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Abstract

In this work, we propose a new randomized algorithm for
computing a low-rank approximation to a given matrix.
Taking an approach different from existing literature, our
method first involves a specific biased sampling, with an ele-
ment being chosen based on the leverage scores of its row and
column, and then involves weighted alternating minimiza-
tion over the factored form of the intended low-rank matrix,
to minimize error only on these samples. Our method can
leverage input sparsity, yet produce approximations in spec-
tral (as opposed to the weaker Frobenius) norm; this com-
bines the best aspects of otherwise disparate current results,
but with a dependence on the condition number k = o1/0,.

-
nk2r®

In particular we require O(nnz(M)+""5~) computations to
generate a rank-r approximation to M in spectral norm. In

contrast, the best existing method requires O(nnz(M)+ ”6—22)
time to compute an approximation in Frobenius norm. Be-
sides the tightness in spectral norm, we have a better depen-
dence on the error e. Our method is naturally and highly
parallelizable.

Our new approach enables two extensions that are
interesting on their own. The first is a new method to
directly compute a low-rank approximation (in efficient
factored form) to the product of two given matrices; it
computes a small random set of entries of the product,
and then executes weighted alternating minimization (as
before) on these. The sampling strategy is different because
now we cannot access leverage scores of the product matrix
(but instead have to work with input matrices). The
second extension is an improved algorithm with smaller
communication complexity for the distributed PCA setting
(where each server has small set of rows of the matrix, and
want to compute low rank approximation with small amount
of communication with other servers).

1 Introduction

Finding a low-rank approximation to a matrix is funda-
mental to a wide array of machine learning techniques.
The large sizes of modern data matrices has driven
much recent work into efficient (typically randomized)
methods to find low-rank approximations that do not
exactly minimize the residual, but run much faster /
parallel, with fewer passes over the data. Existing ap-
proaches involve either intelligent sampling of a few
rows / columns of the matrix, projections onto lower-
dimensional spaces, or sampling of entries followed by

a top-r SVD of the resulting matrix (with unsampled
entries set to 0).

We pursue a different approach: we first sample
entries in a specific biased random way, and then
minimize the error on these samples over a search space
that is the factored form of the low-rank matrix we
are trying to find. We note that this is different from
approximating a 0-filled matrix; it is instead reminiscent
of matrix completion in the sense that it only looks
at errors on the sampled entries. Another crucial
ingredient is how the sampling is done: we use a
combination of ¢; sampling, and of a distribution where
the probability of an element is proportional to the sum
of the leverage scores of its row and its column.

Both the sampling and the subsequent alternating
minimization are naturally fast, parallelizable, and able
to utilize sparsity in the input matrix. Existing litera-
ture has either focused on running in input sparsity time
but approximation in (the weaker) Frobenius norm, or
running in O(n?) time with approximation in spectral
norm. Our method provides the best of both worlds: it
runs in input sparsity time, with just two passes over
the data matrix, and yields an approximation in spec-
tral norm. It does however have a dependence on the
ratio of the first to the r** singular value of the matrix.

Our alternative approach also yields new methods
for two related problems: directly finding the low-rank
approximation of the product of two given matrices, and
distributed PCA.

Our contributions are thus three new methods in
this space:

e Low-rank approximation of a general ma-
trix: Our first (and main) contribution is a new
method (LELA, Algorithm 1) for low-rank approx-
imation of any given matrix: first draw a random
subset of entries in a specific biased way, and then
execute a weighted alternating minimization algo-
rithm that minimizes the error on these samples



over a factored form of the intended low-rank ma-
trix. The sampling is done with only two passes
over the matrix (each in input sparsity time), and
both the sampling and the alternating minimiza-
tion steps are highly parallelizable and compactly
stored /manipulated.

For a matrix M, let M, be the best rank-r ap-
proximation (i.e. the matrix corresponding to
top r components of SVD). Our algorithm finds
a rank-r matrix M, in time O(nnz(M) + ”“:Js),
while providing approximation in spectral norm:
M = M| < [|M — M| + €[[M — M|, where
k=01(M)/o.(M) is the condition number of M,..
Existing methods either can run in input sparsity
time, but provide approximations in (the weaker)
Frobenius norm (i.e. with || - || replaced by || - ||r
in the above expression), or run in O(n?) time to
approximate in spectral norm, but even then with
leading constants larger than 1. Our method how-
ever does have a dependence on x, which these do
not. See Table 1 for a detailed comparison to ex-
isting results for low-rank approximation.

Direct approximation of a matrix product:
We provide a new method to directly find a low-
rank approximation to the product of two matrices,
without having to first compute the product itself.
To do so, we first choose a small set of entries (in
a biased random way) of the product that we will
compute, and then again run weighted alternating
minimization on these samples. The choice of the
biased random distribution is now different from
above, as the sampling step does not have access
to the product matrix. However, again both the
sampling and alternating minimization are highly
parallelizable.

For A € Rm*4 B ¢ R™"2 and n = maz(ni,ns),
our algorithm first chooses O(nr3logn/e?) entries
of the product A - B that it needs to sample; each
sample takes O(d) time individually, since it is
a product of two length-d vectors (though these
can be parallelized). The weighted alternating
minimization then runs in O("T;”Q) time (where
k=01(A-B)/o.(A- B)). This results in a rank-r
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approximation AB, of A - B in spectral norm, as
given above.

Distributed PCA: Motivated by applications
with really large matrices, recent work has looked
at low-rank approximation in a distributed setting
where there are s servers — each have small set of
rows of the matrix — each of which can communicate
with a central processor charged with coordinating

the algorithm. In this model, one is interested in
find good approximations while minimizing both
computations and the communication burden on
the center.

We show that our LELA algorithm can be extended
to the distributed setting while guaranteeing small
communication complexity. In particular, our al-
gorithm guarantees the same error bounds as that
of our non-distributed version but guarantees com-
munication complexity of O(ds + "T;“z logn) real
numbers for computing rank-r approximation to
M € R™4 For n ~ d and large s, our analysis
guarantees significantly lesser communication com-
plexity than the state-of-the-art method [20], while
providing tighter spectral norm bounds.

Notation: Capital letter M typically denotes a
matrix. M" denotes the i-th row of M, M; denotes
the j-th column of M, and M;; denotes the (i, j)-th
element of M. Unless specified otherwise, M € R"*¢
and M, is the best rank-r approximation of M. Also,
M, = U*Y*(V*)T denotes the SVD of M,. k = of /o
denotes the condition number of M,, where o is the
i-th singular value of M. |u| denotes the Ly norm
of vector u. |M| = max|, = ||[Mz| denotes the

spectral or operator norm of M. [[M|r = />, M
denotes the Frobenius norm of M. Also, |M|11 =
> [ Mijl. dist(X,Y) = |XTY|| denotes the principal
angle based distance between subspaces spanned by X
and Y orthonormal matrices. Typically, C denotes a
global constant independent of problem parameters and
can change from step to step.

Given a set 2 C [n] x [d], Po(M) is given by:
Po(M)(i,7) = M;; if (i,j) € Q and 0 otherwise.
Ro(M) = w. * Po(M) denotes the Hadamard product
of w and PQ(M) That iS7 RQ(M)(Z,]) = wijMij if
(i,7) € Q and 0 otherwise. Similarly let R;2/2(M)(i, Jj) =
VWigMij if (i,7) € Q and 0 otherwise.

2 Related results

Low rank approximation: Now we will briefly review
some of the existing work on algorithms for low rank
approximation. [12] introduced the problem of comput-
ing low rank approximation of a matrix M with few
passes over M. They presented an algorithm that sam-
ples few rows and columns and does SVD to compute
low rank approximation, and gave additive error guar-
antees. [8, 9] have extended these results. [1] considered
a different approach based on entrywise sampling and
quantization for low rank approximation and has given
additive error bounds.

[16, 28, 10, 7] have given low rank approximation



Reference Frobenius norm | Spectral norm Computation time

BJS14 (Our Algorithm) | (1 +¢)|A|r A +elAlr | Omna(d) 4 momlosl)
CW13[6] A+alalr | A+olAlr O(nnz(M) + " + &)
BG13 [2] (L+olAlr | Al +e|Alr | O@?(Hopm) 4 o)
NDT09[26] L+ alAle | cllAll+ey/mlAl | 0@ log(HeE) 4 mriose)
WLRTO08[30] (1+olAllr A +evnllAll | O(n?log(%) + ”;4)

Sar06[28] (1+e)lAlr (1+e)lAlr O(nnz(M)* + n’y)

Table 1: Comparison of error rates
M — M,.

algorithms with relative error guarantees in Frobenius
norm. [30, 26] have provided guarantees on error in
spectral norm which are later improved in [15, 2].
The main techniques of these algorithms is to use a
random Gaussian or Hadamard transform matrix for
projecting the matrix onto a low dimensional subspace
and compute the rank-r subspace. [2] have given an
algorithm based on random Hadamard transform that

computes rank-r approximation in time O(”E—ZJ) and

gives spectral norm bound of || M — M, || < ¢|| M — M, ||+
€[|M — M,||F.

