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Abstract

Linear subspace models are pervasive in computational sciences and particularly used
for large datasets which are often incomplete due to privacy issues or sampling con-
straints. Therefore, a critical problem is developing an eflicient algorithm for detecting
low-dimensional linear structure from incomplete data efficiently, in terms of both compu-
tational complexity and storage.

In this paper we propose a streaming subspace estimation algorithm called Subspace
Navigation via Interpolation from Partial Entries (SNIPE) that efficiently processes blocks
of incomplete data to estimate the underlying subspace model. In every iteration, SNIPE
finds the subspace that best fits the new data block but remains close to the previous
estimate. We show that SNIPE is a streaming solver for the underlying nonconvex matrix
completion problem, that it converges globally to a stationary point of this program re-
gardless of initialization, and that the convergence is locally linear with high probability.
We also find that SNIPE shows state-of-the-art performance in our numerical simulations.
Keywords: Principal component analysis, Subspace identification, Matrix completion,
Streaming algorithms, Nonconvex optimization, Global convergence

1. Introduction

Linear models are the backbone of computational science, and Principal Component Analysis
(PCA) in particular is an indispensable tool for detecting linear structure in collected data
(van Overschee and de Moor, 2012; Ardekani et al., 1999; Krim and Viberg, 1996; Tong
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Figure 1: The sequence of generic vectors {s;}7_; drawn from an unknown r-dimensional
subspace S in panel (a) is only partially observed on random index sets {w;}Z_;. That is,
we only have access to incomplete data vectors {y;}._; in panel (b), where the white entries
are missing. Our objective is to estimate the subspace & from the incomplete data vectors,
when limited storage and processing resources are available. See Section 1 for the detailed
setup.

(b)

and Perreau, 1998). Principal components of a dataset are used, for example, to perform
linear dimensionality reduction, which is in turn at the heart of classification, regression
and other learning tasks that often suffer from the “curse of dimensionality”, where having
a small number of training samples in relation to the number of features typically leads to
overfitting (Hastie et al., 2013).

In this work, we are particularly interested in applying PCA to data that is presented
sequentially to a user, with limited processing time available for each item. Moreover, due
to hardware limitations, we assume the user can only store small amounts of data. Finally,
we also consider the possibility that the incoming data is incomplete, either due to physical
sampling constraints, or deliberately subsampled to facilitate faster processing times or to
address privacy concerns.

As one example, consider monitoring network traffic over time, where acquiring com-
plete network measurements at fine time-scales is impractical and subsampling is necessary
(Lakhina et al., 2004; Gershenfeld et al., 2010). As another example, suppose we have a
network of cheap, battery-powered sensors that must relay summary statistics of their mea-
surements, say their principal components, to a central node on a daily basis. Each sensor
cannot store or process all its daily measurements locally, nor does it have the power to
relay all the raw data to the central node. Moreover, many measurements are not reliable
and can be treated as missing. It is in this and similar contexts that we hope to develop a
streaming algorithm for PCA from incomplete data.

More formally, we consider the following problem: Let & be an r-dimensional subspace
with orthonormal basis S € R™*". For an integer T, let the coefficient vectors {q:}1_; C
R" be independent copies of a random vector ¢ € R"” with bounded expectation, namely,
Elqll2 < co. Consider the sequence of vectors {Sq;}L; C S and set s; := Sg; for short.
At each time t € [1: T] := {1,2,--- , T}, we observe each entry of s; independently with a
probability of p and collect the observed entries in y; € R™. Formally, we let w; C [1 : n)
be the random index set over which s; is observed and write this measurement process as
Yyt = P, - st, where P,, € R"™" is the projection onto the coordinate set wy, namely, it
equals one on its diagonal entries corresponding to the index set wy and is zero elsewhere.
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Our objective in this paper is to design a streaming algorithm to identify the subspace &
from the incomplete data {y;}._; supported on the index sets {w;}Z_;. Put differently, our
objective is to design a streaming algorithm to compute leading r principal components of
the full (but hidden) data matrix [s sg - - - s7] from the incomplete observations [y; y2 - - - y7],
see Figure 1. By the Eckart-Young-Mirsky Theorem, this task is equivalent to computing
leading r left singular vectors of the full data matrix from its partial observations (Eckart
and Young, 1936; Mirsky, 1966).

Assuming that » = dim(S) is known a priori (or estimated from data by other means),
we present the SNIPE algorithm for this task in Section 2. SNIPE is designed based on
the principle of least-change and, in every iteration, finds the subspace that best fits the
new data block but remains close to the previous estimate. SNIPE requires O(n) bits of
memory and performs O(n) flops in every iteration, which is optimal in its dependence on
the ambient dimension n. As discussed in Section 3, SNIPE has a natural interpretation as
a streaming algorithm for low-rank matrix completion (Davenport and Romberg, 2016).

Section 4 discusses the global and local convergence of SNIPE. In particular, the local
convergence rate is linear near the true subspace, namely, the estimation error of SNIPE
reduces by a factor of 1—c¢p in every iteration, for a certain factor ¢ and with high probability.
This local convergence guarantee for SNIPE is a key technical contribution of this paper
which is absent in its close competitors, see Section 5.

Even though we limit ourselves to the “noise-free” case of y; = P,,s; in this paper,
SNIPE can also be applied (after minimal changes) when y; = P, (st + n¢), where we might
think of n; € R™ as measurement noise from a signal processing viewpoint. Alternatively
from a statistical viewpoint, n; represents the tail of the covariance matrix of the generative
model, from which {s;}; are drawn. Moreover, SNIPE can be easily adapted to the dynamic
case where the underlying subspace S = S(¢) changes over time. We leave the convergence
analysis of SNIPE under a noisy time-variant model to a future work. Similarly, entries of
incoming vectors are observed uniformly at random in our theoretical analysis but SNIPE
also applies to any incomplete data.

A review of prior art is presented in Section 5, and the performance of SNIPE and rival
algorithms are examined numerically in Section 6, where we find that SNIPE shows the state-
of-the-art performance. Technical proofs appear in Section 7 and in the appendices, with
Appendix A (Toolbox) collecting some of the frequently-used mathematical tools. Finally,
Appendix L offers an alternative initialization for SNIPE.

2. SNIPE

In this section, we present Subspace Navigation via Interpolation from Partial Entries
(SNIPE), a streaming algorithm for subspace identification from incomplete data, received
sequentially.

Let us first introduce some additional notation. Recall that we denote the incoming
sequence of incomplete vectors by {y;}._; C R", which are supported on index sets {w; }1_; C
[1:n]. For a block size b > r, we concatenate every b consecutive vectors into a data block,
thereby partitioning the incoming data into K = T'/b non-overlapping blocks {Yk}le, where
Y;, € R"*® for every k. We assume for convenience that K is an integer. We also often take
b = O(r) to maximize the efficiency of SNIPE, as discussed below.
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At a high level, SNIPE processes the first incomplete block Y7 to produce an estimate §1
of the true subspace S. This estimate is then iteratively updated after receiving each of the
new incomplete blocks {V;},, thereby producing a sequence of estimates {gk}szz , see
Figure 2. Every gk is an r-dimensional subspace of R™ with orthonormal basis §k e R™*7;
the particular choice of orthonormal basis is inconsequential throughout the paper.

Figure 2: SNIPE concatenates every b incoming vectors into a block and iteratively updates
its estimate of the true subspace S after receiving each new block. That is, SNIPE updates
its estimate of S, from Sk 1 to Sk, after receiving the incomplete data block Y} € R™*b_ see
Section 2 for the details.

More concretely, SNIPE sets 3\1 to be the span of leading r left singular vectors of
Y1, namely, the left singular vectors corresponding to largest r singular values of Y7, with
ties broken arbitrarily. Then, at iteration & € [2 : K| and given the previous estimate
g'k,l = span(gk,l), SNIPE processes the columns of the kth incomplete block Yz one by
one and forms the matrix

~ ~ ~ S
Re=1 -yt FoeSk-1 (SZ—1Pwt5k71 + AIT) po1Ye ] e R™,

te((k—1)b+1:kb, (1)

where T denotes the pseudo-inverse and A > 0 is a parameter. Above, ow =I,—F,, € R
projects a vector onto the complement of the index set w;. The motivation for the particular
choice of Ry, above will become clear in Section 3. SNIPE then updates its estimate by setting
§k to be the span of leading r left singular vectors of Rj. Algorithm 1 summarizes these
steps. Note that Algorithm 1 rejects ill-conditioned updates in Step 3 for the convenience
of analysis and that similar reject options have precedence in the literature (Balzano and
Wright, 2015). We however found implementing this reject option to be unnecessary in
numerical simulations.

Remark 1 [Computational complexity of SNIPE] We measure the per-iteration algo-
rithmic complexity of SNIPE by calculating the average number of floating-point operations
(flops) performed on an incoming vector. Every iteration of SNIPE involves finding leading
r left singular vectors of an n x b matrix. Assuming that b = O(r), this could be done with
O(nr?) flops. At the kth iteration with k& > 2, SNIPE also requires finding the pseudo-
inverse of P, ]Sk 1 € R™" for each incoming vector which costs O(nr?) flops. Therefore
the overall computational complexity of SNIPE is O(nr?) flops per vector. As further dis-
cussed in Section 5, this matches the complexity of other algorithms for streaming PCA
even though here the received data is highly incomplete.
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Remark 2 [Storage requirements of SNIPE| We measure the storage required by
SNIPE by calculating the number of memory elements stored by SNIPE at any given in-
stant. At the kth iteration, SNIPE must store the current estimate §k—1 e R™™" (if avail-
able) and the new incomplete block Y; € R"**. Assuming that b = O(r), this translates
into O(nr) + O(pnr) = O(nr) memory elements. SNIPE therefore requires O(nr) bits of
storage, which is optimal up to a constant factor.

Algorithm 1 SNIPE for streaming PCA from incomplete data

Input:
e Dimension r,

e Received data {y;}._; C R" supported on index sets {w;}._; C [l : n], presented
sequentially in K = T'/b blocks of size b > r,

e Tuning parameter A > 0,

e Reject thresholds oy, 7 > 0.
Output:

e r-dimensional subspace Sk .

Body:

e Form Y; € R™? by concatenating the first b received vectors {y,}2_;. Let S, with
orthonormal basis S; € R™ ", be the span of leading r left singular vectors of Y7,
namely, those corresponding to r largest singular values. Ties are broken arbitrarily.

e For k € [2: K], repeat:

1. Set Rk — {}
2. Fort € [(k—1)b+ 1 : kb], repeat
— Set

~ ~ ~ T A
R | Ry yo+ PogSet (Sp_iPuSior + ML) Sty ]

where P,, € R"" equals one on its diagonal entries corresponding to the
index set wy, and is zero elsewhere. Likewise, Pwtc projects a vector onto the
complement of the index set ws.

3. If 07;\(Rk) < Omin OF 0y (RE) < (1A+ 7)-or+1(Ryg), then set Sk — §k_1. Otherwise,
let Sk, with orthonormal basis S € R™*" be the span of leading r left singular
vectors of Ry. Ties are broken arbitrarily. Here, o;(Ry) is the ith largest singular
value of Ry.

e Return §K
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3. Interpretation of SNIPE

SNIPE has a natural interpretation as a streaming algorithm for low-rank matrix completion,
which we now discuss. First let us enrich our notation. Recall the incomplete data blocks
{ViHE € R™? and let the random index set € C [1 : n] x [1 : b] be the support of Y}
for every k. We write that Yj, = Pq, (Sk) for every k, where the complete (but hidden) data
block S;, € R"*? is formed by concatenating {St}fi(k—l)b-i-l' Here, Pq, (Sk) retains only the
entries of S; on the index set (), setting the rest to zero. By design, s; = Sq; for every ¢t
and we may therefore write that S, = S - Q}, for the coefficient matrix Q) € R"*? formed by

concatenating {Qt}fi(k—nbﬂ' To summarize, { Sk}, is formed by partitioning {s;}._, into

K blocks. Likewise, {Q, Yk, Qk},]f:l are formed by partitioning {q:, v, ws }1_;, respectively.

