 < (1 +
¢)Opt and hence we have a trivial (1 + ¢) approximate solution. Thus we can assume || AA™ B||y >
e[| Bll2-

Based on Theorem 1, we compute approximate projections onto the column span of A. The
following lemma states that a matrix-vector product with the matrix (A/3?) can be approximated
well.

Lemma 31 Given an arbitrary vector v € RY, we can compute a vector y € R such that

ly = (1/8%)Avllz < ereghil|v]l2
in time O(nnz(B) + (nnz(A) + ¢2)log(1/ereg))-
Proof Recall that A = BT(I — AAT)B. Therefore, for a vector v, Av = BT Buv — BT AA* Bu.
After computing Bv exactly, we can compute § by Theorem 1 in O((nnz(A)+c?) log(1/ereg)) time

such that
JAATBv = glla < eregll(I — AAT)Bulfs.

Let y = BT Bv — BTy which can be computed in O(nnz(B)) time. Then Av —y = BT (y —
AA* Bv) which implies | A0 — ylla < [ Bs[7 — AA* Bulls < zug| Blall (I — AA*) Bl ]jo].
Thus given a vector v, we can compute (A/3%)v up to an error of

ereg|| Bll2l| (1 — AAT) Bl|2||vl2/ 5% < eregri]|v]2

since 8 > max(|(I — AA*)Ba, 0 11(B)). n

Lemma 32 Given an arbitrary vector v € RY, for matrix M = r (A/ﬁz) = Z;ZO T (A/ﬁz)j
where the degree t = O((1/+/€)log(k/€)) and ||r||; = O((1 + v/2)0W1/el8(w/e) 1og(k /€)), we

can compute a vector y such that || Mv — y||2 < &||v||2 in time

O (t- (nnz(B) + (nnz(A) + ¢*) log (k||r||1/=r))) -
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Proof Let Apz( := v and for¢ > 1, define Apz; to be the approximation computed for the product
(A/B?)Apz;_, by Lemma 31. Define

E; = |(A/B%)'v — Apz,|2.

We have the following recurrence

A\’ A
Ei—| (B) v — Apzillz < (D)0 — (A8 Apwii s + (D) 62) Apa;_y — Apail
< (A8 s Frt + exegtll Az, 2
< A/ Eict + exeghe - (10785 oll2 + Eir)
< (1A ]l2/ 5 + eregh) Es1 + exeghll ABE o]

As B > (14 ¢)||(I — AAT)B]|2, we have that |A/B%|l2 < 1/(1 + €)% If eregr < £/4, then
|A/B%2 + eregk < 1/(1+ €)% +¢/4 < 1/(1 + ¢). Therefore

Ei 1 Eregh
E; < -
STre (14 ¢)26-D)

[[v]]2-

which implies upon solving the recurrence that
Ei < eregtilv]l2

for all 2. Then

t t
1Mv = Jrjdpzlla < ) IrilI(A/6%) v — Apa»

j=0 §=0
t t
<D Il By < eregrilloll2 Y Irjl = eregrlvllz 71
j=0 =0

So for any arbitrary vector v, we can compute a vector y such that
[Mv = ylla < &lv]2.

by setting €reg = O(H”EW) < ¢/4k for all t approximate products and and thus y can be computed
by Lemma 31 in time

O(t - (nnz(B) + (nnz(A) + r*) log (k||r]|1/&r)))-
This concludes the proof of the lemma. |

Thus for an arbitrary vector v, we can compute a vector y such that || Mv — y||2 < &||v]|2.
Proof [Proof of Lemma 11] Recall that M" = (AAYBM) /8, | M |2 < 2/+/ and oyin(M) > 1/2
from Lemma 10. We have [|[AATBM |z > ||AATB|l2omin(M) > ||AATB|2/2 > €| Bl2/2
where the last ineqaulity follows from our assumption that | AAT Bl|y > ¢||B||2. Thus [|M/[| >
eIBllo/26 > /4 as B < (1+ )| B

Now we show how to compute approximations to M’v and M'T«’ for arbitrary vectors v, v'.
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To compute an approximation to M’v, we first obtain a vector y; using the above lemma such
that || Mv — 1|2 < &||v]|2. Then we compute the product By; exactly in time O(nnz(B)). There-
after we compute a vector y2 by Theorem 1 such that

ly2 — AATByi|l2 < ergl| (1 — AAT)Byrl2 < ereg| (I — AAT) Bll2 3|2

We also have ||[AAYTBy; — AATBMol|s < &|AAT B||a||v||2. Therefore by triangle inequality,
[AATBMv —ys2]l2 < e| AATBll2]|v]l2 + €reg || (I — AAT) Blla]|y1[|2. Hence

AATB
M — (/B2 < er”ﬁ”znvna tegllylle < eemllolla + creglellolla + 1M ]20)
2e
< e+ Dllll + 2E ol

Thus if &, = O(ere/k) and e = O(e5£%/2), we have that |[M'v — (ya/B)|l2 < erelv]2 <

ef]| M||2||v]||2. Therefore a vector y,/ can be computed in time O(t - (nnz(B) + (nnz(A) +
HQ T
)log (FL2L))) + O((nnz(A) + ¢2) log(L)).