One drawback of Hadamard transform is that it
cannot take advantage of sparsity of the input matrix.
Recently [6] gave an algorithm using sparse subspace
embedding that runs in input sparsity time with relative
Frobenius norm error guarantees.

We presented some results in this area as a
comparison with our results in table 1. This is a
heavily subsampled set of existing results on low rank
approximations. There is a lot of interesting work
on very related problems of computing column/row
based(CUR) decompositions, matrix sketching, low
rank approximation with streaming data. Look at
[25, 15] for more detailed discussion and comparison.

Matrix completion: Matrix completion problem is
to recover a n X n rank-r matrix from observing small
number of (O(nrlog(n))) random entries. Nuclear
norm minimization is shown to recover the matrix
from uniform random samples if the matrix is inco-
herent [3, 4, 27, 14] . Similar results are shown for
other algorithms like OptSpace [21] and alternating
minimization [19, 17, 18]. Recently [5] has given
guarantees for recovery of any matrix under leverage
score sampling from O(nrlog?(n)) entries.

Distributed PCA: In distributed PCA, one wants to
compute rank-r approximation of a n X d matrix that
is stored across s servers with small communication
between servers. One popular model is row partition

and computation time of some low rank approximation algorithms.
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model where subset of rows are stored at each server.
Algorithms in [11, 23, 13, 22] achieve O(d—i’“) commu-
nication complexity with relative error guarantees in
Frobenius norm, under this model.

Recently [20] have considered the scenario of arbi-
trary splitting of a n X d matrix and given an algorithm
that has O(%") communication complexity with rela-
tive error guarantees in Frobenius norm.

3 Low-rank Approximation of Matrices

In this section we will present our main contribution:
a new randomized algorithm for computing low-rank
approximation of any given matrix. Our algorithm
first samples a few elements from the given matrix
M € R™*¢ and then rank-r approximation is computed
using only those samples. Algorithm 1 provides a de-
tailed pseudo-code of our algorithm; we now comment
on each of the two stages:

Sampling: A crucial ingredient of our approach is
using the correct sampling distribution. Recent results
in matrix completion [5] indicate that a small number
(O(nrlog?(n))) of samples drawn in a way biased by
leverage scores' can capture all the information in any
exactly low-rank matrix. While this is indicative, here
we have neither access to the leverage scores, nor is our
matrix exactly low-rank. We approximate the leverage
scores with the row and column norms (||M?||?> and
|[M;]|?), and account for the arbitrary high-rank nature
of input by including an L; term in the sampling; the
distribution is given in eq. (3.2). Computationally,
our sampling procedure can be done in two passes and
O(mlogn + nnz(M)) time.

Weighted alternating minimization: In our second
step, we directly optimize over the factored form of
the intended low-rank matrix, by minimizing a weighted

If SVD of M, = U*E*(V*)T then leverage scores of M, are
[[(U*)*||* and [|(V*)7[|? for all 4, ;.



squared error over the sampled elements from stage 1.
That is, we first express the low-rank approximation M,
as UVT and then iterate over U and V alternatingly
to minimize the weighted Lo error over the sampled en-
tries (see Sub-routine 2). Note that this is different from
taking principal components of a 0-filled version of the
sampled matrix. The weights give higher emphasis to
elements with smaller sampling probabilities. In par-
ticular, the goal is to minimize the following objective
function:

— — 2
ET’/‘(M7-) = Z Wi 5 (Mz_] — (MT')ij) s
(i,5)€Q

(3.1)

where w;; = 1 / Gi; when ¢;; > 0, 0 else. For initialization
of the WAItMin procedure, we compute SVD of Rq (M)
(reweighed sampled matrix) followed by a trimming step
(see Step 4, 5 of Sub-routine 2). Trimming step sets
(00 = 0 if (T > 4| M]/|M]p and (D) =
(U%)? otherwise; and prevents heavy rows/columns from
having undue influence.

We now provide our main result for low-rank ap-
proximation and show that Algorithm 1 can provide a
tight approximation to M, while using a small number
of samples m = E[|]].

THEOREM 3.1. Let M € R™? be any given ma-
trix (n > d) and let M, be the best rank-r approz-
imation to M. Set the number of samples m =
%%3”2 log(n) logQ(M), where C > 0 is any global
constant, k = o01/0, where o; is the i-th singular value
of M. Also, set the number of iterations of WAItMin
procedure to be T = log(%), Then, with probability
greater than 1 —~ for any constant v > 0, the output
M, of Algorithm 1 with the above specified parameters

m, T, satisfies:
[M = M, || < |M — M| +€||M— M|z +¢.

[| M

That is, if T = log(m

), we have:

IM = B < IM — My]| + 2¢ | M — My |

Note that our time and sample complexity depends
quadratically on k. Recent results in the matrix com-
pletion literature shows that such a dependence can be
improved to log(k) by using a slightly more involved
analysis [18]. We believe a similar analysis can be com-
bined with our techniques to obtain tighter bounds; we
leave a similar tighter analysis for future research as
such a proof would be significantly more tedious and
would take away from the key message of this paper.

3.1 Computation complexity: In the first step
we take 2 passes over the matrix to compute the

Algorithm 1 LELA: Leveraged Element Low-rank
Approximation

input matrix: M € R"*? rank: 7, number of samples:
m, number of iterations: T
1: Sample Q C [n] x [d] where each element is sampled
independently with probability: ¢;; = min{g;;, 1}

[M7% + (151
2(n + d)[|M]I%

| M| )
2(|M|[1,1

/*See Section 3.1 for details about efficient imple-
mentation of this step*/
2: Obtain Po(M) using one pass over M
3. M, = WAMin(Pq(M),Q, 7,4, T)
output ]/\/[\T

32 a5 =m-( ¥

Sub-routine 2 WAItMin: Weighted Alternating Mini-
mization
input Po(M), Q, r, ¢, T
1wy = l/qu_] when in_]’ > 0,0 else, VZ,j
2: Divide  in 2T+ 1 equal uniformly random subsets,
i.e., Q= {Qo, ey QQT}
3: RQO(M) — W. * PQO(M)
4. UOSO(VONT = SV D(Rq, (M), r) //Best rank-r
approximation of Rq, (M)
5: Trim U© and let U(© be the output (see Section 3)
6: fort=0toT —1do

o VO = argminy |Refy (M — UOVT)|[3, for
Ve Rdxr_

s U0 = argming | Ref (M — UV
for U € R™*".

9: end for

output Completed matrix M, = U'(T)(V(T))T.

sampling distribution (3.2) and sampling the entries
based on this distribution. It is easy to show that
this step would require O(nnz(M) + mlog(n)) time.
Next, the initialization step of WAItMin procedure
requires computing rank-r SVD of Rq, (M) which has
at most m non-zero entries. Hence, the procedure can
be completed in O(mr) time using standard techniques
like power method. Note that by Lemma 3.1 we
need top-r singular vectors of Rq,(M) only upto
constant approximation.  Further ¢-th iteration of
alternating minimization takes O(2|Qg:11|r?) time.
So, the total time complexity of our method is
O(nnz(M) + mr?). As shown in Theorem 3.1, our

. 3
method requires m = O(%5-x?log(n) log2(%))
samples. Hence, the total run-time of our algorithm is:

O(nnz(M) + %552 log(n) 105(%))'



Remarks: Now we will discuss how to sample entries
of M using sampling method (3.2) in O(nnz(M) +
mlog(n)) time. Consider the following multinomial
based sampling model: sample the number of elements

per row (say m;) by doing m draws using a multinomial
dj|M*|?

distribution over the rows, given by {0'5(W +

n+d) + 0. 5‘|||AA21”H1 }. Then, sample m; elements of the
row-i, using {0'5|\||11\\/I4HH% +0. 5”M|1‘7| } over j € [d], with

replacement.

The failure probability in this model is bounded by
2 times the failure probability if the elements are sam-
pled according to (3.2) [3]. Hence, we can instead use
the above mentioned multinomial model for sampling.
Moreover, ||M?|, || M|y and ||M;|| can be computed in
time O(nnz(M)+n), so m;’s can be sampled efficiently.
Moreover, the multinomial distribution for all the rows
can be computed in time O(d + nnz(M)), O(d) work
for setting up the first | M;|| term and nnz(M) term for
changing the base distribution wherever M,; is non-zero.
Hence, the total time complexity is O(m+n+nnz(M)).