With this introduction, let us form Y € R™*T by concatenating the incomplete blocks
{Vi HE | € R"*® supported on the index sets © C [1:n] x [1: T]. To find the true subspace
S, one might consider solving

in [P, X%+ M| Poc(X)]|2
min | P X7 + Al Poc (X)) % @
Py (X) =Y,

where the minimization is over a matrix X € R™*T and r-dimensional subspace U C R™.
Above, P, € R™™" is the orthogonal projection onto the orthogonal complement of sub-
space U and Pq(X) retains only the entries of X on the index set 2, setting the rest to zero.
Note that Program (2) encourages its solution(s) to be low-rank while matching the obser-
vations Y on the index set . The term A||Poc (X)||% for A > 0 is the Tikhonov regularizer
that controls the energy of solution(s) on the complement of index set .

With complete data, namely, when Q = [1 : n]x[1 : T, Program (2) reduces to PCA, as it
returns X =Y and searches for an r-dimensional subspace that captures most of the energy
of Y. That is, Program (2) reduces to miny || P, Y ||% when Q = [1: n] x [1 : T}, solution
of which is the span of leading r left singular vectors of Y in light of the Eckart-Young-
Mirsky Theorem (Eckart and Young, 1936; Mirsky, 1966). In this sense then, Program
(2) performs PCA from incomplete data. Note crucially that Program (2) is a nonconvex
problem because the Grassmannian G(n, ), the set of all r-dimensional subspaces in R", is
a nonconvex set.! However, given a fixed subspace U € G(n,r), Program (2) reduces to the
simple least-squares program

. 2
{H;}n 1 X[+ Al Poe (X113 "

Po(X) =Y,

where the minimization is over X € R™*7" If in addition ) is positive, then Program (3) is
strongly convex and has a unique minimizer. Given a fixed feasible X € R"*7 Program (2)
has the same minimizers as

in ||P,.X|%. 4
ue%ﬁr)” uL X || (4)

1. The Grassmannian can be embedded in R™*™ via the map that takes U € G(n,r) to the corresponding
orthogonal projection Py € R"*™. The resulting submanifold of R™*™ is a nonconvex set.
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That is, for a fixed feasible X, Program (2) simply performs PCA on X. We might also
view Program (2) from a matrix completion perspective. More specifically, let

PR = Y oPX), )

i>r+1

be the residual of X, namely, the energy of its trailing singular values o,41(X) > o,12(X) >
---. Like the popular nuclear norm ||.X ||« = > ;5 04(X) in (Davenport and Romberg, 2016),
the residual p,.(X) gauges the rank of X. In particular, p.(X) = 0 if and only if rank(X) < r.
Unlike the nuclear norm, however, the residual is still a nonconvex function of X. We now
rewrite Program (2) as

. . . 2
min [P XI3+ Al Poc ()l fmin | min B X+ Al Pae (X)1
Po(X)=Y Po(X)=Y
: 2 2
_ fmin X) + A Pae ()13 6
Po(X) =Y.

That is, if we ignore the regularization term M||Pne(X)||%, Program (2) searches for a
matrix with the least residual, as a proxy for least rank, that matches the observations Y.
In this sense then, Program (2) is a “relaxation” of the low-rank matrix completion problem.
Several other formulations for the matrix completion problem are reviewed in (Davenport
and Romberg, 2016; Eftekhari et al., 2018b,a). We can also rewrite Program (2) in terms of
its data blocks by considering the equivalent program

(7)

. K
min 374y 1B XellF + Al Pog (Xi) [
PQk (Xk):Yk kE[ltK],

where the minimization is over matrices { X}, € R"*® and subspace U € G(n,r). Let us
additionally introduce a number of auxiliary variables into Program (7) by considering the
equivalent program

min Y230 | By Xellg + Al Poe (X017
PQk (Xk) =Y ke [1 : K] (8)
U =Uy = =Ukg,

where the minimization is over matrices { X} }<; € R™** and subspaces {Uy}2 | C G(n, 7).
Indeed, Programs (2,7,8) are all equivalent and all nonconvex. Now consider the following
approximate solver for Program (8) that alternatively solves for matrices and subspaces:

e Setting X; = Y; in Program (8), we minimize ||PL%1Y1H2F over Uy € G(n,r) and, by
the Eckart-Young-Mirsky Theorem, find a minimizer to be the span of leading r left
singular vectors of Y7, which coincides with &7 in SNIPE.

e For k € [2: K], repeat:
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— Setting Uy, = gk,l in Program (8), we solve

{mmxk 1P Xl + Al Pag (Xi) I3 o)

Po, (X) =Yy,

over matrix X € R"*®. We verify in Appendix B that the minimizer of Program
(9) coincides with Ry in SNIPE, see (1).

- If ar(Rk) < Omin OF or(R) < (14 7)or4+1(Ryg), then no update is made, namely,
we set Sk = Sk 1. Otherwise, setting X = Rj in Program (8), we solve
minHszkR/z@H%7 over Uy, € G(n,r) to find S;. That is, by the Eckart-Young-
Mirsky Theorem again, §k is the span of leading r left singular vectors of Rj.
The output of this step matches Sg produced in SNIPE.

To summarize, following the above procedure produces { Ri}X_ | and {gk}ff:l in SNIPE. In
other words, we might think of SNIPE as an approximate solver for Program (2), namely,
SNIPE is a streaming algorithm for low-rank matrix completion. In fact, the output of
SNIPE always converges to a stationary point of Program (2) in the sense described in
Section 4.

Another insight about the choice of Ry, in (1) is as follows. Let us set A = 0 for simplicity.
At the beginning of the kth iteration of SNIPE with k > 2, the available estimate of the
true subspace is Sk 1 with orthonormal bas1s Sk 1. leen a new incomplete vector ye R",
supported on the index set w C [1:n], z = S 1(P, S )Ty best approximates ¥ in Sp_1 in
/5 sense. In order to agree with the measurements, we minimally adjust this to y + P, cz,
where P, c projects onto the complement of index set w. This indeed matches the expression
for the columns of Ry in SNIPE. We note that this type of least-change strategy has been
successfully used in the development of quasi-Newton methods for optimization (Nocedal
and Wright, 2006, Chapter 6).

4. Performance of SNIPE

To measure the performance of SNIPE—whose output is a subspace—we naturally use
principal angles as an error metric. More specifically, recall that S and Si denote the true
subspace and the output of SNIPE, respectively. Then the ith largest singular value of
Ps. Pg  equals sin(6;(S, Sk)), where

~ ~

01(S,Sk) > 02(S,Sk) > - > 0,(S, Sk)

denote the principal angles between the two r-dimensional subspaces S,gK (Golub and
Van Loan, 2013). The estimation error of SNIPE is then

~ 1<~ . - |Ps:Pg |lF
do(8,8k) i= |~ > sin? (ei(s,sK)) - % (10)
=1
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which also naturally induces a metric topology on the Grassmannian G(n,r).?2 Note also

that we will always reserve calligraphic letters for subspaces and capital letters for their
orthonormal bases, for example subspace S and its orthonormal basis S.

Our first result loosely speaking states that a subsequence of SNIPE converges to a
stationary point of the nonconvex Program (2) as T' goes to infinity, see Section 7.1 for the
proof.

Theorem 3 [Global convergence| Consider an r-dimensional subspace S with orthonor-
mal basis S € R™". For an integer T, let the coefficient vectors {qt}thl C R" be independent
copies of a random vector ¢ € R" with bounded expectation, namely, E||q|l2 < co. For every
t € [1:T], we observe each coordinate of s; = Sq; € S independently with a probability of
p and collect the observations in y; € R™, supported on a random index set wy C [1 : n).
Fiz positive A, block size b > r, positive reject thresholds omin, 7, and consider the output
sequence of SNIPE in Algorithm 1, namely, {( Ry, g]ﬂ)}k Also by partitioning {qu, S, Y, wi },
form the coefficient blocks {Qp}r C R™, data blocks {Sk}r C R™?, and incomplete data
blocks {Yi}r C R™® supported on index sets {Qx}x C [1:n] x [1:b], as described in Section
3.

For every integer I, there exists an integer k;, for which the following asymptotic state-
ment is almost surely true as T — oo. Consider the restriction of Program (2) to iteration
ki, namely,

{minx,u HPMLXH%*‘)\HPQQZ(X)H% (11)

Ple(X) = Yi,

where the minimization is over matriz X € R™*® and r-dimensional subspace U. Then there
exists R € R™*Y and r-dimensional subspace S such that

o S is the span of leading r left singular vectors of R,

-~

e (R,S) is a stationary pair of Program (11), namely, it satisfies the first-order optimal-
ity conditions of Program (11),

e lim; .o ||Rk:l — R||r =0,
o limy_so0 dg(Sk,, S) = 0.

Remark 4 [Discussion of Theorem 3| Theorem 3 roughly speaking states that there
is a subsequence of SNIPE that converges to a stationary point of Program (2), which
was the program designed in Section 3 for PCA from incomplete data or, from a different
perspective, for low-rank matrix completion. Theorem 3 is however silent about the nature
of this stationary point, whether it is a local or global minimizer/maximizer, or a saddle
point. To some extent, this question is addressed below in Proposition 6.

More generally, we have been able to show that this stationary point is in fact rank-
r. When the block size of SNIPE is sufficiently large, namely when b = Q(n), we can
further establish that the limit point of SNIPE is indeed a global minimizer of Program (2)

2. Another possible error metric is simply the largest principal angle 61(S, §K) The two metrics are
very closely related: 01(S,Sk)/vr < de(S,Sk) < 61(S,Sk). However, we find that 01(S,Sk) is not
amenable for analysis of our problem, as opposed to dg(S,Sk).
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and moreover SNIPE recovers the true subspace, namely, lim;_ . d(gkl,S) = 0, with high
probability and under certain standard conditions on the coherence of the true subspace
S and sampling probability p. We have not included these results here because SNIPE is
intended as a streaming algorithm and we are therefore more interested in the setting where
b = O(r), see Remarks 1 and 2 about the implementation of SNIPE. It is not currently
clear to us when SNIPE converges in general but, as suggested by Proposition 6 below, if
SNIPE converges, it does indeed converge to the true subspace S.

Remark 5 [Technical point about Theorem 3] Note that Theorem 3 is proved for
positive (but possibly arbitrarily small) oy and 7. In particular, an update (Rk,gk) is
rejected in Algorithm 1 if
or(R)
Ur—l—l(Rk)

for an (otherwise arbitrary) positive 7 and whenever the ratio is well-defined. Here, o;(Ry)
is the ith largest singular value of Ry. This is merely a technical nuance, limited to the rth
singular value gap, that helps prevent the the output subspace S\k from oscillating in the
limit. Likewise, Theorem 3 does not address the case A = 0 in Program (11), even though
A can be made arbitrarily small in Theorem 3. This is again for technical convenience and
in fact the numerical simulations in Section 6 are all conducted with A = 0.

<1+, (12)

Our second result establishes that, if SNIPE converges, then it converges to the true
subspace S, see Section 7.2 for the proof.

Proposition 6 [Convergence| Consider the setup in the first paragraph of Theorem 3.
Suppose that r independent copies of random coefficient vector ¢ € R" almost surely form a
basis for R™.3 Suppose also that the output of SNIPE converges to an r-dimensional subspace
3’, namely,
lim dg(Sy,S) = 0. (13)
k—o00

Then almost surely it must hold that S=38.

Remark 7 [Discussion of Proposition 6] Proposition 6 does not specify the conditions
under which SNIPE converges. Indeed, if the sampling probability p is too small, namely,
if very few of the entries of incoming vectors are observed, then SNIPE might not converge
at all as the numerical evidence suggests, see also Remark 4. However, if SNIPE converges,
then it converges to the true subspace S. The local rate of convergence is specified below.

The concept of coherence is critical in specifying the local convergence rate, since we
consider entrywise subsampling. The coherence of an r-dimensional subspace & with or-
thonormal basis S € R™*" is defined as

n(8) = T max||Sfi, I3, (14)

3. For example, this requirement is met if entries of ¢ are independent Gaussian random variables with
zero-mean and unit variance.

10
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where S[i,:] is the ith row of S. It is easy to verify that n(S) is independent of the choice
of orthonormal basis S and that

1<n(8) < % (15)

It is also common to say that S is coherent (incoherent) when 7(S) is large (small). Loosely
speaking, when § is coherent, its orthonormal basis S is “spiky.” An example is when S is
the span of a column-subset of the identity matrix. In contrast, when S is incoherent, entries
of S tend to be “diffuse.” Not surprisingly, identifying a coherent subspace from subsampled
data may require many more samples (Balzano and Wright, 2015; Mitliagkas et al., 2014;
Chen, 2015).

We will also use < and 2 below to suppress (most of) the universal constants. Moreover,
throughout C represents a universal constant, the value of which is subject to change in every
appearance.