EfE
Now we compute an approximation for M'Tv = (MTBTAA™ /B)v for an arbitrary vector v.
We first compute a vector g; such that

[AATY =yl < eregl|( = AAT )]z < eregllv]f2-

Then we compute BTy exactly. Then we compute a vector g such that |[MBTy; — s <
&l|BTyill2 < & Bll2(1 + €reg)||v]|2 . We further have

2|B
IMBTAAYS — MB il < gl MBTlalol < 2212 o
Thus 23|
I3~ MBTAA* vl < 22, Blolvls + e 2 o]
Ve
and hence

2
2/ = M Tl < 2exnlvlla + e =01l
Now picking &; = O(ege/k) and ereg = O(5%/2/ k), we obtain that

1(y2/8) = M T2 < erelvllz < e M [l2][v]]2-

Thus this approximation can be computed in time O(t - (nnz(B) + (nnz(A) + ¢?) log (M> )+

Efe

O((nnz(A)+c?) log(%)). So, given an accuracy parameter £¢ we can compute approximate matrix-

vector products with M’ and M’T in time at most

T(er) = O(t - (nnz(B) + (nnz(A) + ¢*) log (r(B)?|Ir[l1/(er¢))))
+0((nnz(A) + c*) log(k(B)/ (e¢)))-
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D.4. Proof of Theorem 12

Proof From Lemma 10,

+ +
(M) <oy <AAB B) [M]l2 < o1 <AAB B) \35

and

Gkr1 (M) > 0451 (AAT BJB) - oin(M) > 011 (AATB/B)(1/2).
Therefore k(M') < o1(AAYB/B)(2/ve)/oki1(AATB/B)/2 < (4/v/€)k(AATB). By Theo-
rem 8, we can compute a matrix Z € R™*¥ such that ||(I — ZZT)M'||2 < (1 + 2¢)op1(M') in
time

52

€
T|——5=gk+T k
(wewmramen) %+ 7 (G )
where ¢ = O((1/+/¢) log(d/e)). Thus the total time required is
/12||r|1/£(/\/l’)5qk110q>>)

e2

O (tqk : (nnz(B) + (nnz(A) + ¢*) log (

As |71 = (1 + /2)00/VElee(v/€) Jog(k /) /e and K(M') = k(AA B)/+/€, we obtain that the
total time required is O(tqk - nnz(B) + tqk - (\% log(k/e) + q) log(%) - (nnz(A) + c?)).
Substituting t = O(4/1/clog(k/e)), we obtain that the total running time is

nnz(B) -k nnz(A)-k %k
° (( B Tt s -polylog(k, k(AATB),d, k,1/¢) an

and an additional c* for computing a preconditioner. By Lemmas 9 and 10, we obtain that
|(AATZ)(AA*2)*B — Bly = | 2Z7B - Blla < (1 + O(c))Opt.

The equality is from the fact that 7 is spanned by columns of matrix A by Theorem 8 and therefore
AA*TZ = Z. Thus there exists a matrix X; € R“*F such that AX; = Z and the matrix X7 can be
computed in time O((nnz(A) + ¢)k + ¢*) using sketching-based preconditioning techniques. Let
Y} = ZT B which can be computed in time O(nnz(B) - k). Therefore,

|AX\Yy - B2 = | 2Z7B - Blls < (1 + O(c))Opt.

Thus X5 - Y7 is a 1 + O(¢e) approximation for the regression problem. By appropriately scaling ¢,
we obtain the proof. |

D.5. Proof of Lemma 13

Proof Let G ~ N(0,1)™*+1) and FT € R*E+Dxd pe a matrix with k& + 1 orthonormal rows.
Let a be a parameter to be chosen later and B := B + aGFT. For all matrices X, by the triangle
inequality, N

|AX = Bl € |AX — Blla £ a| GF 2.
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W |AX — Bl € |AX — Bl|2 + 2a/n. Therefore, if

X is a 1 4 ¢ approximation for ming. x [|[AX — B2, then [[AX — Bl[2 < (1 +¢)Opt+ 6a+/n.
We now have 01 (AA"B) < ||B||2 < || Bll2 + 2a/n from above discussion. We now lower

bound ak+1(AA+B) Let U be an orthonormal basis for columns of A. Therefore AA* = UUT.

O'k+1(AA+B) = Ok+1 UU B)

(

O'k—‘rl(U )

ak+1(UTB +aUTGFT)
(
+1(U

| \/

(UTBFFT + aUTGFT)
TBF +aUTQ).

As the rows of UT are orthonormal, the matrix G’ = UTG is a matrix of i.i.d. normal random
variables. Assuming A is of full rank, then G’ is a ¢ x (k + 1) matrix. Assuming ¢ > k + 1,
let E be the top (k + 1) x (k + 1) sub-matrix of UT BF + aG’. Then E can be seen as a fixed
(k+1) x (k+1) matrix where each entry is perturbed by a Gaussian random variable of variance 2.
From Theorem 2.2 of [30], we obtain that oin (E) > o/ (CVE) for a constant C' with probability
> 9/10. Thus 041 (UTBF 4+ U G) > omin(E) > o/ (CVE).

Thus, o1 (AA* B) /o411 (AA*B) < (|[Blz + 2ay/n)/(a/(CVE)). For a = L) we
obtain that

01(AATB) /o441 (AATB) < %H

for a constant C' with probability > 4/5. Also, if Xisal+e approximation as mentioned above,

|AX — B|j2 < (14 £)Opt + e0441(B) < (1 + 2¢)Opt. We obtain the proof by scaling & appro-
priately. |
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