3.2 Proof Overview: We now present the key steps
in our proof of Theorem 3.1. As mentioned in the
previous section, our algorithm proceeds in two steps:
entry-wise sampling of the given matrix M and then
weighted alternating minimization (WAItMin) to obtain
a low-rank approximation of M.

Hence, the goal is to analyze the WAItMin proce-
dure, with input samples obtained using (3.2), to obtain
the bounds in Theorem 3.1. Now, WAItMin is an iter-
ative procedure solving an inherently non-convex prob-
lem, minU,V Z(i,j)EQ wij(eZTUVTej — Mij)2. Hence, it
is prone to local minimas or worse, might not even con-
verge. However, recent results for low-rank matrix com-
pletion have shown that alternating minimization (with
appropriate initialization) can indeed be analyzed to ob-
tain exact matrix completion guarantees.

Our proof also follows along similar lines, where
we show that the initialization procedure (step 4 of
Sub-routine 2) provides an accurate enough estimate
of M, and then at each step, we show a geometric
decrease in distance to M,. However, our proof differs
from the previous works in two key aspects: a) existing
proof techniques of alternating minimization assume
that each element is sampled uniformly at random,
while we can allow biased and approximate sampling,
b) existing techniques crucially use the assumption that
M, is incoherent, while our proof avoids this assumption
using the weighted version of AltMin.

We now present our bounds for initialization as well
as for each step of the WAItMin procedure. Theorem 3.1
follows easily from the two bounds.

LEMMA 3.1. (INITIALIZATION) Let the set of entries
Q be generated according to (3.2). Also, let m >
Czlog(n). Then, the following holds (w.p. > 1— n%)

(3.3) 1R (M)

Also, if |M—M,||r < 576ml = || M| F, then the following
holds (w.p. > 1 — -2

— M| <5 [|M]|p-

nio

[(TO) | <87

. 1
dist(U©,U*) < 3

M2 /11 M1%

where U©) is the initial iterate obtained using Steps 4,
5 of Sub-Procedure 2. k = o /o), of is the i-th singular
value of M, M, = U*S*(V*)T

Let P.(A) be the best rank-r approximation of A.
Then, Lemma 3.1 and Weyl’s inequality implies that:

(3.4)
+ || Ra (M)

IM = Pr(Ro(M))[| < |M — Ra(M)]|
— Pr(Ra(M))[| < |M — M,[| + 26| M|| .

Now, we can have two cases: 1) |M — M,||r >
s=e1s || My ||F: In this case, setting § = e/(kr!®)
in (3.4) already implies the required error bounds of
Theorem 3.12. 2) ||M — M,||p < z=51—5 || M, | . In this
regime, we will show now that alternating minimization
reduces the error from initial §||M ||z to 0||M — M| F.

LEMMA 3.2. (WALTMIN DESCENT) Let hypotheses of
Theorem 3.1 hold. Also, let |M — M|lr <

WHMTHF Let UM be the t-th step iterate o/]i Sub-
Procedure 2 (called from Algorithm 1), and let V+1)

be the (t 4 1)-th iterate (for V). Also, let |[(U®)!]| <
IM;02 [ My ot (1T *
8Tk iz e ond distU®,U*) < L, where

U® is a set of orthonormal vectors spanning U,
Then, the following holds (w.p. > 1—~/T):

1 N

dist(VED ) < idist(U(t),U*) +€e|M — M,||p/o;,
My

and ||(VEDY || < 8/rk HMHZ + HlMH , where V+1)

18 a set of orthonormal vectors spanning P+,

The above lemma shows that distance between V(#+1)
and V* (and similarly, U1 and U*) decreases ge-
ometrically up to €||M — M,|p/oy. Hence, after

2There is a small technicality here: alternating minimization
can potentially worsen this bound. But the error after each step of

alternating minimization can be effectively checked using a small
cross-validation set and we can stop if the error increases.



log(]|M||F|l/¢) steps, the first error term in the bounds
above vanishes and the error bound given in Theo-
rem 3.1 is obtained.

Note that, the sampling distribution used for our
result is a “hybrid” distribution combining leverage
scores and the Li-style sampling. However, if M
is indeed a rank-r matrix, then our analysis can be
extended to handle the leverage score based sampling

: — M1+ M; |12
itself (gi; = m - W)

show that weighted alternating minimization can be
used to solve the coherent-matrix completion problem
introduced in [5].

Hence our results also

3.3 Direct Low-rank Approximation of Matrix
Product In this section we present a new algorithm for
the following problem: suppose we are given two matri-
ces, and desire a low-rank approximation of their prod-
uct AB; in particular, we are not interested in the actual
full matrix product itself (as this may be unwieldy to
store and use, and thus wasteful to produce in its en-
tirety). One example setting where this arises is when
one wants to calculate the joint counts between two very
large sets of entities; for example, web companies rou-
tinely come across settings where they need to under-
stand (for example) how many users both searched for
a particular query and clicked on a particular advertise-
ment. The number of possible queries and ads is huge,
and finding this co-occurrence matrix from user logs
involves multiplying two matrices — query-by-user and
user-by-ad respectively — each of which is itself large.

We give a method that directly produces a low-rank
approximation of the final product, and involves storage
and manipulation of only the efficient factored form (i.e.
one tall and one fat matrix) of the final intended low-
rank matrix. Note that as opposed to the previous
section, the matrix does not already exist and hence
we do not have access to its row and column norms; so
we need a new sampling scheme (and a different proof
of correctness).

Algorithm: Suppose we are given an n; X d matrix
A and another d X ny matrix B, and we wish to calculate
a rank-r approximation of the product A - B. Our
algorithm proceeds in two stages:

1. Choose a biased random set Q C [n1] x [n2] of
elements as follows: choose an intended number
m (according to Theorem 3.2 below) of sampled
elements, and then independently include each
(i,7) € [n1] x [n2] in Q with probability given by

Gi; = min{1, ¢;; } where
LTI
1| B3

3.5) = (wﬂ%

qij

Then, find Po(A - B), i.e. only the elements of the
product AB that are in this set €.

2. Run the alternating minimization procedure
WAItMin(Pq(A-B),Q,r,¢,T), where T is the num-
ber of iterations (again chosen according to Theo-
rem 3.2 below). This produces the low-rank ap-
proximation in factored form.

Remarks: Note that the sampling distribution
now depends only on the row norms ||A%||? of A and
the column norms | Bj||? of B; each of these can be
found completely in parallel, with one pass over each
row/column of the matrices A / B. A second pass,
again parallelizable, calculates the element (A - B);;
of the product, for (i,5) € Q. Once this is done, we
are again in the setting of doing weighted alternating
minimization over a small set of samples — the setting we
had before, and as already mentioned this too is highly
parallelizable and very fast overall. In particular, the
computation complexity of the algorithm is O(|] - (d +
r?)) = O(m(d +1?)) = O(”’“J’€ - (d+17?)) (suppressing
terms dependent on norms of A and B ), where n =
max{ni,na}.

We now present our theorem on the number of
samples and iterations needed to make this procedure
work with at least a constant probability.

THEOREM 3.2. Consider matrices A [;&nlde qnd
B € RiXn2  gnd let m = % . (‘|AHH1~:4+B‘|‘E|‘F)
Zgz x2log(n) logQ(W), where k = o} /o), of is

the i-th singular value of A-B and T = log(
Let Q be sampled using probability distribution (3.5).
Then, the output AB, = W AltMin(Po(A-B),Q,1,4,T)

||A||F+HBHF)
c .

of Sub-routine 2 satisfies (w.p. >1—7): |A-B—
AB,||<|[A-B—(A-B)| +€l|A-B—(A-B)[lr +¢.
Next, we show an application of our matrix-

multiplication approach to approximating covariance
matrices M = YY7, where Y is a n x d sample ma-
trix. Note, that a rank-r approximation to M can be
computed by computing low rank approximation of Y,
YT, ie., M, Y YT However, as we show below, such
an approach leads to weaker bounds as compared to
computing low rank approximation of YY"

COROLLARY 3.1. Let M = YYT € R"™" and let
Q be sampled using probability distribution (3.5) with

m > Sm" 2 log(n) log* (HY”), the output M, of
W Alt Min(Pq (M )7Q,r,qA,10g(Hg—H)) satisfy (w.p. > 1—
):

1M, = (YY), | < €]y = Y;ll7 + ¢



Further when |Y =Y, ||r < ||Y;||F we get:
|3, = (YY), || < e[y YT = (Y|t 6.

Now, one can compute M, = )A/Tf/rT in time O(n?r +

IOy =M || o Y =Yr|r
€ . Where as
R - Y]

computing low rank approximation of YY7 gives(from

Corollary 3.1) IOy )M < YTVl Ghich

eE YK ’
Y-, . .
can be much smaller than e%. The difference in

error is a consequence of larger gap between singular
values of YYT compared to Y. For more related
applications see section 4.5 of [15].