Our next results specify the local convergence rate of SNIPE. Indeed, the convergence
speed near the true subspace S is linear as detailed in Theorems 8 and 10, and proved in
Section 7.3. In particular, Theorem 8 states that, when sufficiently small, the expected
estimation error of SNIPE reduces by a factor of 1 — p/32 in every iteration.

Theorem 8 [Locally linear convergence of SNIPE in expectation| Consider the setup
in the first paragraph of Theorem 3. Fix a positive tuning parameter o, iteration k € [2 : K|,
and let €;_1 be the event where

1 ~ n(S)r
> > 2
\/%NPNIOngIOg (p\/;dG(S,Sk—ﬂ) m_— (16)
16 3
o~ p2
de(S, Sk_1) log = < , 17
6(5;S-1) (pﬁdg(8,8k1)> Tog 11 (17)
Omin
< Fmin__ 18
Qx| < 7 (18)

where omin 18 the reject threshold in SNIPE. Let also Ay, be the event where the kth iteration
of SNIPE is not rejected (see Step 3 of Algorithm 1) and let 14, be the indicator for this
event, taking one if the event happens and zero otherwise. Then it holds that

E [1Ak  ds(8,81) | S, @H} < (1 - %) de(S, Se_1). (19)

Remark 9 [Discussion of Theorem 8] When the sampling probability p is large enough
and SNIPE is near the true subspace S, Theorem 8 states that the expected estimation error
of SNIPE reduces by a factor of 1 — p/32, if the iterate of SNIPE is not rejected. Note that:
(D The lower bound on the sampling probability p in (16) matches the one in the low-rank
matrix completion literature up to a logarithmic factor (Davenport and Romberg, 2016).
Indeed, SNIPE can be interpreted as a streaming matrix completion algorithm as discussed
in Section 3. The upper bound on p in (16) is merely for technical convenience and a tidier
presentation in the most interesting regime for p. Indeed, since we often take b = O(r) < n,

one might loosely read (16) as
Lz MO (20)
n

§
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in which the upper bound hardly poses a restriction even for moderately large data dimension
n, as it forces r = O(n%) @ Ignoring the logarithmic factors for simplicity, we may read
(17) as dg (S, Sk_1) < p¥/2, which “activates” (19). In other words, the basin of attraction
of the true subspace S as a (possibly local) minimizer of the (nonconvex) Program (2) has
a radius of O(p*?). @ The indicator 14, in (19) removes the rejected iterates and similar
conditions implicitly exist in the analysis of other streaming PCA algorithms (Balzano and
Wright, 2015).

Note that Theorem 8 cannot tell us what the local convergence rate of SNIPE is, even
in expectation. Indeed, the expected reduction in the estimation error of SNIPE, specified
in (19), is not enough to activate (17) for the next iteration (namely, with k instead of
k —1). That is, we cannot apply Theorem 8 iteratively and find the expected convergence
rate of SNIPE. A key technical contribution of this paper is specifying the local behaviour
of SNIPE below. With high probability, the estimation error does not increase by much
in every iteration near the true subspace. However, only in some of these iterations does
the error reduce. Overall, on a long enough interval, the estimation error of SNIPE near
the true subspace indeed reduces substantially and with high probability as detailed in
Theorem 10 and proved in Section 7.3. Performance guarantees for stochastic algorithms
on long intervals is not uncommon, see for example (Cartis and Scheinberg, 2017).

Theorem 10 [Locally linear convergence of SNIPE| Consider the setup in the first
paragraph of Theorem 3. Suppose that the output Sk, of SNIPE at iteration Ky € [2 : K]
satisfies

_Cpnb 7 b
~ e 7 p2n
dg(S,Sk,) < , 21
6(5,8k0) 3 7log blog (Cin) log?(K — Kj) 1)
and that
7l log( K — K|
K K> og blog( 0) (22)

p2nb

Above, C' is a universal constant that might change in every appearance. Then it holds that

K ~ Cp3nb K=Ko s

| | . < _
k=Ko+1 Ly U5, 5 5 <1 nlogblog(K — KO)) 45 5x) (22)
=10

except with a probability of at most

K Cpnb

b—CIOg(K_KO) + Z Pr ||Qk|| > (1 + ~p7 Omin (24)
nlogb

k=Kop+1

and provided that

1 n(S)r
—— >p>log?blognt—t. 25
Above, omin 18 the reject threshold of SNIPE and

7= max 7, 26
=, A (26)
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MK == nb (27)

Remark 11 [Discussion of Theorem 10] Loosely speaking, Theorem 10 states that, with
high probability, the estimation error of SNIPE over O(nn) iterations reduces linearly (i.e.,
exponentially fast) when SNIPE is near the true subspace and the sampling probability p
is large enough. Most of the remarks about Theorem 8 are also valid here. Let us also
point out that the dependence on the coefficient matrix Q in (24) is mild but necessary.
As an example, consider the case where the coefficient vectors {¢;}; are standard random
Gaussian vectors so that the coefficient matrices {Q}r are standard random Gaussian
matrices, namely, populated with independent zero-mean Gaussian random variables with
unit variance. Then by taking

3
Omin = C\[b/ 1 + gp nb s
nlogb

we find that

Cp®nb
s (0 )] iz e o

and consequently the failure probability in (24) becomes b= 108K —Ko) (K — K)e=C*, which
can be made arbitrarily small by modestly increasing the block size b. For the reader’s
convenience, Appendix K collects the relevant spectral properties of a standard random
Gaussian matrix. The dependence on ||Q|| in Theorem 8 is not an artifact of our proof
techniques. Indeed, when [|Qg|| > 1, it is likely that certain directions in S are over
represented which will skew the estimate of SNIPE in their favor.

Remark 12 [Coherence factor 7] A key quantity in Theorem 10 is the new “coherence”
factor 77 which is absent in the expected behavior of SNIPE in Theorem 8. Somewhat similar
to the coherence n(-) in (14), 7 measures how “spiky” the matrix Psi 1Sk € Rt is. In

fact, one may easily verify that
M < Tank(Psk{lSk) : V(Pskglskf ) W(SpaH(Psk{lSk)) ) n(span(S;;"Ps,il)), (29)

where I/(Pskilsk) is the condition number of PslilSk, namely, the ratio of largest to smallest
nonzero singular values. The number of iterations needed to see a reduction in estimation
error in (22) and the convergence rate of SNIPE in (23) both prefer 77 to be small, namely,
prefer that {Pskﬁlsk}k are all incoherent as measured by 7.

When SNIPE is close enough to true subspace S as required in (21), one would expect
that iterates of SNIPE would be nearly as coherent as & itself in the sense that 7(Sy,) =~ 7(S).
This intuition is indeed correct and also utilized in our analysis. However, even when
dG(S,gk_l) is small and n(gk_l),n(S) are both small, 7; might be very large, namely,
ngl—lSk might be a spiky matrix. Indeed, when b = r, (§,€{1)*Sk is approximately the

(horizontal) tangent at Sj_1 to the geodesic on the Grassmannian G(n,r) that connects Sp_1

13
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to S. Even though both Sp_1 and S are incoherent subspaces, namely, n(gk,l),n(S) are
both small, the tangent direction connecting the two is not necessarily incoherent. Despite
the dependence of our results on 7, it is entirely possible that SNIPE with high probability
approaches the true subspace S from an incoherent tangent direction, of which there are
many. Such a result has remained beyond our reach. In fact, similar questions arise in
matrix completion. Iterative Hard Thresholding (IHT) is a powerful algorithm for matrix
completion with excellent empirical performance (Tanner and Wei, 2013), the convergence
rate of which has remained unknown, to the best of our knowledge. With { My}, denoting the
iterates of IHT, it is not difficult to see that if the differences { M} — Mj_1}x are incoherent
matrices (i.e., not spiky), then the linear convergence rate of IHT would follow from rather
standard arguments.

5. Related Work

In this paper, we presented SNIPE for streaming PCA from incomplete data and, from a dif-
ferent perspective, SNIPE might be considered as a streaming matrix completion algorithm,
see Section 3. In other words, SNIPE is a “subspace tracking” algorithm that identifies the
linear structure of data as it arrives. Note also that ¢ in our framework need not correspond
to time, see Figure 1. For example, only a small portion of a large data matrix Y can be
stored in the fast access memory of the processing unit, which could instead use SNIPE to
fetch and process the data in small chunks and iteratively update the principal components.
Moreover, SNIPE can be easily adapted to the dynamic case where the distribution of data
changes over time. In dynamic subspace tracking for example, the (hidden) data vector
s¢ is drawn from the subspace S(t) € G(n,r) that varies with time. Likewise, it is easy
to slightly modify SNIPE to handle noisy observations or equivalently to the case where
{st}+ are generated from a distribution with possibly full-rank covariance matrix. We leave
investigating both of these directions to a future work.

Among several algorithms that have been proposed for tracking low-dimensional struc-
ture in a dataset from partially observed streaming data (Mitliagkas et al., 2014; Chi et al.,
2013; Mardani et al., 2015; Xie et al., 2013; Eftekhari et al., 2017), SNIPE might be most
closely related to GROUSE (Balzano et al., 2010; Balzano and Wright, 2013). GROUSE
performs streaming PCA from incomplete data using stochastic gradient projection on the
Grassmannian, updating its estimate of the true subspace with each new incomplete vector.
Both GROUSE and SNIPE were designed based on the principle of least-change, discussed
in Section 3. In fact, when GROUSE is sufficiently close to the true subspace and with a
specific choice of its step length, both algorithms have nearly identical updates, see (Balzano
and Wright, 2015, Equation 1.9). A weaker analogue of Theorem 8 for GROUSE was re-
cently established in (Balzano and Wright, 2015). More specifically, (Balzano and Wright,
2015) stipulates that, if the current estimate gk is sufficiently close to the true subspace
S, then §k+1 will be even closer to S in expectation. Such a result however cannot tell us
what the local convergence rate of SNIPE is, even in expectation, see the discussion right
before Theorem 10 above. In this sense, a key technical contribution of our work is estab-
lishing the local linear convergence of SNIPE, see Theorem 10, which is missing from its
close competitor GROUSE. In fact, the global convergence guarantees listed in Theorem 3

14
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and Proposition 6 are also unique to SNIPE; such theoretical guarantees are not available
for GROUSE.

It might be interesting to add that our proposed update in SNIPE was inspired by that
of GROUSE when we found zero-filled updates were unreliable (Eftekhari et al., 2017).
However, GROUSE was derived as a purely streaming algorithm, and it therefore is not
designed to leverage common low-rank structure that may be revealed when a block of vec-
tors is processed at once. Therefore, for each block SNIPE often achieves a more significant
reduction in error than is possible with GROUSE.

Lastly, both SNIPE and GROUSE have a computational complexity of O(nr?) flops per
incoming vector, see Remark 1. Also, SNIPE and GROUSE both require O(nr) memory
elements of storage, see Remark 2. With complete data, namely, when no entries are missing,
a close relative of both SNIPE and GROUSE are incremental SVD algorithms, a class
of algorithms that efficiently compute the SVD of streaming data (Bunch and Nielsen,
1978; Balsubramani et al., 2013; Oja and Karhunen, 1985; Watanabe and Pakvasa, 1973;
Balsubramani et al., 2013; Brand, 2002).

A streaming PCA algorithm might also be interpreted as a stochastic algorithm for PCA
(Arora et al., 2012). Stochastic projected gradient ascent in this context is closely related
to the classical power method. In particular, the algorithm in (Mitliagkas et al., 2014)
extends the power method to handle missing data, in part by improving the main result
of (Lounici, 2014). With high probability, this algorithm converges globally and linearly
to the true subspace and, most notably, succeeds for arbitrarily small sampling probability
p, if the scope of the algorithm 7' is large enough. Additionally, this algorithm too has
a computational complexity of O(nr?) operations per vector and a storage requirement of
O(nr) memory elements. In practice, SNIPE substantially outperforms the power method,
as we will see in Section 6. A disadvantage of the power method is that it updates its
estimate of the true subspace with every O(n) incoming vectors; the waiting time might be
prohibitively long if n is large. In contrast, SNIPE frequently updates its estimate with every
b = O(r) incoming vectors. As we will see in Section 6, SNIPE substantially outperforms the
power method in practice. Let us add that POPCA (Gonen et al., 2016) is closely related
to the power method, for which the authors provide lower bounds on the achievable sample
complexity. However, POPCA has substantially greater memory demand than SNIPE, since
it maintains an estimate of the possibly dense n X n sample covariance matrix of incoming
data.