.5 .
%3-) with error

4 Distributed Principal Component Analysis

Modern large-scale systems have to routinely com-
pute PCA of data matrices with millions of data points
embedded in similarly large number of dimensions.
Now, even storing such matrices on a single machine
is not possible and hence most industrial scale systems
use distributed computing environment to handle such
problems. However, performance of such systems de-
pend not only on computation and storage complexity,
but also on the required amount of communication be-
tween different servers.

In particular, we consider the following distributed
PCA setting: Let M € R™? be a given matrix
(assume n > d but n = d). Also, let M be row
partitioned among s servers and let M, € R™*? be
the matrix with rows {rp} C [n] of M, stored on
k-th server. Moreover, we assume that one of the
servers act as Central Processor(CP) and in each round
all servers communicate with the CP and the CP
communicates back with all the servers. Now, the goal
is to compute M,., an estimate of M,, such that the
total communication (i.e. number of bits transferred)
between CP and other servers is minimized. Note that,
such a model is now standard for this problem and was
most recently studied by [20].

Recently several interesting results [11, 13, 22, 20]
have given algorithms to compute rank-r approximation
of M, M, in the above mentioned distributed setting.
In particular, [20] proposed a method that for row-

oy . 2 . .
partitioned model requires O(% + 2 ) communication

to obtain a relative Frobenius norm guarantee,
IM = M,||p < (14 €)||M — M,|[[p.

In contrast, a distributed setting extension of our

LELA algorithm 1 has linear communication complex-
5

ity O(ds 4+ ) and computes rank-r approximation

M,, with || M — M,|| < ||M — M,|| + €||M — M,||F.

Now note that if n ~ d and if s scales with n (which

is a typical requirement), then our communication
complexity can be significantly better than that of [20].
Moreover, our method provides spectral norm bounds
as compared to relatively weak Frobenius bounds
mentioned above.

Algorithm: The distributed version of our LELA al-
gorithm depends crucially on the following observation:
given V', each row of U can be updated independently.
Hence, servers need to communicate rows of V only.
There also, we can use the fact that each server re-
quires only O(nr/slogn) rows of V' to update their cor-
responding Uy, . Uy, denote restriction of U to rows
in set {ry} and 0 outside and similarly Ve, , Ye, denote
restriction of V,Y to rows {cy}.

We now describe the distributed version of each of
the critical step of LELA algorithm. See Algorithm 3
for a detailed pseudo-code. For simplicity, we dropped
the use of different set of samples in each iteration. Cor-
respondingly the algorithm will modify to distributing
samples QF into 27 + 1 buckets and using one in each
iteration. This simplification doesn’t change the com-
munication complexity.

Sampling: For sampling, we first compute column
norms ||M;||,v1 < j < d and communicate to each
server. This operation would require O(ds) communica-
tion. Next, each server (server k) samples elements from
its rows {rx} and stores Rqx(M,,) locally. Note that
because of independence over rows, the servers don’t
need to transmit their samples to other servers.

Initialization: In the initialization step, our al-
gorithm computes top r right singular vector of
Rqo(M) by iterations YD = Ro(M)TRq(M)Y? =
> x Ror(M)TRqr(M)Y?. Now, note that computing
Rox(M)Y! requires server k to access atmost |QF|
columns of Y!. Hence, the total communication from
the CP to all the servers in this round is O(|2|r). Sim-
ilarly, each column of Rok (M)T Rox (M)Y'* is only |QF|
sparse. Hence, total communication from all the servers
to CP in this round is O(|Q2|r). Now, we need constant
many rounds to get a constant factor approximation to
SVD of Rq (M), which is enough for good initialization
in WAItMin procedure. Hence, total communication
complexity of the initialization step would be O(|2|r).

Alternating Minimization Step: For alternating
minimization, update to rows of U is computed at the
corresponding servers and the update to V' is computed

at the CP. For updating Aﬁff“

following observation: updating

at server k, we use the
ﬁﬁiﬂ) requires atmost
|QF| rows of V(®). Hence, the total communication from
CP to all the servers in the t-th iteration is O(|Q|r).

Next, we make a critical observation that update ¥ (¢+1)



can be computed by adding certain messages from each
server (see Algorithm 3 for more details). Message from
server k to CP is of size O(|Q2*|r?). Hence, total com-
munication complexity in each round is O(|Q2|r?) and
total number of rounds is O(log(||M||r/¢)).

We now combine the above given observations to
provide error bounds and communication complexity of
our distributed PCA algorithm:

THEOREM 4.1. Let the n x d matrix M be distributed
over s servers according to the row-partition model. Let

m > f;’" k2 log(n)log? (HM ). Then, the algorithm 3

on completion will leave matrices U(t+ at server k
and VD at CP such that the following holds (w.p.
> 1—y): [|M = DD (DED)T]| < [0 = M| +e]| M —
M,||p + ¢, where U = >k Y This algorithm
has a communication complezity of O(ds + |Q|r?) =
O(ds + 7% og? (UM ”)) real numbers.

As discussed above, each update to V® and U® are
computed exactly as given in the WAItMin procedure
(Sub-routine 2). Hence, error bounds for the algorithm
follows directly from Theorem 3.1. Communication
complexity bounds follows by observing that |Q] < 2m
w.h.p.

Remark: The sampling step given above suggests
another simple algorithm where we can compute Pq (M)
in a distributed fashion and communicate the samples to
CP. All the computation is performed at CP afterwards.
Hence, the total communication complexity would be
O(ds + 1)) = O(ds + ars? log(”hg 1), which is lesser
than the communlcatlon complex1ty of Algorithm 3.
However, such an algorithm is not desirable in practice,
because it is completely reliant on one single server
to perform all the computation. Hence it is slower
and is fault-prone. In contrast, our algorithm can be
implemented in a peer-peer scenario as well and is more
fault-tolerant.

Also, the communication complexity bound of
Theorem 4.1 only bounds the total number of real
numbers transferred. However, if each of the number
requires several bits to communicate then the real
communication can still be very large. Below, we
bound each of the real number that we transfer, hence
providing a bound on the number of bits transferred.

Bit complexity: First we will bound w;;M;;. Note
that we need to bound this only for (i,5) € Q.
Now, |wijMi;| < [[Ro(M)|ls < |[Ro(M)|| < [|M]| +

€l|M||r < 2 % ndM 4., where the third inequality fol-
lows from Lemma 3.1. Hence if the entries of the matrix
M are being represented using b bits initially then the

algorithm needs to use O(b+log(nd)) bits. By the same
argument we get a bound of O(b+log(nd)) bits for com-
puting || M*|[%,Vi; [| Mj]|*, Vj;

Further at any stage of the WAItMin iterations
[TOVED)T || < [UOVED)T]| < 2)|M||p. So
this stage also needs O(b+1log(n)) bits for computation.
Hence overall the bit complexity of each of the real
numbers of the algorithm 3 is O(b + log(nd)) , if b bits
are needed for representing the matrix entries. That is,
overall communication complexity of the algorithm is

O((b+log(nd)) - (ds + 222 1o g(”M ).
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A

In this section we will review couple of concentration
inequalities we use in the proofs.

Concentration Inequalities

LEMMA A.1. (BERNSTEIN’S INEQUALITY) Let
X1,..X,, be independent scalar random wvariables.

Let | X;| < L,Vi w.p. 1. Then,

(A1) P l iXi - iE[Xi] >t
) - —t2/2
S 2exp (z;;l Var(X;) + Lt/3> :

LEMMA A.2. (MATRIX BERNSTEIN’S INEQ. [29]) Let
X1,...X, be independent random matrices in R™*™.
Assume each matriz has bounded deviation from its
mean:

1~ E[Xi] || < L,Vi wp. 1.
Also let the variance be

0'2 max{

Y (X —EXDX -E[X])T

i=1

E

|

E Z(Xi —E[X:)" (X, — E[Xi])] H} .
Then,
(A.2)
P [ . (X; —E[Xi])| > t] < 2nexp (g?—j]{j/;’,) .

Recall the Shatten-p norm of a matrix X is

n 1/p
X1l = (Z m(X)Z’) .



0;(X) is the ith singular value of X. In particular for
p = 2, Shatten-2 norm is the Frobenius norm of the
matrix.

LEMMA A.3. [Matriz Chebyshev Inequality [24]] Let X
be a random matriz. For all t > 0,

. 7p p
(A3)  PlIX] 24 < inf B[ x]7]

B Proofs of section 3

In this section we will present proof for Theorem 3.1.
For simplicity we will only discuss proofs for the case
when matrix is square. Rectangular case is a simple
extension. We will provide proofs of the supporting
lemmas first.

We will recall some of the notation now.

, (0_5||Mi||2 + || M |? | M| > .
[ M]|11

2n| M||%

Let ¢;; = min{g;;,1}. This is to make sure the prob-
abilities are all less than 1. Recall the definition of
weights w;; = 1/¢;; when ¢;; > 0 and 0 else. Note
that ;. ¢i; < m. Also let m > Bnrlog(n).

Let {d;;} be the indicator random variables and
d;; = 1 with probability §;;. Define 2 to be the sampling
operator with Q;; = §;;. Define the weighted sampling
operator Rq such that, Ro(M);; = d;jw;; M;;.

Throughout the proofs we will drop the subscript of
Q) that denotes different sampling sets at each iteration
of WAItMin.

First we will abstract out the properties of the
sampling distribution (3.2) that we use in the rest of
the proof.

qij = + 0.5

LEMMA B.1. For Q generated according to (3.2) and
under the assumptions of Lemma 3.1 the following
holds, for all (i,j) such that ¢;; < 1.

M.

3 2n
(B4) < A,
17 m
MZ
(B.5) > <,
{idig=ai;}
*\1 |2 2
(B.6) H(UA) I < 8nrk 7
qij m
and
*\1% * j 2
(B.7) 1) V)l o Bnre?

Gij Toom
The proof of the lemma B.1 is straightforward from
the definition of g;;.

B.1 Initialization: Now we will provide proof of the
initialization lemma 3.1.
Proof of lemma 3.1:

Proof. The proof of this lemma has two parts.
1) We show that

[Ba(M) = M| < §[M]|p

2) We show that the trimming step of algorithm 2 gives
the required row norm bounds on U,

ITO) | < 8v/ry/IM7|2/| M]|% and
1
2’

Proof of the first step: We prove the proof of the first
part using the matrix Bernstein inequality. Note that
the L1 term in the sampling distribution will help in
getting good bounds on absolute magnitude of random
variables X;; in this proof.

Let Xij = (5” — inj)wijMijeie]T. Note that
{Xij}7'j=1 are independent zero mean random matri-
ces. Also Ro(M) — E[Ro(M)] = >_,; Xij.

First we will bound || X;;||. When ¢;; > 1, ¢;; =1
and §;; = 1, and X;; = 0 with probability 1. Hence
we only need to consider cases when ¢;; = ¢;; < 1.
We will assume this in all the proofs without explicitly
mentioning it any more.

(B.8)

dist(U©,U*) <

[ X5 = max{|(1 — Gij)wi; Mi;|, |Gijwi; Miz| }.

Recall Wiy = 1/6?1‘]'. Hence

R i S 2n
(1 = iy M K’]<Mh
(1 follows from (B.4).
M; 2n
sl = 1M1 2| 52| < 2o,

(1 follows from ¢;; < 1.
Hence, [|X;;|| is bounded by L
will bound the variance.

= 22| M||p. Now we

ZXUXZT; = ||E 2(5” — Qij)wajijeieiT
= Z%y ng w M
= max qu — Gij) w M



Now,
. Cl an
> G (1= Gig)wi; M7 < *HMH%
J
¢q follows from (B.5). Hence
ZX”X% = max qu — Gij w]Mf]
ij
< max—||M||2 = *IIMIIQ-
< me F F

We can prove the same bound for the HE [Z XTX } .

Hence 02 = 4"||M||F Now using matrix Bernstein
1nequahty with t = §||M||r gives, with probability
>1-

[Ra(M) —E[Ro(M)]|| = [[Ra(M) — M|| <6 ||M] 5.
Hence we get | M —P,(Rao(M))|| < ||M —Ro(M)||+
| Ra (M) —Pr(Ra(M))|| < [|M — M.[|+26||M||p, which

implies || M, — Pr(Ra(M))|| < 2| M — M, || + 26||M ||
Let SVD of P,.(Rq(M)) be UOLO (V)T Hence,

1P (Ra(M)) — M, |* = U@ O (vO)T
> |1 =uO w2

This implies dist(U©®),U*) < 2AM=M-|+2]|M|r

G’ =

. This follows from the as&umptlon ||M — M, |r <
K = % is the the

P

144

576)%1 5 5761@7"1'5 '

condition number of Mr.

Proof of the trimming step: From previous step we
know that ||Ro(M) — M| < 6 || M| and consequently
dist(U©®) U*) < §,. Let,

= /42 M,

be the estimates for the left leverages scores of the
matrix M. Since |[M — M,|r < ||M,||p, 2 >
Dk 1(f’k) (U*k)z
>h=1(0f)?
Set the elements bigger than 2/; in the ith row of U°
to 0 and let U be the new initialization matrix obtained.

Also since dist(U®), U*) < 8y, for every j = 1,.., 7 there
exists a vector 4; in R™, such that (U(O) u;) > /1 — 03,
;]| = 1 and |(a;);]* < % for all i. Now

Uj is the jth column of U obtained by setting the entries
of the jth column of U® to 0 whenever the ith entry
of U;O) is bigger than 2l;. For such ¢,

Zk 1(00)(U)?
B Zk 1(07)?
< |(U7)i -

(B.9) |(Ty)i — (w;)s| <

(aj)i|7

_Un* (V*)T|‘2When 02 <

(07)? H(U(O))TU*||21ncrease the distance to U* by much. To bound the

. 0 o 2
since ’(U]( ))if( )i —l; = —Z* 1 f()ﬂi) 2

For the rest of the coordinates, (U])l =
Hence,

(0)
(Uj )z

|75 - < o - | = 2 - 20, 5) < V262,
Hence H[ZH > 1 — \/562, and HU;O)—UJ-H <
~ (12 ~
1/1—“@” < 24/09, foréggﬁ. Also HU(O)—UH <
F

2¢/1d3. This gives abound on the smallest singular value
of U.

U >1—2/rd,.

_ Now let the reduced QR decomposition of UbelU =
UOA-L where U© is the matrix with orthonormal
columns. From the bounds above we get that

Umin(U) > Umin(U(O)) -0 aX(U -

1 1
IA]* = =~ = = <4,
Umin(U(O)A_1)2 Umin(U)2

1
167 °
First we will show that this trimming step will not

dist(U©,U*) consider, |(w3)TU||, where u* is some
vector perpendicular to U*.

(w])TTO| = [|(ut)"TA|
<(ND)TTO) +1[(w)™(T = TO)|DIA]
<(02 4+ 24/702)2 < 64/13 < %7

for 0o < . Second we will bound ||(U(©)]].

ITOY ) = 1l TN = ||l TA|
< e UNIAN < 20iv/r2 < 8V JIIM7]12/ | M]3

Hence we finish the proof of the second part of the
lemma.

B.2 Weighted AltMin analysis: We first provide
proof of Lemma 3.2 for rank-1 case to explain the main
ideas and in next section we will discuss rank-r case.
Hence M; = o*u*(v*)T. Before the proof of the lemma
we will prove couple of supporting lemmas.

Let u! and v'*! be the normalized vectors of the
iterates @' and v't! of WAIltMin. We assume that
samples for each iteration are generated independently.
For simplicity we will drop the subscripts on 2 that
denote different set of samples in each iteration in the
rest of the proof.



The weighted alternating minimization updates at holds:
the ¢t 4+ 1 iteration are,

(B.10) B.1 Sijwi;(uh)? — 2l < §
~t)|~t+1 * *Z'éijwij > Oijwigu uf (M — My )ij (B-13) Z ”wm(uj) Z(uj) =
@[5+ = oo u L M)y, ; ;
2 0ijwig (uf) 22 0ijwig (uf)
with pmbability greater that 1 — %, for m > pnlog(n),

Writing in terms of power method updates we get, B>1 2 and §; < 3.
(B.11)
Attt o (u* t\, * * o—1 t o, x * -1
(e (w*, u' )"~ B7 ((u', u") B=C)v"+B"y, Proof. Note that ‘Z] dijwij(u})? — Zj(u;‘)2 =
where B and C are diagonal matrices with B;; = ‘Zj(a’ij _Qij)wij(u;)2’- Let the random vari-

o (082 L — Ciagy. otk :
S a7 and €y = S dgugatu; and i il TG s T

the vector Ro(M — M;)Tu® with entries y; . . Lo
V 1— G;;)(wi; (u*)?)2. Hence,

S e (M A ar(X;) = i qj><wg<u]> )?. Hence
Now we will bound the error caused by the M — M; Var(X Z @

E : i (

*\2\2
. . . qU wij (uj ) )
component in each iteration.