The PETRELS algorithm (Chi et al., 2013) operates on one column at a time (rather
than blocks) and global convergence for PETRELS, namely, convergence to a stationary
point of the underlying nonconvex program, is known. Designed for streaming matrix com-
pletion, the algorithm in (Mardani et al., 2015) also operates on one column at a time and
asymptotic onvergence to the true subspace is established, see Propositions 2 and 3 therein.
This framework is also extended to tensors. MOUSSE in (Xie et al., 2013) tracks a union
of subspaces rather than just one; SNIPE would function more like an ingredient of this
algorithm. Asymptotic consistency of MOUSSE is also established there. The theoretical
guarantees of SNIPE are more comprehensive in the sense that we also offer local conver-
gence rate for SNIPE, see Theorems 8 and 10. ReProcs, introduced in (Lois and Vaswani,
2015), tracks a slowly changing subspace when initialized sufficiently close.

15



EFTEKHARI, ONGIE, BALZANO, AND WAKIN

In the next section, we compare the performance of several of these algorithms in practice
and find that SNIPE competes empirically with state-of-the-art algorithms.

Even though we consider uniform random sampling of the entries of incoming vectors,
SNIPE can be applied to any incomplete data. For example, instead of uniform sampling
analyzed here, one can perhaps sample the entries of every incoming vector based on their
estimated importance. More specifically, in iteration k, one might observe each entry of the
incoming vector with a probability proportional to the leverage score of the corresponding
row of the current estimate §k71- In batch or offline matrix completion, using the idea
of leveraged sampling (as opposed to uniform sampling) alleviates the dependence on the
coherence factor n(S) in (16) (Eftekhari et al., 2018a; Chen, 2015). While interesting, we
have not pursued this direction in the current work.

6. Simulations

This section consists of two parts: first, we empirically study the dependence of SNIPE on
various parameters, and second we compare SNIPE with existing algorithms for streaming
subspace estimation with missing data. In all simulations, we consider an r-dimensional
subspace S C R™ and a sequence of generic vectors {st}thl C S. Each entry of these vectors
is observed with probability p € (0, 1] and collected in vectors {y;}1_; C R™. Our objective
is to estimate S from {y;}, as described in Section 1.

Sampling probability We first set n = 100, » = 5, and let S be a generic r-dimensional
subspace, namely, the span of an n x r standard random Gaussian matrix. For various values
of probability p, we run SNIPE with block size b = 2r = 10 and scope of T' = 500r = 2500,
recording the average estimation error dg(S,Sk) over 50 trials, see (10). The average error
versus probability is plotted in Figure 3a.

Subspace dimension With the same setting as the previous paragraph, we now set p =
3r/n = 0.15 and vary the subspace dimension r, block size b = 2r, and scope T" = 500r.
The average error versus subspace dimension is plotted in Figure 3b.

Ambient dimension This time, we set » =5, p = 3r/n, b = 2r, T = 500r, and vary the
ambient dimension n. In other words, we vary n while keeping the number of samples per
vector fixed at about pn = 3r. The average error versus ambient dimension is plotted in
Figure 3c. Observe that the performance of SNIPE steadily degrades as n increases. This
is in agreement with Theorem 8 by substituting p = 3r/n there, which states that the error
reduces by a factor of 1 — Cr/n, in expectation. A similar behavior is observed for our close
competitor, namely, GROUSE (Balzano and Wright, 2015).

Block size Next we set n = 100, r = 5, p = 3r/n, T = 500r, and vary the block size b.
The average error versus block size in both cases is depicted in Figure 3d. From Step 3 of
Algorithm 1, a block size of b > r is necessary for the success of SNIPE and qualitatively
speaking larger values of b lead to better stability in face of missing data, which might
explain the poor performance of SNIPE for very small values of b. However, as b increases,
the number of blocks K = T'/b reduces because the scope T is held fixed. As the estimation
error of SNIPE scales like (1 — cp)_K in Theorem 10 for a certain factor ¢, the performance

16



STREAMING PCA FrRoOM INCOMPLETE DATA

10° ‘ ‘ ‘ ‘ 10°
10
N __10°
> A
W o
% 107 <
] ]
= 3
10710
10-15
1070 : : : : 1071°
0 0.2 0.4 0.6 0.8 1
p T
(a) (b)
10° ‘ ‘ ‘ ‘ 10°
1001
10
o o
“ % 107
< <
1010
10
101 : : : : 10
0 100 200 300 400 500 0 10 20 30 40 50
n b

Figure 3: Performance of SNIPE as (a) sampling probability p, (b) subspace dimension r,
(c) ambient dimension n, (d) block size b vary. Sk is the output of SNIPE and dg(S ,§ K)
is its distance to the true subspace &, which generated the input of SNIPE. See Section 6
for details and note that each panel is generated with a different and random subspace S.

suffers in Figure 3d. It appears that the choice of b = 2r in SNIPE guarantees the best
empirical performance.

Coherence Lastly, we set n = 300, r = 10, p = 3r/n, b = 2r, and T = 500r. We then
test the performance of SNIPE as the coherence of S varies, see (14). To that end, let
S C R”™ be a generic subspace with orthonormal basis S € R™*". In particular S is obtained
by orthogonalizing the columns of a standard n x n random Gaussian matrix. Then, the
average coherence of S over 50 trials was 3.3334 < n/r and the average estimation error
of SNIPE was 2.795 - 107°. On the other hand, let D € R™ " be a diagonal matrix with
entries DJ[i,i] = i~! and consider S’ = DS. Unlike S, the new subspace &’ := span(9’) is
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p=0.15 p=0.30 p=0.45 p = 0.60 p=0.75
dg < 107° dg < 1077 dg <1073 dg <1077 dg < 1073 dg <1077 dg <1073 | dg <1077 dg <1073 | dg <1077
GROUSE 878.0 (76.1) | 1852.4 (35.2) || 294.9 (20.6) | 646.1 (26.8) | 181.6 (13.8) | 391.2 (18.0) | 130.2 (10.3) | 277.2 (12.8) || 105.1 (11.7) | 213.5 (12.8)
PETRELS 1689.0 (1394.1) | 2853.7 (916.9) || 421.8 (31.3 1100.5 (64.2) || 262.1 (25.3) | 802.0 (31.1) || 181.8 (20.2) | 671.4 (22.8 133.3 (21.3) | 599.1 (24.0)
) | 649.6 (41.5) || 171.4 (17.2) | 3914 (25.4) || 105.5 (9.1) | 241.6 (15.6)

(3L.3)
SNIPE 1815.7 (137.9) | 3946.9 (182.4) || 537.4 (39.9) | 1236.4 (62.5) | 282.4 (25.8
(27.1)

8)
( 5.4) (
SNIPE-overlap || 1588.3 (183.8) | 3319.5 (232.0) | 318.7 (27.1) | 704.6 (36.8) || 131.8 (11.6) | 296.4 (17.4) | 71.3 (5.7) | 155.6 (9.9) | 44.2 (42) | 91.8 (6.8)

Table 1: Average number of revealed data columns needed to reach the indicated subspace
recovery error for various sampling probabilities p over 100 random trials. Standard devia-
tions are given in parenthesis.

typically coherent since the energy of its orthonormal basis S’ is mostly concentrated along
its first few rows. This time, the average coherence of S’ over 50 trials was 19.1773 ~ n/r
and the average estimation error of SNIPE was substantially worse at 0.4286.

Comparisons Next we empirically compare SNIPE with GROUSE (Balzano et al., 2010;
Zhang and Balzano, 2016), PETRELS (Chi et al., 2013), and the modified power method in
(Mitliagkas et al., 2014). In addition to the version of SNIPE given in Algorithm 1, we also
include comparisons with a simple variant of SNIPE, which we call SNIPE-overlap. Unlike
SNIPE which processes disjoint blocks, SNIPE-overlap processes all overlapping blocks of
data. More precisely, for a block size b, SNIPE-overlap first processes data columns ¢t =
1,2, ..., b, followed by columns t = 2,3, ...,b+ 1, and so on, whereas regular SNIPE processes
columns t = 1,2,...,b followed by t = b+ 1,b + 2,...,2b, etc. The theory developed in
this paper does not hold for SNIPE-overlap because of lack of statistical independence
between iterations, but we include the algorithm in the comparisons since it represents a
minor modifications of the SNIPE-overlap framework and appears to have some empirical
benefits, as detailed below.

In these experiments, we set n = 100, » = 5, T = 5000, and take S C R" to be a
generic r-dimensional subspace and simulate noiseless data samples as before. In Figure
4 we compare the algorithms for three values of sampling probability p, which shows the
average over 100 trials of the estimation error of algorithms (with respect to the metric dg)
relative to the number of revealed data columns. For SNIPE, we used the block size of
b = 2r. Having tried to get the best performance from GROUSE, we used the “greedy”
step-size as proposed in (Zhang and Balzano, 2016). For (Mitliagkas et al., 2014), we set
the block size as b = 1000 which was found empirically to yield the lowest subspace error
after T" = 5000 iterations.

In Table 1 we also compare the average number of revealed columns needed to reach a
given error tolerance for each algorithm (as measured by error metric dg) for various values
of the sampling probability p. We omit the modified power method from the results since it
was unable to reach the given error tolerances in all cases. For the medium/high sampling
rates p = 0.45,0.60,0.75, SNIPE-overlap is fastest to converge, while regular SNIPE is
competitive with GROUSE and PETRELS. For the lower sampling rates p = 0.15,0.30 we
find GROUSE yields the fastest convergence, although SNIPE-overlap is also competitive
with GROUSE for p = 0.30.
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Figure 4: Average subspace estimation error versus number of revealed data columns at the
specified sampling probability p, see Section 6 for details.

7. Theory

In this section, we prove the technical results presented in Section 4. A short word on
notation is in order first. We will frequently use MATLAB’s matrix notation so that, for
example, A[i, j] is the [i, j]th entry of A, and the row-vector A[i,:] corresponds to the ith

row of A. By {e} . Bernoulli(p), we mean that {¢;}; are independent Bernoulli random
variables taking one with probability of p and zero otherwise. Throughout, E; ; stands for
the [4, j]th canonical matrix so that E;;[i,j] = 1 is its only nonzero entry. The size of E; ;
may be inferred from the context. As usual, || - || and || - || stand for the spectral and
Frobenius norms. In addition, ||A|« and ||Al|2— e return the largest entry of a matrix A
(in magnitude) and the largest ¢5 norm of the rows of A, respectively. Singular values of
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a matrix A are denoted by o1(A4) > o02(A) > ---. For purely aesthetic reasons, we will
occasionally use the notation a V b = max(a, b) and a A b = min(a, b).

7.1. Convergence of SNIPE to a Stationary Point (Proof of Theorem 3)

Consider Program (2), namely,

{min fo (X,U) == | PLX|2 + A Poc (X)]12, (30)

Po(X) =Y,

where the minimization is over matrix X € R™*T and subspace U € G(n,r). Before pro-
ceeding with the rest of the proof, let us for future reference record the partial derivatives
of fo below. Consider a small perturbation to X in the form of X + A, where A € R™*T,
Let U € R™" and Ut be orthonormal bases for ¢ and its orthogonal complement U=,
respectively. Consider also a small perturbation to U in the form of U + U+A’ € R™*",
where A’ € R(®*=")*" The perturbation to fo(X,U) = fo(X,U) can be written as

fa (X+A,U+ ULA’) = fa (X,U) + (A, 0x fa (X,U))
+ (A dy fo (X,U)) + o(|AllF) + o(|A]| ), (31)

where o(-) is the standard little-o notation. The partial derivatives of fq are listed below
and derived in Appendix D.

Lemma 13 For fq in Program (30), the first-order partial derivatives at (X,U) € R™*T x
G(n,r) are

dx fo (X,U) = 2P,1 X + 2\Pye (X) € R™*T
dufao (X, U) = 22U XX*U e RT, (32)

where U € R™" and U+ € R™("=") are orthonormal bases for U and its orthogonal com-
plement, respectively.