LEMMA B.2. For Q generated according to (3.2) and i (u;‘)2 o
under the assumptions of Lemma 3.2 the following qu = Z 0 (u5)
holds: C 6 16j
o oy S )=
H Ro(M — My) — (u')"(M — M| < §|M~M||F, m < m

with probability greater that 1 — Tlog(n L for m > ¢ follows from (B.6). Also it is easy to check that

c < 1on
Bnlog(n), B8 > AT g H 0T Ro(M — M) || < | X . Now applying Bernstein inequality gives

e 78? the result.
dist(u®,u*)||M — M| + 6 ||M — M|, for constant 6.

LEMMA B.4. For Q sampled according to (3.2) and
Proof. Let the random matrices X;; = (d;; — wunder the assumptions of Lemma 3.2 the following
Gij)wiz (M — Ml)ij(ut)iejT- Then Zij Xij = holds:
(’U,t)TRQ(M - Ml) - (’U,t)T(M — M1) Also E [X”} =0. t o * . 1\9
We will use the matrix Chebyshev inequality for p = 2 (B-14) 1({u’s w™) B = C)o™|| < 61v/1 = {ur, uf)?,

2 . .
Now we will bound E [Hzl] X ] with probability greater than 1 — %, for m >
2 Bnlog(n), s > 4?? and &, < 3.
2
Proof. Let
E ZXij a; = up((u*, u')up —uy).
" 2 Hence the jth coordinate of the error term in equa-
2 tion (B.11) is
=E | (Z(%‘ — Gij)wii (M — M)y (Ut)z‘> 204 0igwig v} .
i\ 22 0ijwig (ug)?
EX - PO M Rl dat g = (et - Lt X
dijwijaviejey, for 4,5 in [1,..n]. Note that X;; are in-
4nc dependent random matrices. Then ((uf, u*)B — C’)v is
< Zw” 2(M - Ml) L ||M My ||%. the first and the only column of the matrlx Z” .
We will bound || 7% _, Xi;|| using matrix Bernstein in-
equality.

(1 follows from the fact that X;; are zero mean indepen-

dent random variables. (s follows from (B.15). Hence

applying the matrix Chebyshev inequality for p = 2 and E[X..] = R &
; Gijwijoivieje

t =0||M — M| F gives the result. Z i) EJ:; ST

LeEmMA B.3. For Q sampled according to (3.2) and = ZZaiv;eje{ =0,

under the assumptions of Lemma 3.2 the following i



because Y, a; = 0. Now we will give a bound on || X;]|.

Slek

U

Q*

1Xij || = 184wijvivf] < 0yl — )

el

]

¢ 16nc;
< * uthut — u)?2 =
g o ﬁi:““’“m u)

¢y follows from (B.7) and (B.15).
Now we will bound the variance.

16ncq

=||E | ) (X;TXy; —

ij

= quw

*\2 T
— Gij) wijaivj) ere;

1 — (u*, ut)?

Bounding (v'! v*):
Using Lemma B.3, Lemma B.4 and equation (B.11)
we get,

(B.16) [l [|("*",v")

1) 1
> o (ul, u*)—o* 1 _151 1- <u*aut>2_1_751||yTU*”
and
(B.17)
[ @, ) < o T (e a2+ —
- 1— 51 ’ 1-— 51

Hence by applying the noise bounds Lemma B.2 we get,

dist(v'™H v*)? =1 — (' v*)?
<ij\t+1,1}i>2 <i)\t+1,vi>2

IN

T L S (5L )

¢
< 95(8ydist(ut, u*) + dist(u, u*)| M — My /o*

Then, +§HM_M1HF/U*)2-
Z%y — Gij) wijaivj)Q (1 follows from 0; < %, (ut,u*) > (u®u*) and
((u*, u®) — 201 /1 — (w*,u%2 > L § < Land §; < 4.
gzwij ub)((u* utyut — uf)2(v])? Hence, v »
2 . * 1 . * *
014”( ;)2 Z(<u ubhut — ul)? dist(v'T v*) < idzst(ut,u )+ 56||M — My||g/c".
m -
<C%4n( *)2(1 < * t>2)
- u
~—m v Bounding |vt+1|
Hence From Lemma B. 3 and (B.15) we
’ get  that |Z Sijwig(ub)? — 1’ < 1 and
t * 1 16c§
4nc |Z 6”w”u ub — (u*,uf)| < 61, when 8 > =
E ) (X —E[X,])" (X —E[X5) | || < — (1= ({u H@n>ce> '
ij
The lemma follows from applying matrix Bernstein (B-18) 1-01<Bj; = Z‘S”w” ) <144,
inequality.
and
Now we will provide proof of lemma 3.2.
Proof of lemma 3.2:[Rank-1 case] (B.19) Z(;”w”u ul < (utut) + 6.

Proof. Now we will prove that the distance between u?,
vt and u*,v* decreases with each iteration. Recall
from the assumptions of the Lemma we have the follow-
ing row norm bounds for u?;

(B.15)  Juf| < Cl\/IIMiIIQ/IIMH% + [Mi; |/ | M| -
First we will prove that dist(u’,u*) decreases in each
iteration and second we will prove that v*t! satisfies
this condition.

Recall that

e+ _ 2 0ijwijugMi;
22 0ijwig (ug)?

Z&quu M;;.

17 <

We will bound using >, d;w;julM;; using Bern-
stein inequality.

Let X ((5 — Gij)wijutM;;. Then > E[X;] =0
and Y, ulM;; < ||M || by Cauchy-Schwartz inequality.



o Var(Xi) = 32,41 — Gij)(wig)?(uf)? M <
4nc? .

Diwi(ug)? M7 < HIM|IP. Finally X <
ne M ; ne

lwijul Myj| < 22| M;|/ |||M"|l < dner SIM M [ F.

Hence applying Bernstein inequality with ¢ =
S\/IM11? + [Mi5[[ M| gives, 37, dijwijufMi; < (1+
51)V/[IM; % + [M,;|[[ M| p with probability greater than
24c? ]

L og(n).

Since 01 < 55, we
2L /IIMG112 + [M;[[[ M| 7. Now we will bound [[o¢+]].

lf%vvhenmz

get, @] [o7] <

[ IR = flat (@, ™)

G 6,

2 ot ) = 0" T T = (P = |
¢

2 o (@0, u*) — 20%8, /1 — (u*, @0)2 — 28| M — M|

(3 2

> —o*.

¢1 follows from Lemma B.4 and equations (B.11)

and (B.18). (s follows from using (u*,a%) < (u*,u?)

and (51 < (3 follows from the argument: for

, (WO u*) — 261+/1 — (u*,u0)? is greater than

1 <A8 ) > 2. This holds because dist(u*,u’) < 2
from Lemma 3.1.
Hence we get

1
20"

~t+1
S Y \/||Mj||2 + [ M| M| 7
N =
< Cl\/\lMg‘HQ/llMll% + | Mi; /|| M]| 7,
for ¢y = 6.

Hence we have shown that v'*! satisfies the
row norm bounds. From Lemma B.2 we have,
in each iteration with probability greater than 1 —
Tlog(n H HTRo(M — M) H < dist(ut,u*)|M —
M|+ 6||M — M;|| . Hence the probability of failure
in T iterations is less than . Lemma now follows from
assumption on m.

Now we have all the elements needed for proof of
the Theorem 3.1.
Proof of Theorem 3.1:[Rank-1 case]

Proof. Lemma 3.1 has shown u° satisfies the row

norm bounds condition. From Lemma 3.2 we get
dist(v'™,v*) < Idist(ul,u*) + 56|M — Mi|r/c*.
Hence dist(v'™,v*) < Ldist(@® u*) + 105|M —
Mi||p/o*. After t = O(log(%)) iterations we
get dist(v'tl0*) < (¢ + 106|M — Mi||p/c*
dist(ut,u*) < ¢+ 108|M — M;||p/c*.

Hence,
[My =@t @7
<[ = () )My + [lu* ()T My — (FHT) ||

¢ ] . _
<oidist(u*,u*)+|c*B
+1B~yll

N u) B = O’

¢
Sotdist(ut,u*) + 205| M| dist(ut, u*)

+ 2dist(ut, w )| M — My + 26 | M — My
<coi(+e||M —M]p.

¢; follows from equation (B.11) and (, from ||[B~!|| <
ﬁ < 2 from Lemma B.3.

From Lemma B.2 we have,
with probability greater than 1 — #g(n) we have
|(W)TRo(M — My)|| < dist(u',u*)|[|M — M|l +
d||M — M,||p. Hence the probability of failure in 7'
iterations is less than ~.

in each iteration

B.3 Rank-r proofs: Let SVD of M, be U*S*(V*)T,
U*,V* are n X r orthonormal matrices and X* isa r x r
diagonal matrix with ¥}, =

In this section we will present rank-r proof of
Lemma 3.2. Before that we will present rank-r version
of the supporting lemmas.