Recall that Qi € R™*? is a random matrix with bounded expectation, namely, E||Qy| r <
00, As K — oo, {Qk}é{zl therefore has a bounded subsequence. To keep the notation simple
and without any loss of generality, we assume that in fact the sequence {Qy}y is itself
bounded. As K — oo and for an integer [, we can always find an interval of length [ over
which the same index set and nearly the same coefficient matrix repeats. More specifically,
consider an index set Q C [1: n] x [1 : b] and a matrix Q € R™*? in the support of the
distributions from which {Q;}< | and {Qx}X | are drawn. For every integer [, as a result
of the second Borel-Cantelli lemma (Durrett, 2010, pg. 64), almost surely there exists a
contiguous interval
K] = [k‘l —l+1: k‘l], (33)

such that

~

W%=0, ke, (34)

. 1
_ <. 35
r,gg;HQk Qllr < z (35)
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As | — oo, the measurements corresponding to the interval x; converge. To be specific, let
Y := P5(SQ) and note that

lim max ||V —Y|p = Jim max | Po, (SQx) - Yr
l—o0 kERy oo kERy

= lim max ||Pg(SQk) — }A/HF

l—o0 kERy

= lim max | P5(S(Qx — @))HF

l—o0 kERy

< lim max ||Qx — QHF
T l—oo kEk;

=0. (36)

The above observation encourages us to exchange (€, Yy) with (ﬁ, 57) on the interval x;.
Let us therefore study the program

{min fa(X ), (37
Py(X) =7,

where the minimization is over all matrices X € R™*? and subspaces U € G(n,r). From a
technical viewpoint, it is in fact more convenient to relax the equality constraint above as

min f5(X,U), (38)
IP5(X) = Ylr <,

for e > 0. We fix € for now. Let us next use alternative minimization to solve Program (38).
More specifically, recall (33) and consider the initialization Skl le 1= Skl 1, Where Skl 1 is
the output of SNIPE at iteration k; — [, see Algorithm 1. For every k € k;, consider the
program

min f@(X,ASk,Le), (39)
[P5(X) =Y]Fr <e
and let Ry be a minimizer of Program (39). We then update the subspace by solving
i s(Rp.e,U), 40
ylmin fo (B, U) (40)

and setting §k7€ to be a minimizer of Program (40). Recalling the definition of fg in Program
(30) and in light of the Eckart-Young-Mirsky Theorem, Program (40) can be solved by
computing top r left singular vectors of Ry . (Eckart and Young, 1936; Mirsky, 1966). For
future reference, note that the optimality and hence stationarity of S’\kye in Program (40)
dictates that R

Oufo(Rre,Ske) =0, k€ ry, (41)

where Oy f was specified in Lemma 13. From the above construction of the sequence
{(Rk.c, Sk.e) trer,, we also observe that

0 < fﬁ(Rk,eagk,e) < fﬁ(Rk,eagk—l,e) < fﬁ(Rk—l,eagk—l,e)v (42)
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for every k € [k — 1+ 2 : k] C Ky, see (33). That is, {fQ(Rk,agk,e)}kem is a nonincreasing
and nonnegative sequence. It therefore holds that

Jim | fo(Riy—1.6,Sti-1.6) = S (Rier Sii—1.6)| = 0. (43)

By the feasibility of Ry, 1. in Program (39) and by the continuity of fo(X,U) in X, we
conclude in light of (43) that Ry,_1 ¢ too is a minimizer (and hence also a stationary point)
of Program (39) and in the limit of [ — oco. We therefore find by writing the stationarity
conditions of Program (39) at Ry, . that

1Pa(Bry.e) = YF <e (44)

Jim [0 fa(Rig.e: Stc) + A e(Pa(Rig ) = 1) = (45)

for nonnegative Ag, .. Recalling the definition of fg and that A > 0 by assumption, we
observe that Program (39) is strongly convex in Pyc(X) and consequently any pair of

minimizers of Program (39) must agree on the index set Qc. Optimality of Ry, . and limit
optimality of Ry,_;  in Program (39) therefore imply that

lim || Pac (Ri,—1,e — Riye)|| o = 0. (46)

l—o00

On the index set ﬁ, on the other hand, the feasibility of both Rj,_; . and Ry, . in Program
(39) implies that

| Py(Riy—1.c — Ripo)|lF < | Py(Riy—1.6) = YF + |1 Pg(Ree) — Yllr  (triangle inequality)
< 2e. (47)

Combining (46) and (47) yields that

lim ||Ry,—1,c — Ry, el F

l—00

< lim [|Py(Rg,—1,e — Ry e)llp + lim || Pac (Ri,—1,c — By e)llF (triangle inequality)
l—o00 l—o0

< 2, (see (46,47)) (48)

In light of (39), { Rk, .} is bounded and consequently has a convergent subsequence. Without
loss of generality and to simplify the notation, we assume that {Ry, . }; is itself convergent,
namely, that there exists R, € R™"*® for which

lim HRkhE - REHF S 2e. (49)
l—o0

Let us now send € to zero in (49) to obtain that

lim hm | Rk, e — Rellr < liII(l] 2¢ = 0. (50)
€—>

e—01—

We next show that it is possible to essentially change the order of limits above and also
conclude that (R,S) coincides with the output of SNIPE in limit. The following result is
proved in Appendix E.
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Lemma 14 With the setup above, there exist a sequence {€;}; with lim; ,oc€; = 0 and a
matriz R € R"*? such that

lim HRk‘hﬁi - RHF = lim llirn Hsz,ei - R”F = .lim lim HRkl,Ei - RHF =0. (51)
li—o0 l—00 i—00 1—00 [—00

Moreover, suppose that the output of SNIPE in every iteration has a spectral gap in the sense
that there exists T > 0 such that

UT(Rk)

>14T, 52
Or+1 (Rk) ( )

for every k. Let S\kz,ﬁi and S be the span of top r left singular vectors of Ry, ., and R,
respectively. Then it holds that

lim dg(Sy.c;,S) = 0. (53)

l,i—00

~

Lastly, in the limit of | — oo, SNIPE produces (R, S) in every iteration, namely,

lim | Ry, — R||F = lim dg(Sk,,S) =0, (54)
=00 l—o00

where (Rkl,gkl) is the output of SNIPE in iteration k;, see Algorithm 1.

In fact, the pair (R, S ) from Lemma 14 is stationary in limit in the sense described next and
proved in Appendix F.

Lemma 15 The pair (R, §) in Lemma 14 is a stationary point of the program

{min kal (X,u), (55)

Ple(X) = Yklu

asl — co. The minimization above is over all matrices X € R™ Y and subspacesU € G(n,r).
More specifically, it holds that

~

lim (|0 fo,, (R, S)|lF =0, (56)
l—o00
lim || Py, (R) = Yiy|lF =0, (57)
=00
lim || Pyc (0x fa,. (R,S))||F = 0. (58)
l—0c0 ky !

In words, Lemmas 14 and 15 together imply that the output of SNIPE in limit is a stationary
point of Program (55). This completes the proof of Theorem 3.
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7.2. Convergence of SNIPE (Proof of Proposition 6)

In iteration k of SNIPE, we partially observe the data block SQ), € R™*? on a random index
set Q, C [1:n] x [1:b], where Q € R"™*? is a random coefficient matrix. We collect the
observations in Y, = Pq, (SQk) € R™*b | see Sections 2 and 3 for the detailed setup. Note
that Ry in (1) can be written as

Ry, = Yi + Poc (Sk1Q) = Po, (SQk) + Poc (Sk1Q4), (59)

where
! & a f rxb

Qr = [ (SZ_IPthk_l +)\Ir> yp - } € R™. (60)

By (13), there exists Q} € R™*" and
Ry, := Po, (SQx) + Poc (SQ7), (61)
such that
k—o0

In (61) above, S € R™ " is an orthonormal basis for the subspace S. In Algorithm 1, the
rank-r truncated SVD of Ry spans gk € G(n,r), namely, the output of SNIPE in iteration
k. Let also §,’€ € G(n,r) denote the span of rank-r truncated SVD of Rj. The existence
of the reject option in Algorithm 1 with positive 7 implies that Ry has a spectral gap and
therefore gk is uniquely defined. Combining this with (62), we find that §,’€ too is uniquely
defined in the limit of k¥ — co. Therefore another consequence of (62) is that

lim dg(Sk,S;) = 0. (63)
k—o00
Then we have that

lim dg(S,,S) < lim dg(S), Sp) + lim dg(Sk, S) <040,  (see (63,13)) (64)
k—o0 k—o0 k—o0
namely, §;€ converges to S in the limit too. Let us now rewrite R} as

k= Po,(5Qk — SQi) + 5Qf,  (see (61)) (65)
which, together with (64), implies that

Jlim (15" Po, (SQx = 5Q) |7 = 0. (66)
We can rewrite the above limit in terms of the data vectors (rather than data blocks) to
obtain that R R

Jim 18" Py (Sa: = 54| = 0. (67)

where {¢, g }+ form the columns of the blocks {Qg, Q) }, and the index sets {w:}: C [1 :
n| form {Q}r. There almost surely exists a subsequence {¢;}; over which wy, = {1},
namely, there is a subsequence where we only observe the first entry of the incoming data
vector. Consider a vector ¢ € R” in the support of the distribution from which {g};
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are drawn. Then there also exists a subsequence of {t;};, denoted by {t;,};;, such that
im0 H‘Jtij — ¢'[]2 = 0. Restricted to the subsequence {t;, };, (67) reads as

0= lim ||$" Py, (Squ,, —Sai; lr = lim |8 Pray(Sau,, =S4 )l r = 5" Py (Sa'=Sq") |,

j—00
(68)
where we set ¢! :=lim;_, ¢/, ; the limit exists by (60). Likewise, we can show that
J

ot = P{l}(Sql — 5S¢ e 8t lell:n], (69)

where {¢"'}; are defined similarly. Because dim(S+) = n — r, at most n — r of the vectors
{vl}?zl are linearly independent. Because the supports of {v'}; are disjoint, it follows that
there are at most n — 7 of the vectors {v' }-, are nonzero. Put differently, there exists an
index set I C [1 : n] of size at least r such that

S¢t =85¢", lel. (70)

Almost surely, {¢'}e; C R" form a basis for R", and therefore & C S. Because S € G(n,r)
by assumption, it follows that S = S, which completes the proof of Proposition 6.

7.3. Locally Linear Convergence of SNIPE (Proof of Theorems 8 and 10)

At iteration k € [2 : K|, SNIPE uses the current estimate Sj—1 and the new incomplete
block Y} to produce a new estimate §k of the true subspace §. The main challenge here
is to compare the new and old principal angles with S, namely, compare dg(S ,gk) and
dg(S, gk_l). Lemma 16 below, proved in Appendix G, loosely speaking states that dg (S, §k)
reduces by a factor of 1 — O(p) in expectation in every iteration, when dg(S, §k) < pg and
ignoring all other parameters in this qualitative discussion. In other words, when sufficiently
small, the estimation error of SNIPE reduces in every iteration, but in expectation. The
actual behavior of SNIPE is more nuanced. Indeed, Lemma 16 below also adds that the
estimation error dg(S, §k) in fact contracts in some iterations by a factor of 1 — C'p, namely,

dG(Sagk) 5 (1 - Cp) : dG(Sagk—l)v

provided that dg(S ,gk,l) < pg. That is, when sufficiently small, the estimation error of
SNIPE reduces in some but not all iterations. In the rest of iterations, the error does not
increase by much, namely, R R

de (S, Sk) ~ dg(S, Sk-1),

with high probability and provided that dg(S,Sy_1) < p2.