Now like shown in [19], we will analyze a equiv-
alent algorithm to algorithm 2 where the iterates are
orthogonalized at each step. This makes analysis sig-
nificantly simpler to present. Let, U® = UOR® and
V(D) — Y+ REHD be the respective QR factoriza-
tions. Then we replace step 7 of the algorithm 2 with

V(H_l) = arg VHH%PXT HR92t+1 (M U(t)VT)HQ

We similarly change step 8 too.

We also assume that samples for each iteration are
generated independently. For simplicity we will drop
the subscripts on €2 that denote different set of samples
in each iteration in the rest of the proof. The weighted
alternating minimization updates at the ¢ + 1 iteration
are,

(B.20)

(VDY = (B) 7 (C75H (VY + (U Ra(M — M,); )
where B7 and C7 are r x r matrices.
B =37 8y (U0 (U0)

= bwy (U)W



Writing in terms of power method updates we get, The proofs of the above three lemmas are similar to
the rank-1 proofs presented in the previous section and

(B.21) we skip them in this version.
() = (0O) U - (B (B U )T Now since V(+) = VE+DRIAD,
—CN) (V) + (B)THUD) Ro(M = M) (B25)  omin(ROTY) = 0 (VD)
Hence, 2 Guinl(UOYTU T (VT — | F|
(VT — (O Tys (vT — F - HZ B UD)TRo(M — M,) e ||.

+ 2 (BT U) Ro(M = My)je],
j=1 ¢y follows from (B.21).

. ENT 77y (/7 *\T
where the jth column of F, F; = Now i Tmin (UH)UE(V)T) =
((B)~H(BIH(UW)TU* — C7)) £*(V*)1. oi\/1—dist(U®,U*)2. Hence <
First we will bound ||B7| using matrix Bernstein 1235 07dist(U®",U*).
inequality.
LEMMA B.5. For Q generated according to (3.2) and n ()T
under the assumptions of Lemma 3.2 the following Z UMW) Ro(M — M;)je; il
holds: J=1
. . 1 (T
(B.22) |[B/ ~I| <bs, and €7 — (UO)'U" < 2, [|(©) Ra(M = M) ¢

with probability greater that 1—%, form > Bnrklog(n), < .

dz‘st(U“), U*)||M — M,||
4%48c2 52
8> 52 and 6o < 3r.

0
| e M = My
Now we will bound the error caused by the M — M,. 1 -9

component in each iteration.

from Lemma B.6.
LEMMA B.6. For Q generated according to (3.2) and Hence,
under the assumptions of Lemma 3.2 the following
holds:

ruinR) 2 07 (/1 = dist U 0,07
(B.23) (U O) Ra(M — M,) - (UO)T(M - M,)

2
dist U, 0%) = 2 2 |M = )

<O M = M|, _52 1

O—T
with probability greater that 1 — m, for m > 2 9
Bnrlog(n), 8 > 46162 . Hence H NTRo(M — M,) ||

) for enough number of samples m.
dist(U®), U*)||M M| +4¢ ||M M,||, for constant
0.

Now we are ready to present proof of Lemma 3.2
for rank-r case.

Since ||B?|| is bounded by the previous lemma, to Proof of Lemma 3.2:
get a bound on the norm of the error term in equa- o
tion (B.21), ||FJ|, we need to bound ||F|, where F; = Proof. The proof like in rank—l cabelhab two steps. ¥n

JTTENTTT* _ (VS (/%) the first step we show that dist(V (1D V*) decreases in
(B UMWY U* — CHZ*(V*). . .

each iteration. In the second step we show row norm

LEMMA B.7. For Q generated according to (3.2) and bounds. Recall from the assumptions of the Lemma we
under the assumptions of Lemma 3.2 the following have the following row norm bounds for U®);
holds: (B.26)

(B.24) |F|| < potdist U, U%) IO < exy/IMI/ 1M + Mgl /1M, i

with probability greater that 1 — %, for m > fnlog(n), We will prove that V1) satisfies this condition.
3.2
B> 32:55“ , ¢1 < 8ky/1 and §y < %




Bounding dist(VHD V*):
dist(VUHD, V) = (VD) TV

¢
SR FVY|
1 1T "
+ 1_752”(3(”1)) ! (U(t))TRQ(M — M)VI|F
C2 1 *
Sm 1]l 1 5 dist(U",U")||M — M, ||
5
LTS MT|F)
2 [ 6 «
<z ® *
= (1 M || dist(U®, U*)

1 5
dist(UD , U*)||M — M, || + —— |M — M,
b dist @O, UM = M+ 3 - 0
1
gfdz'st(U(t), U*) +56|M — M, /o7,

for (52 S 6
Lemma B.6.

. ¢y follows from (B.21). (s follows from

Bounding ||(V#D)7|:
From Lemma B.5 and (B.26) we get that
Omin(B?) > 1 — 62 and 0ax (C?) < 1+ 65. Recall that

(B.27)

(VD) = (Re+D)—1T ((Bj)_l(U(t))TRQ(M)j) :
Hence,
||(V(t+1)) || O’mln(]]‘:f(tJrl)) < 1(5 ”(U(t))TRQ(M)J') .

We will bound |(U™)T Rg (M
stein inequality.

)j|| using matrix Bern-

Let X; = (6;; — (jw)w”Mw(U(”)i T Then E[X;] =
0 and >, X; = (UMTRo(M); — (U<t>)TM Now
IIJZQII < az JIMGIIM[F and |[E[Y, XiX]T]|| <
8em

|M;||>. Hence applying matrix Bernstein inequal-

| )T Ra(M), < 1M1 + 620/ 1M1 + |

< (14 62)/IM]12 + |

M| || M| F

M| | M|l F,
1 =

[(vesny

with — for

| <

probability than

24(/1 n log( )

m
M, H2 [AMo;]
Skn/1 4 [ 1M il
Vi Tz T

Hence we have shown that (V(**1))J satisfies corre-
sponding row norm bounds. This completes the proof.

greater

> Hence

Now we have all the elements needed for proof of
the Theorem 3.1.The proof is similar to the proof in the
rank-1 case and follows from the Lemmas 3.1 and 3.2

C Proofs of section 3.3

We will now discuss proof of Theorem 3.2. The proof
follows same structure as proof of Theorem 3.1 with few
key changes because of the absence of L1 term in the
sampling and the special structure of M = AB. Again

for simplicity we will present proofs only for the case of
Q2 12
Al HBJ I ) AISO7 let Wij = 1/qA”
sampling distribution (3.5) that we use in the rest of

ni =mno = n.
n[[Allz T nlBl%

2

the proof. Also let Cup = W

Recall that ¢;; = min(1,¢;;) where ¢;; = m -
First we will abstract out the properties of the
F

LeMMA C.1. For Q generated according to (3.5) and
under the assumptions of Lemma C.2 the following
holds, for all (i,7) such that ¢;; < 1.

Mi' n
(C.28) < o (|AlF + 1BI3),
ij
Mf
(C29) > < (AR +IBIR),
{J:Gij=qi; }

(C.30) @2 _ (1A% + 1BI2)

g; ~—m |A-B|%
and
sy MOYNOPI _ n (AL + 1B

Qi ~m  |A-Bl%

The proof of the lemma C.1 is straightforward from
the definition of g;;.

Now, similar to proof of Theorem 3.1, we divide
our analysis in two parts: initialization analysis and
weighted alternating minimization analysis.

C.1 Initialization

LeEMMA C.2. (INITIALIZATION) Let the set of entries
Q be generated according to G;; (3.5). Also, let m >
CC’AB(SQ log(n). Then, the following holds (w.p. >

— 30 ):
(C.32) [Ra(AB) — AB|| <3 [|AB||p -

Also, if |AB — (AB),||r < 556,W15H(AB) |7, then the
following holds (w.p. > 1— %5

il < 8vr L

1T 14%12/ A} and dist(@®,U") <

l\D

where U is the initial iterate obtained using Steps 4,
5 of Sub-Procedure 2. k = o} /o), o is the i-th singular
value of AB, (AB), = U*¥*(V*)T.



Proof. First we show that Rqo(AB) is a good approxi-
mation of AB.

Let M = AB. We prove this part of the lemma
using the matrix Bernstein inequality. Let X;; =
(05 — (jij)wijMijeiejT. Note that {Xij}ﬁjzl are inde-
pendent zero mean random matrices. Also Ro(AB) —
E[Ro(AB)] = 3_,; Xij-

First we will bound [|X;;||. When mg;; > 1, ¢;; =1
and §;; = 1, and X;; = 0 with probability 1. Hence
we only need to consider cases when ¢;; = mg;; < 1.
We will assume this in all the proofs without explicitly
mentioning it any more.

[ X5 = max{|(1 — Gi;)wi; Miz| , |Gijwi; Miz|}.