Lemma 16 Fiz k€ [2: K], a,v > 1, and ¢ > 0. Let €,_; be the event where

Si_
p > o?log?blog nw, (71)

p%nb
aclog by/rlogn’
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and let € be the event where ||Qk|| < V- Omin, where omin is the reject threshold in SNIPE,
see Algorithm 1. Then it holds that

= R , P nb N —Ca
E [dG(SaSk) | Sk—1, k1, Gk} <v (1 -+ > de(S,Sk-1) + (73)
Moreover, conditioned on §k_1 and the event €,_1 N &, it holds that
~ p3nb —~
dg(S,S) <v (1 + = > de (S, Sk-1), (74)

except with a probability of at most b=C%. Lastly, a stronger bound holds conditioned on
Si—1 and the event €,_1 N &), namely,

~ 3nb ~
de(S,8k) < v (1 -t ) de(S, Sk 1) (75)
with a probability of at least
Znb
o) :=1—exp <— Cip i > — b, (76)
Mk—1
where
S Hpgg-_lskuoo )
e =MEgL Pk) = H se SkHF
Let us now use Lemma 16 to complete the proofs of Theorems 8 and 10.
7.3.1. PROOF OF THEOREM &
With the choice of ¢ = 4p?nb and v = 1//1 — p/4, (73) reads as
3\ S / p p’n 3 b=
< v, £
E [dG(S,Sk) |Si1, €1, @k} < (1 R ) A(S,S) + = (see (73))
D R p—Ca
=4/1—=dg(S,Sk_
1 G(S,Sk-1) + 7
P - bea
<(1-% .
< (1 8> de (S, Sk-1) + 7 (78)
With the choice of R
Clog (py/rds(S. 51)/16)
a=— ) (79)
logb
for an appropriate constant C' above, the bound in (78) simplifies to
R R , —Ca
E |dc(S, Sk) ’Sk—b@k—la@k} < (1 - *) dg(S,Sp1) + I (see (78))
p -~
(1 — 7> d@(S Sk 1) 16dG(878k71)
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< (1- ) de(S. 8. (80)

Lastly we remove the conditioning on &) above. Using the law of total expectation, we write
that

E [d@,(s,g‘k) 181, @H}

(45(S,81) | Se1, €1, €] - Pr{E}] + E [d(S, Se) | Sk, €1, € - Prfef”]

IA

IN

E
E |do(S, ) |Sk-1, €1, €| + Pr{eC]  (see (10))

1 7) dg(S,Se1) + Pr[elC]  (see (80))

IN

(1 - —) dg (S, Sk-1), (81)

where the last line holds if R
Pr{ei’] < %dG(SﬂSkfl)-

With the choice of ¢, v, a above, let us also rewrite the event €;._; in Lemma 16. First, we
rewrite (72) as

w\w

7
~ p2nb Cp
dg(S,S8k-1) <
6(S:8k-1) 3 aclogb\/rlogn ozlogb\/rlogn
. (fp - . (see (79)) (82)
log (p\/?dg(S,Sk,l)/m) Vvrlogn

Second, we replace the coherence 1(S,_1) in (71) with the simpler quantity n(S). We can
do so thanks to Lemma 20 which roughly speaking states that a pair of subspaces A and B
with a small principal angle have similar coherences, namely, 6, (A, B) ~ 0 = n(A) = n(B).
More concretely, note that

Sk 1) <V (S) +dg(S, Sk 1)\f (see Lemma 20)
</n(S) + C’pz1 / rlog (see (82))
<Vvn(S)+1 <1fp S \ﬁ>
<2/n(S).  (see (15)) (83)

This completes the proof of Theorem 8.

7.3.2. PROOF OF THEOREM 10
For Ky € [1 : K], we condition on gKo- For positive ¢ to be set later, suppose that

Cp nb 7

—~ e 7 p2nb
de(S, 8 ) < £ P2mb 84
6(8:8k) 3 aclog by/logn’ (84)
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In particular, (84) implies that the error at iteration Kj is small enough to activate Lemma
16, see (72). For v > 1 to be set later, we condition for now on the event

QE/ = ka:KO+1€/ 5 (85)

where the event & was defined in Lemma 16. Suppose also that (71) holds for every
k € [Ko+1: K], namely,

~ . rlog?blogn
2 Si) —————, 86
PR cphax | n(Sk) - (86)

which will next allow us to apply Lemma 16 repeatedly to all iterations in the interval
[Ko+ 1: K]. With the success probability ¢ («) defined in Lemma 16, let us also define

o) = ,_min onla) = 1-exp (~CET) e g o> 1, (87

a):= min a)=1—exp| ——= — ) ‘= max >1,
k€[Ko+1:K] K P n " ke[Ko+1:K] "k

where the inequality above follows because 7 > 1 for every k, see (77). We now partition

[Ko + 1: K] into (non-overlapping) intervals {I;};, each with the length

| — 02 logblog(K — K[))
¢(a) ’

except possibly the last interval which might be shorter. Consider one of these intervals,
say I;. Then by Lemma 16 and the union bound, (74) holds for every iteration k € I
except with a probability of at most [ - b=¢® because the length of I; is I. That is, the
estimation error does not increase by much in every iteration in the interval I;. In some of
these iterations, the error in fact reduces. More specifically, (75) holds in iteration k£ with a
probability of at least ¢y (a), see (76). While b=“ in (76) can be made arbitrary small by
increasing the tuning parameter «, this of course would not necessarily make ¢y () arbitrary
close to one. That is, there is a sizable chance that the estimation error does not contract
in iteration k. However, (75) holds at least in one iteration in the interval I; except with a
probability of at most

(88)

(1 — ¢(a)) < g7l = p=Celog(K=Ko) (] 4 4 < ¢?)

Therefore, except with a probabilty of at most [b=C 4 p~C210e(K=Ko) ' (75) holds at least
once and (74) holds for all iterations in the interval I;. It immediately follows that

dG(SvsKo)
3nb 3nb -1

<v (1 < p") -l (1 L2 ) (see (74,75))

4 c c

3 3 b
<1/lexp<—p—|—pnp+(l—1)pn> (1+a<e)
4 c c
Ipnb

= vlexp (—“Z pcn ) ) (89)
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except with a probability of at most
lb—Ca + b—CQ log(K—Ko)' (90)
In particular, suppose that
¢ > 4lp*nb, (91)
so that the exponent in the last line of (89) is negative. Let

. K — Ky
tmax ‘= I )

and note that
dG(S,:S\K) _ Ima d(G(SagKo-i-’il) . dG(S,:S‘\K) (92)
dg(S,Sk,) 127 de(S, Sky+(i—1)1)  dc(S, SKotimaxl)

By applying the bound in (89) to all intervals {I;};, we then conclude that

dg (S, Sk)
dg(S,Sk,)

_1““—[ ds (S, Skoru) _ dg(S,8k)
L de(S, Skt (i1 dG(S 5Ko+imaxl)

< (Vl exp< p, ”b>> <1+ p ”b> (see (89,74))

c
lp°nb Ip>nb
S(Vlexp< Py P ) I/exp<pn> (1+a<e”)

c

(see (92))

3
oo (|55 (4 222) e ()
3
< vE—Ko oxp (K QZKO < §+ W’ nb)) exp <lp nb> (if K — Ko > 1 and (91) holds)
c c
K - K
gyK—KOexp< 5 0 <Z+3lp”b>), (if K — Ko > 1) (93)
c

except with a probability of at most

{K — Ko—‘ (llfca 1L p 02 10g(K*K0)>

l

2(K l_ K[)) (lb—Coc + b—Cglog(K—Ko)) (lfK _ KO > l)

< (K B Ko)eica + p—CC2 log(K*Ko)7 (94)

IN

which follows from an application of the union bound to the failure probability in (90). With
the choice of o = o'logblog(K — Kj) with sufficiently large o/, the failure probability in
(94) simplifies to

(K o Ko)efca + b*ClOg(KfKo) — (K o KO) . (K . Ko)fc'a’ log b + b*ClOg(KfKo)
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< (K _ KO)—COé/ logb + b—Clog(K—Ko)
— b—Co/ log(K—KO) + b—Clog(K—Ko)

< b—Clog(K—Ko). (95)

The next step involves elementary bookkeeping to upper-bound the last line of (93). Suppose
that

| oo <pgg”) 96
o W ( )
< L (97)

P \/nb'

Using (96) and (97) with appropriate constants replacing 2 and < above, we may verify
that

2
pCo < C1Pmb e (96)) (98)
4n
2
SRS (0N adiz D (99)
2
¢p(a) =1 —exp (—Cl],)ﬁ nb) — O (see (87))
1 Clpznb _c _ a
> . . el ac1_2 <
2 T b ((99)ande <1 2f0raN2)
2
> SR (e (05) (100)

_ Calogblog(K — Ko)

| = see (88
e (see (85))
4Conlogblog( K — K)
< . 100 101
< e (see (100)) (101)
Now with the choice of 060
c="5 2?ﬂogblog(K — Ky), (102)
1
we may verify that
3lpPnb
PP P (e (101,102)) (103)
4 c 8
and, revisiting (93), we find that
dG(Sa gK)
dg(S,Sk,)
K- K Ip®nb
< Ko exp ( 5 0 <—i + 3 pcn >> (see (93))
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< vE~Koexp (—W) (see (103))

Cp’nb K—Ko
< — 101
< (1/€Xp< ﬁlogblog(K—Ko)>> (see (101))

3 K- Ko
< K Ko <1 _ mogbiggf_ K0)> ((97) and 7 > 1)
< (1 - Cp'nb )K_KO (104)
- nlogblog(K — Kj) ’
where we set 5
v=1+ Cpnb (105)

nlogblog(K — Ky)’

for an appropriate choice of constant C. To reiterate, conditioned on the event & in (85),
(104) is valid provided that (84,86,96,97) hold and except with the probability of at most
b~ Clog(K=Ko) 'gee (95). In particular, to better interpret (86), we next replace the coherence
n(g’k) therein with the simpler quantity 7(S). We can do so thanks to Lemma 20 which
roughly speaking states that a pair of subspaces A and B with a small principal angle have
similar coherences, namely, 01(A,B) ~ 0 = n(A) ~ n(B). More concretely, Lemma 20
implies that

\/ n(Se) < V0 (S) + dg (S, Sk)v/n. (106)

for every k. To bound the distance in the last line above, we observe that (104) holds also
after replacing K with any k € [Kp + [ : K], implying in particular that

dg(S8,8) < dg(S,Sk,), ke [Ko+1:K]. (107)

When k € [Ko+ 1 : Ko+ [ — 1] however, we cannot guarantee that the error reduces
and all we can say is that that the error does not increase by much. That is, for every
ke [Ko+1:Ky+1— 1], we have that

p3nb

Cp*nb : ~
_ 1
=7 (1 ilog blog(K — KO)) 46 (S, Srxo)
Cp3nb 2 N
< (1 Flog blog (K — Ko)) da(S,Sk,), (see (105)) (108)

with an appropriate choice of C' in (105). We continue by writing that

Cp’nb
nlogblog(K — Ky

dG(S,Sk)§<1+ )> de(S,8k,)  (see (108))
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Cp®nb .
< ) ) e
= <ﬁlogblog(K — Ko) l> de(S, Sk,) (1+a<e%

< ede@(S,gKo) (see (101))
<de(S,Sk). (p<) (109)

Combining (107) and (109), we arrive at
de (8, Sk) < ds(S, Sky), (110)

for every k € [Ky + 1 : K|, provided that (84,86,96,97) hold and except with a probability
of at most b~ C108(K=Ko) see (95). Substituting the above bound into (106) yields that

V(S0 < Vi (8) +ds(S,80va  (see (106)
<V (S) + Cdg(S,Sk,)vn (see (110))
V) + — D (e (s4))

aclog by/logn
C’p%n%b
<Vn(S)+ (see (102))

airlog? by/Tog nlog(K — Ko)
<Vn(S)+1. ((97) and 7 > 1)
<2vn(S).  ((S) = 1) (111)

Plugging back the bound above into (86) yields that
D2 logzblognn(i)r. (112)

To summarize, conditioned on the event €', we have established that (104) is valid under
(84,96,97,112) and except with a probability of at most b~¢198(K=Ko)  The event ¢ =
Nk Ko+1€) itself holds except with a probability of at most Zii Kot 1 Pr[@/C] by the union
bound. With an application of the law of total probability, (104) is therefore valid except
with a probability of at most b~Clos(K=Ko) 4 S~ Kol Pr[€/€]. This completes the proof
of Theorem 10.

Acknowledgments

AE would like to thank Anand Vidyashankar and Chris Williams for separately pointing out
the possibility of a statistical interpretation of SNIPE, as discussed at the end of Section 3.
AE is also extremely grateful to Raphael Hauser for his helpful insights. Lastly, the authors
would like to acknowledge and thank Dehui Yang for his involvement in the early phases
of this project. For this project, AE was supported by the Alan Turing Institute under
the EPSRC grant EP/N510129/1 and partially by the Turing Seed Funding grant SF019.
GO and LB were supported by ARO Grant W911NF-14-1-0634. LB was also supported
by DARPA grant 16-43-D3M-FP-037. MBW was partially supported by NSF grant CCF-
1409258 and NSF CAREER grant CCF-1149225.

32



STREAMING PCA FrRoOM INCOMPLETE DATA

Appendix A. Toolbox

This section collects a number of standard results for the reader’s convenience. We begin with
the following large-deviation bounds that are repeatedly used in the rest of the appendices
(Gross, 2011; Tropp, 2012). Throughout, C' is a universal constant the value of which might
change in every appearance.

Lemma 17 [Hoeffding inequality] Let {z;}; be a finite sequence of zero-mean indepen-
dent random variables and assume that almost surely every z; belongs to a compact interval

of length l; on the real line. Then, for positive a and except with a probability of at most
e~ O/ it holds that >z <

Lemma 18 [Matrix Bernstein inequality for spectral norm] Let {Z;}; C R"* be a
finite sequence of zero-mean independent random matrices, and set

B = max | Z],

o’ = vV

Y E(Z;zi|| v (> _E[Z:Z]]

Then, for o > 1 and except with a probability of at most e~C*, it holds that

‘ZZZ- ,Sa-max(log(n\/b)-ﬁ,\/log(n\/b)-0).

For two r-dimensional subspaces A and B with principal angles 61(A, B) > 62(A, B) >
- > 0,(A, B), recall the following useful identities about the principal angles between them:

sin (01 (A, B)) = |[ParPs|l = [[Pa — Psll, (113)

1
V2

Note also the following perturbation bound that is slightly stronger than the standard ones,
but proved similarly nonetheless (Wedin, 1972).

> sin® (6; (A, B) = [|Par Psllp = —= [|IPa— Psllp- (114)
i=1

Lemma 19 [Perturbation bound] Fiz a rank-r matriz A and let A = span(A). For
matriz B, let B, be a rank-r truncation of B obtained via SVD and set B, = span(B,).
Then, it holds that

[Par Bl _ 1B-All . [[B-A|

|
1PA = Pp,|| = | P4 P, || < < < :
A or (B) or(B) 7 or(A) —|B - Al

1
V2

where 0,(A) is the r largest singular value of A.

|ParBllp _ 1B = Allp

[Pa = Pp,|lp = |PgrPp, | < or(B) ~ o,(B) "’
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Proof Let B,+ := B — B, denote the residual and note that

|Pas P, || = || P2 B, B

(B, = span(B;))
= |PaB-B Bl B=B 4B

<span (Byy) L span (B)) = span <BI))

- HPALBBI

< | P4 B| - ||IB]]
_|IPuB

or (By)
Pa(B- )]

or (By)

1B — Al
- o, (B)
o Bl

or (A) = ||B — A

(Weyl’s inequality)

The proof is identical for the claim with the Frobenius norm and is therefore omitted. M

Lastly, let us record what happens to the coherence of a subspace under a small pertur-
bation, see (14).

Lemma 20 [Coherence under perturbation] Let A, B be two r-dimensional subspaces
in R™, and let dg (A, B) denote their distance, see (10). Then their coherences are related as

V1 (B) < /0 (A) + dg (A, B)vn.

Proof Let 6; = 0;(A, B) be the shorthand for the ith principal angle between the subspaces
A and B. It is well-known (Golub and Van Loan, 2013) that there exist orthonormal bases
A, B € R™" for the subspaces A and B, respectively, such that

A*B = diag ([ cosf)y cosfy --- cosb, ]) =T eR™, (115)

where diag(a) is the diagonal matrix formed from vector a. There also exists A’ € R"*"
with orthonormal columns such that

(A’)* B = diag ([ sinf; sinfy --- sind, ]) =Y eR™, (A')*A =0, (116)

and, moreover,

span ([ A B |)=span([ A 4’ ]). (117)
With A’ = span(A4’), it follows that
B=PuB+PyB=AAB+ A(A)'B=AT + A'S.  (sce (115) and (116))  (118)

Consequently,
n .
VB =\ max Bl (see (14)
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< \/ﬁmax |AfZ, ] - Ty + \/ﬁmax |A'[i, ] - EH2 ((118) and triangle inequality)
oo A

n . n .
< o ma A, e 101+ e 41 5

= V(A T+ V() 2] (see (14))
< @)+ 2E () <)

<+vn(A)+ \/fsinel (see (115) and (116))
=n(A) + \/fHPAJ_PB” (see (113))
< VT + /2 1P ol

= Vi (A) +ds(A BV, (see (10)) (119)
which completes the proof of Lemma 20. |

Appendix B. Supplement to Section 3
In this section, we verify that

. n 2 2
. {argmm 1Pse Xl + Al Pag (X I

(120)
Po, (Xi) =Yy,

when k£ > 2. The optimization above is over X} € R"*®. First note that Program (120) is
separable and equivalent to the following b programs:

argmin ||Pa :1:2+)\Pw x||2
Rk[:,ﬂ:{ s s e AWl s jenin. a2

Pwt c T = yt7
Above, Rgl[:, j] € R™ is the jth column of Ry in MATLAB’s matrix notation and the opti-
mization is over x € R™. To solve the jth program in (121), we make the change of variables
=y + Wye -z Here, 2 € R"™™ and W,¢ € {0, 1}7(=m) i defined naturally so that
Pwtc = thc W*o. We now rewrite (121) as the following b unconstrained programs:

t

zj 1= arg min “Pgﬁ_lyt + P§¢_1thczH§ + )\HPwthwtczH%

= argmin [|(Sg_1) v + (S_) Wezl3 + Al2llF, t=(k—1)b+j, je[l:0].
(122)

Above, 52;1 e R™*("=7) is an orthonormal basis for the subspace §,§;1 € G(n,n —r) and

in particular Pg]i;l = §k{1(§k{1)*' The optimization above is over z € R"™™. Note that

1
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are solutions of the least squares programs in (122) when m is large enough. For fixed j, we
simplify the expression for z; as follows:

-1
Z]' = — (Alnfm + W:?P‘/S\klflww?) W‘jtcp‘g%,lyt
-1
(1 Ml = WiePs, thc) WiePs: ui (P} =1, Pg )
A ((1 N — §,:_1Pwtc§k_1>_ SiaW,e
(1nver810n lemma)

1 ~ ~ -1
(In m+ WS ((1 0L — SZ,IPwtcSk,O S;;letc> WiePs: Putr
(

thcpwt - 0)
B thcpgk_lyt Ww*tcsk_l
14+ 1+ A

N N1
((1 + A1 — SZ—IszCSkfl) SZ_letcpgk—lyt

+ e (VL = 5P Si)  (SicaPug St — (1 V) Siswe
WS (14 VL~ 55 1PeSist) St
= W28 (L4 NI~ §;_1Pw?§k_1)*l St u
= WSt (Mo + S PuSist) St (124)
which means that
v+ Wooz; =y + PyoSpa ()\Ir + §;;_1Pwt§k_1)fl St i, (125)

is a solution of the jth program in (121) which indeed matches the jth column of Ry defined
in (1).
Appendix C. Proof of Proposition 24

Let us form the blocks Q1 € R §; € R™ b1 and Q; C [1: n] x [1 : by] as usual, see
Section 3. As in that section, we also write the measurement process as Y; = Pq, (S1), where
Pq, () projects onto the index set €. Let us fix Q1 for now. Also let Y7, € R be a
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rank-r truncation of Y7 obtained via SVD. SNIPE then sets §1 = span(Y] ). Our objective
here is to control || Ps. Pg [|F. Since

|PssPs, e < VrllPsiPg . (81€Gln) (126)

it suffices to bound the spectral norm. Conditioned on @1, it is easy to verify that E[Y;] =
E[Pq,(S1)] = p - Si, suggesting that we might consider Y] as a perturbed copy of p - S;
and perhaps consider S = span(Y7 ) as a perturbation of & = span(p - S1). Indeed, the
perturbation bound in Lemma 19 dictates that

Y1 — pSi|
Ps.Pg | <
[ Ps 51H ~ p-o.(S1) —||Y1 — pSi|
Y1 — pSi]| .
= S = S , S S — I’r
po @) - m-ps T )
2 IYi-psill )
<.l -7 . <P,
S0 e @) (i 11 = pSa,ll < - or(@n) (127)

It remains to bound the norm in the last line above. To that end, we study the concentration
of Y7 about its expectation by writing that

Y1 —pSi=Po, (S1) —pSi =Y _ (i —p) Suli, 4] - Eij =: > Zij, (128)
4, 2%

where {€;;}i g Bernoulli(p) and E; ; € R™*1 is the [i, j]th canonical matrix. Additionally,
{Z; j}i; are independent zero-mean random matrices. In order to appeal to the matrix
Bernstein inequality (Lemma 18), we compute the § and o parameters below, starting with

5:
1Zijll = [I(€i,; — p) Sili, 5] - Eij
= [(ei; — p) S1li, ]| ([[Ei;
< [S1[d, ]| (ei; € {0,1})
< ISl
< Slam 00 1Q1 1200 (S1=5Q1, |AB" oo < [|All2—00 | Bll2—00)
n(S)r [n(Q1)
by

n

:1)

D@l (see (14))

=: 8. (129)

Above, ||Allcc and ||A||2—c0 return the largest entry of A in magnitude and the largest ¢o
norm of the rows of matrix A, respectively. As for o, we write that

E Z Zi i Zs ; ZE [(ei,j - p)Q} Si[i, j1° - Ei
Z"j 17.]

= Zp(l —p)Sili, j]* - Ei; (€5,; ~ Bernoulli(p))
ihj
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SP 231[7’7]]2 E
1,7
=p | SIS 113

=pm?XHSﬂz, 101z

= plI51E e

<PISIE e QU (1= SQu, 4Bl soe < [ All2acl BI)
S)r

—p- 1O g, (see (1) (130

In a similar fashion, we find that

E [ZZZ;'ZM] <p ZHSI Al E;
1,7

:p”slH2~>oo

<P ISP QB (8= 5Qu, [4Blpm < [ Al BI)
Q1)r

<p T QuE, (ISl =1, see (1) (131)

and eventually
i, i,

<P (v @@ va@D) @l (see (30 md (131) (132

Lastly,

max(logn\/bl Bm )
gmax<1ogml LY eV BN ),/ NAGETICHE e

(see (129) and (132))

r n . log(nVby)r
< Vieg(n Vi) \/Z\/W SEEICARIENL <1fp . g<n>>
(133)
The Bernstein inequality now dictates that
Y1 —pSi| = ZZ@'J (see (128))
4,3
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< amax <log(n Vby) - B,+/log(n Vb - O') (see Lemma 18)
S aViogln i/ 2 v I TV @ il (e (133)

(134)

except with a probability of at most e™®. In particular, suppose that
S)Vn(Qi1))rlog(nV bi) Q1]
p 2 av(Q) ( b - : v(Q1) o (O1) (135)

so that (127) holds. Then, by substituting (134) back into (127) and then applying (126),
we find that

e S )
- ]20 ’ w (see (127))
S a\/log(n V) - ]% (1 v Z) M (S)Vn(Q))-v(Qi)  (see (134))
=: 01 (v(Q1),1(Q1)), .

except with a probability of at most e~* and for fixed ()1. In order to remove the conditioning

on Q, fixv>1,1<n < b71, and recall the following inequality for events A and B:

Pr[A] = Pr[A|B] - Pr[B] + Pr [A|B“] - Pr [BY] < Pr[A|B] + Pr [B]. (137)

Set Q1 = span(Q7) and let £ be the event where both v(Q1) < v and 7(Q;) < n;. Thanks
to the inequality above, we find that

[1Ps1Pg

2 01 (v, 771)]

Jr
<Pr ”PSL\/P;SAJF 2o(v,m)|E| +Pr [SC] (see (137))
<e *+Prv(Q1) >v]+Prn(@i) >ml, (see (136)) (138)

which completes the proof of Proposition 24.