Recall w;; = 1/§;;. Hence

ij

[(1 = Gij)wii Mij| < (HA||F+ | B|I%)-

Jij

¢q follows from (C.28).

) G
|Gijwij Mij| = [Myj] <

n
y *m(HAH%JrHBII%)-
(1 follows from ¢;; < 1.

Hence, || X, || is bounded by L = 52 (|| A[|%+| B|3).
Recall that this is the step in the proof of Lemma 3.1
that required the L1 term in sampling, which we didn’t
need now because of the structure AB of the matrix.
Now we will bound the variance. Recall,

= max Z Gij (1 — qij)w?jMin .

J

> XX
ij

Now

)

Z@ij(l

¢1 follows from (C.29). Hence

u)M2

iy —

- qz_]

n
DX X5 | < (Al + 1BII7)*

We can prove the same bound for the HIE {Zij X%XU} H
Hence 0% = Z(||A|% + ||B||3)®. Now using matrix
Bernstein inequality with ¢ = §||AB||r gives, with
probability > 1 — %,

[Ra(AB) — E[Ro(AB)]|| = [[Ra(AB) — AB|

< 0| AB|p.

IAHF+ 1BI17)*.

Once we have ||Rq(M) —
trimming step guarantees

M]|| < 6||M||F proof that

1472
A%

1(TO) | < 8/r and dist(U©,U*) <

l\JM—\

follows from the same argument as in Lemma 3.1.

C.2 Weighted AltMin Analysis

LemMA C.3. (WALTMIN DESCENT) Let hypotheses of
Theorem 3.2 hold.  Also, let ||AB — (AB),||r <

WH(AB),,HF. Let U® be the t-th step iter-
ate of Sub-Procedure 2 (called from W AltMin(Pq(A -
B),Q,4,T)), and let VD be the (t + 1)-th iterate
(or V). Abso, let (U] < s/ [AT? /AT and
dist(U®,U") < 1. where U is a set of orthonormal
vectors spanning o, Then, the following holds (w.p.

>1-9/T):
4B — (4B

*
O—’I”

and |[(VUHDY | < 8v/rky/[1B; 2/ Bl where VD

is a set of orthonormal vectors spanning VD,

)rllr

)

dist(VEHD y+) < dzst( Ub U+

For the sake of simplicity we will discuss the proof
for rank-1(r = 1) case for this part of the algorithm.
Rank-r proof follows by combining the below analysis
with rank-r analysis of Lemma 3.2 (see Section B.3).
Before presenting the proof of this Lemma, we will
state couple of supporting lemmas. The proofs of these
supporting lemmas follows very close to the ones in
section B.2.

LEMMA C.4. For Q sampled according to (3.5) the
following holds:

> Gijwij(u})?
j

(C.33) =D (W)?| <,

J

with probability greater that 1 —
BCapnlog(n), B> 4 2 and 61 < 3.

We assume that samples for each iteration are
generated independently. For simplicity we will drop
the subscripts on () that denote different set of samples
in each iteration in the rest of the proof. The weighted
alternating minimization updates at the ¢ + 1 iteration
are,

(C.34)

v 2o Ogwigubul S digwigub (M — My)i;

tll/\t—l-l

lw = o™}

T2 6ijwig (u )2 > Oijwij(uf)?



Writing in terms of power method updates we get,

(C.35)

”At”'\tJrl 0*<u*,ut>v*—a*P71(<ut

where P and @) are diagonal matrices with P;;
> wi(uh)? and Q5 = >, diwijulul  and
is the vector Ro(M — M;)Tu! with entries y; =
22 Oijwigug (M — My)i;.

Now we will bound the error caused by the M — M,
component in each iteration.

<

LeEmMMA C.5. For Q generated according to (3.5) the
following holds:
(C.36)

@) R (M — M) = O (M = M)

1 — 1

with S Tog(n)”

that

for m > pnrlog(n), B > 4?—;2 Hence,
[(UNTRo(M — M,)|| < dist(U®D,U*)|M — M, | +
0||M — M,||p, for constant 6.

probability  greater

LEMMA C.6. For Q sampled according to (3.5) and for
ul satisfying equation (C.38) the following holds:

I((uf, w) P — Qv || < &1

with probability greater than 1 — 77227 for m >
2

BCapnlog(n), 3 > 4§§1 and 6, < 3.
1

(C.37)

- <U*7 ut>Za

Now we will provide proof of lemma C.3.
Proof of lemma C.3:[Rank-1 case]

Proof. Let ut and v**! be the normalized vectors of the
iterates ut and v*T1.In the first step we will prove that
the distance between u?, vit! and u*,v* decreases with
each iteration. From the assumptions of the lemma we

have;
ug] < ey A%]12 /1| All%-
In the second step we will prove that v**! satisfies

o < en /1B /11 BII%-

Bounding (v'*! v*): The proof of this part is same
as in the proofs in previous section and hence we skip it.

(C.38)

Bounding vj-“:

From Lemma C 4 and (C.38) we
get  that |Z 0ijwij(ub)? — 1| < 01 and
>, dijwijuiul — (u* ,u>| g 01, when g > 1%5.
Hence,

(C39) 1-6<Py= Zaww” 92 <146,

u*YP—Q)v*+P 1y, (C.40)

and

Zéljw”u ul < (u,u*) + 6.

Recall that

> Oijwijui Mi;
> 0ijwiz(u )

|| 75| =

< 1_ 5 Zamwzgu Mzg

We will bound using >, d;;w;;ulM;; using bern-
stein inequality.  Let X; = (§;; — qzj)wijuﬁMij.
Then Y ,E[X;] = 0 and Y ,ulM;; < |M;|| by
Cauchy-Schwartz inequality. ), Var(X;) = Z Gij (1 —

< 6| M— M, |[Gig) (wig) (wg)? M5 < 575 wis(up)* M < g2 <

2
SEIBs P Al Finally [Xy| < JwiuiMi| <

|| Al|p||Bj|]. Hence applying bernstein inequality
Wlth t = 6||\|g\|“ ||AB||F giVQS, Zl 5ijw¢ju§M¢j < (1 +
51) |‘||gﬁi ||ABHF2with probability greater than 1 — 2
when m > 2§glC’ABnlog(n). For §; < %, we get,
~ B;

@) 55+ | < 5L | AB| e

Now we will bound |[ot+1]].
@ ] > flat (@, ™)
¢1 51 1
S g to %\ _ % 1— * o t\2 _ T %
20"t} = 0" LT (- |
¢ G 2
2 o (w0, u*) — 2061 \/T — (u*, u0)2 — 26| M — My || > o,

¢, follows from Lemma C.6 and equations (C.35)
and (C.39). (s follows from using (u*,u®) < (u*,u?)
and §; < %. (3 follows by initialization and using the
assumption on m with large enough C' > 0. Hence we
get

~t+1
pi_ BT 2B 4Blr _ | 1Bl
A e IS T VT s [

for ¢; = 6.
Hence we have shown that v!t! satisfies the row
norm bounds. This completes the proof.

The proof of the Theorem 3.2 now follows from
the Lemma C.2 and Lemma C.3 similar to the proof
of Theorem 3.1.



Algorithm 3 Distributed low rank approximation al-
gorithm

input Matrix M,, at server k, rank-r, number of

1:

10:
11:

12:

13:

14:

samples m and number of iterations 7.

Sampling: Each server k computes column norms
of My, ||My,|l1,1 and communicates to CP. CP
computes column norms of M, || M1, |M||F and
communicates to all servers.

. Each server k samples (i, j)th entry with probability

. ||Mik”2+||MjH2 (M )ij
min{m( Sl T Tl ),1} for rows {ry}

and generates QF.
Each server k sends lists of columns ({cx} C [d])
where Rqr(My, ) has sampled entries, to CP.
Initialization: CP generates random n X r matrix
Y (©) and communicates YC(B ) to server k.
for t =0 to log(1/c) do
Each server k  computes )A/c(lfH)
Ror (My )T Rk (M) * Yc(‘f) and communi-
cates to CP.
CP computes Y1) = >k ?c(iﬂ), normalize and
communicates Yc(lfH) to server k.
end for
WAIltMin: Each server k set \A/c(,? ) — YC(EH).
fort=0toT —1do R
Each server %k computes (U(FTD) =

~. N\ 2
arg mingerr 3. (; jear Wij (Mz - xT(Vt)J) )
for all i € {ry}.

Each server k£ sends to CP; 2z =
S\ T

(Urk ) Ror(My)e;  and By _

D jyear Wijuu, u = (Ui for all j € {cg )}

CP computes B; = Y, By; and (V+1)i —

Bj_1 > i 2kj for j = 1,---,d and communicates

(VD) to server k.
end for

output Server k has ﬁr(ffl) and CP has Vt+D),
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