Appendix D. Proof of Lemma 13
We conveniently define the orthonormal basis
B=[U U* | eR™"
Then the perturbation from U can be written more compactly as

I,

U+ULA’:B[A,

:| c RnXT'
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In particular, orthogonal projection onto span(U + U+A') is

r T
U +U AW +UA) =B ), ] ' [ N ] v
-B| 4 ] (I +AA) [ 1, A" 0
- I?“ Al* .
A ! (139)

where 0,,_, € R(*=7)*("=7) i5 the matrix of zeros of size n — r. From (30), note also that
Jo(X,U) = (Pyu, XX*) 4 AllPoe (X} = (In = UUT, XX} 4 | Pye (X) |3

We can now write that

fa (X AU+ ULA’)

I, A « *
(=8| 5 o | B ) (A )+ 2P0 + oIAN) + o 18])
(see (139))
Or _A/* * * /
= (B[ % oo M () + 0B (X) + oll1A]) + ol )
07” _A,* * * * * /
= (| a1 | BXXT  AXT £ XA B )+ 20Pac(X) + o(|A]lp) + oA )
0y 0r><(n—r)j| * * >
- B*XX*B
<[ On—ryxr — In—r

+<[ 0 O Urxnn) } ,B*AX*B+B*XA*B>
(

n—r)xr Y -
07‘ A/* . N /
(| A o | BXXTB) 4 2MPg0(X) +o([|AllF) + o(|A]F)- (140)

We can further simplify the above expansion as

fo (X FAU+ UlA’)
= Jo (X,U) +2(A, By X) = 2 (N (U)X XU ) + 20Poe (X) + o[ A]1F) + o([|A]|)-

(141)
Therefore the partial derivatives of f are
Ox fo (X,U) = 2P,;1 X 4+ 2\Pqc(X) € R™T
dufao (X, U) = 22U XX*U e RP*T, (142)

which completes the proof of Lemma 13.
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Appendix E. Proof of Lemma 14

By definition in (39), {Re¢ }e <. is a bounded set, see also Program (30) for the definition of
fg- Therefore there exist a subsequence { R, }; and a matrix R € R™*? such that

lim ¢; =0, (143)
71— 00
lim [|R., — R||r = 0. (144)
1—00

That is, { R, }; converges to R. On the other hand, for every § > 0, (49) implies that there
exists an integer l5 that depneds on ¢ and

|Ri,.c — Rellp < 2€l’ 46, 1> 5. (145)
Restricted to the sequence {e¢;}; above, (145) reads as
IRk, e; — Rellr < 260" +96,  1>1s, (146)
which, in the limit of ¢ — oo, yields that

lim Hsz,q — R, || < lim 2¢; + 6 =4, [ >1s. (147)
1—00 1—00
We used (143) to obtain the identity above. An immediate consequence of (147) is that

lim lim ||Ry, ¢, — Re,||F = 0. (148)

[—00 1—00

Invoking (144), it then follows that

lim lim ||Ry, ¢, — R|lp = lim lim ||Ry, ¢, — Re,||F (see (144))
1—00 l—00 i—00

l—00

=0. (see (148)) (149)
Exchanging the order of limits above yields that
lim lhm | Rk,e; — R F

1—00

< lim hm | Rk, e; — Re; ||l + lim || R, — R||F (triangle inequality)
1—00

i—o0 |

= lim hm | Rk, — Rei |l P (see (144))

i—00 [ =00
= 0. (see (50)) (150)
Therefore, (149) and (150) together state that Ry, converges to R as [,i — 0o, namely,

lim Ry, — Rllr =0, (151)
l,i—00

thereby proving the first claim in Lemma 14, see (51). In order to prove the claim about sub-
spaces in Lemma 14, we proceed as follows. Recall the output of SNIPE, namely, { (R, Sk) }«
constructed in Algorithm 1. In light of Section 3, Ry, is also the unique minimizer of Program
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(9). Recall that k; = [k; — 1+ 1 : k] from (33). Recall also the construction of sequence
{(Rk,e,g‘k,e)}kem in the beginning of Section 7.1 and note that both procedures are initial-
ized identically at the beginning of interval x;, namely, §k’l—l,e = §k,_1- Therefore, for fixed
1, observe that*

lim | B — Rellr =0, k€, (152)
e—0
which, when restricted to {¢;};, reads as
'lim HRk,Gz‘ — RkHF =0, k € K. (153)
1—00
By design, every Ry has a spectral gap in the sense that there exists 7 > 0 such that
UT(Rk)
———=2>1+4r, 154
Or+1 (Rk) ( )

for every k. Recall that gk is the span of top r left singular vectors of Ri. An immediate
consequence of (154) is that gk is uniquely defined, namely, there are no ties in the spectrum
of Ry. By (153), there are no ties in the spectrum of Ry, as well for sufficiently large 1,
namely,
lim _orlfre) >1+71, ker. (155)
i=00 0p41(Rpe;)
By sending [ to infinity above, we find that

(R e;
l—00 i—00 (Tr+1(Rk:l,ei)
— lim M
l,i—00 0'7~+1(Rkl,q)
or(R)
=7 see (151 156
UrJrl(R) ( ( )) ( )

Recall that S\k,ei is by definition the span of leading r left singular vectors of Ry, ,. Likewise,

(see (155))

(see (151))

let S be the span of leading r left singular vectors of R. An immediate consequence of the
second line of (156) is that §kl7€i is uniquely defined, namely, no ties in the spectrum of
Ry, ¢, in the limit of [, — co. The third line of (156) similarly implies that S is uniquely
defined. Given the uniqueness of these subspaces, another implication of (151) is that

lim dg(Sk.c;,S) =0, (157)

l,i—00

where dg is the metric on Grassmannian defined in (10). Lastly we show that SNIPE in the

~

limit produces copies of (R,S) on the interval ;. This is done by simply noting that

lim ||Rg, — R||r = lim lim ||Ry, ., — R||F (see (153))
l—o0 l—00 i—00

4. To verify (152), note that for every feasible X, in Program (38), X = Y + Pgc(X.) is feasible for
Program (37). Moreover, as € — 0, || Xc — X||r — 0 and consequently, by continuity, |fg(Xe,U) —
fa(X,U)| — 0. On the other hand, by definition, Ry is the unique minimizer of Program (37), namely,
fa(Re,U) < fa(X,U) for any X # Ry, feasible for Program (37). For sufficiently small ¢, it follows that
fa(Re,U) < fg(Xe,U) for any X that is feasible for Program (38) and liminfc_.o || Xe — Rx|| > 0. That
is, the unique minimizer of Program (38) approaches Ry in the limit, namely, limc_o || Rk,e — Ri||r = 0.
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= lim Ry, —Rlr  (see (151))
l,i—00

=0, (see (151)) (158)

lim dg(Sk,, S) = lim lim dg(Sp,e,,S)  (see (153))
—00

l—00 1—00

= lim lim d@(g’khﬁi,g’) (see (157))
l,i—00 1—+00

=0, (see (157)) (159)

which completes the proof of Lemma 14.

Appendix F. Proof of Lemma 15

By restricting (41) to {¢;};, we find that

0 = dufg(Riycr Sker)  (see (41))
= Qufor, (Ricor Sker)s  (see (34)) (160)

for every [,i. By the joint continuity of Jy kal in Lemma 13, it follows that

0= tim |, (Ricr S|,

l,i—o00

= lliglo H(‘)ufgkl (R,‘SA‘)HF, (see Lemma 14) (161)

which establishes (56). To establish (57), we restrict (44) to {¢;}; and then send i, to
infinity to find that

0= lim lim ||P5(Ry.e,) — YIlF  (see (44))

i—00 [—00

= lim lim HPQk (Rkl,ﬁz‘) - YkLHF (see (34736))

1—00 [—00

= lim ||Pq, (R) — Yy, ||F- (see Lemma 14) (162)
l—o00 l

To establish (58), we restrict (45) to {¢;}; and then send ¢ to infinity to find that

~ —~ |12
0= lllglo ll_lglo ‘aXfﬁ(szﬁi?S/ﬂ,ei) + )\kla€i(P§(Rkl7€i) - Y)HF
~ 2
- zlggo zlggo Pac <8Xfﬁ(Rk“6“8k”“)) ‘F
~ ~ 2
N T S
. . = 2
2 [ (o)
~ 2
= lim ’PQ;; (aX fo, (R, 5)) H . (see (34) and Lemma 14) (163)
— 00 l F

This completes the proof of Lemma 15.
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Appendix G. Proof of Lemma 16

Recall that by construction in Section 3, the rows of the coefficient matrix Q) € R**" are
independent copies of the random vector ¢ € R". Setting S, = S- Q. € R™*?_we observe in
iteration k each entry of the data block S} independently with a probability of p, collect the
observed entries in Y3 € R"*? supported on the index set € C [1 : n]x [1 : b]. We write this
as Yy = Pq, (Sk), where the linear operator Py, retains the entries on the index set € and
sets the rest to zero. Recall also that @)y is obtained by concatenating the coefficient vectors
{qt}fi(/,g_l)bJrl C R". To unburden the notation, we enumerate these vectors as {qj}?zl.
Likewise, we use the indexing {s;,y;,w; };’-:1 for the data vectors, incomplete data vectors,
and their supports, respectively.

Given the new incomplete block Y} at iteration k, we update our estimate of the true
subspace S from the old gk,l as follows. We calculate the random matrix

R™ 5 Ry, := Y + Poc (O (Yr)) (164)

where the linear operator Pﬂkc projects onto the complement of index set 2, and
o;) = ---§k,1(ij§k,1)Tyj...] e R, (165)

Above, §k,1 € R™" is an orthonormal basis for the r-dimensional subspace gk,l. If
or(Rk) < Omin, reject this iteration, see Algorithm 1. Otherwise, let Ry, denote a rank-r
truncation of Ry, obtained via SVD. Then our updated estimate is Sy, = span(Ry ).

We condition on the subspace ‘SA'k,l and the coefficient matrix @} for now. To control the
estimation error dg (S, Si), our strategy is to treat Ry, as a perturbed copy of Sj, = SQj and

in turn treat Sy, = span(Ry ) as a perturbed copy of S = span(Sy). Indeed, an application
of the perturbation bound in Lemma 19 yields that

[ Ps Rill ¢

Psi Ps <
|Ps: P, I < or (Ry)

(166)

To control the numerator above, we begin with some preparation. First, recalling the defi-
nition of O(Y}) from (165), we observe that

O (Yi) =0 (Po, (S)) (Vi = Poy, (Sk))
=O0(Po,(Pg,_ Sk)) + O(PQk(ngl_lSk)) (linearity of O)

=Ps S+ O(Po, (ngL_lSk;))- (see (165)) (167)
The above decomposition allows us to rewrite R in (164) as

R =Yg+ Poc (O (Yh))  (see (164))
= Po, (Sk) + Poc (0 (Yr))  (Yi = Po,(Sk))
= Po, (Sk) + PQE (ng_lsk) + [Pﬂkc o00o PQ’“](ngilsk)

(see (167), fog(x) == f(g(z)))
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Sk
= Sk = Pag(Ps. Sk) + [Pog 0 O 0 Po,](Ps. Sk)

=S, — Pch(Pgé__lSk) — [Pﬂk 00o PQk] (Pg:__lsk) +[0o PQk] (Pgé__lsk). (168)

Since Pg1 S = Ps1SQ; = 0, it immediately follows that
PsJ_Rk = *PsJ_ Pch(ngL,1Sk) *PsJ_ . [PQk OOOPQk](ngiilSk)+PSJ' . [O o) Pﬂk] (ngL,JS’k)
In particular, with an application of the triangle inequality above, we find that

| Ps+ Rl g
SHPQC Ps. i)+ [PQkooopgk](Pgﬁlsk)HFJrHPSL.[oopgk](Pgélsk)HF. (169)

We proceed by controlling each norm on the right-hand side above using the next two
technical lemmas, proved in Appendices H and I, respectively.

Lemma 21 It holds that
I [HPQ,CC(P%L_ISIC) + [P, 0 Oo Po,] (Pgé_lsk)HF | Sk-1, Qk}
<V1—p-|Ps:Ps_ llr- 1@kl (170)
For fixed gk,l and Q}., we also have
| Pag (P S1) + 1Pa, 000 Pa) (Psy 80| < IPsiPs_llr-IQull. (171)
and the stronger bound
| Pag(Ps. 1)+ 1Pa, 0 00 Po,] (Psy 80| < VI=p/2-IPs Py llr-llQul, (172

except with a probability of at most

2
exp <— Cip "b> , (173)
Nk

where )
o 1Ps SillZ
N = 7](P§L Sk)=n TS o (174)

[Ps. Sl

Lemma 22 For fized §k_1, Qp and o > 1, it holds that

logn

| Ps - [00 Po] (Psy S1)|| | < alogt N Ps:Pg |- IPs:Ps Il lIQill, (175)

except with a probability of at most b= and provided that p > a*log?® blogn - n(gk_l)r/n.
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We next use Lemmas 21 and 22 to derive two bounds for the numerator of (166), the weaker
bound holds with high probability but the stronger bound holds with only some probability.
More specifically, substituting (171) and (175) into (169) yields that

| Ps1 Rl
< HPQC (Ps. k) +[Pa, 0O Po,] (Pgﬁ_lsk)HF n HPSL [0 0 Po,] (Pgé_lsk)HF
(see (169))

logn

< (1+0alogb |Ps:Pg, 1||> I1Ps:Pg, Q. (176)

except with a probability of at most b~ ¢® and provided that p > a?log? blog n~n(§k_1)r /n.
For positive ¢ to be set later, let us further assume that

7
p2nb
P < ||P. . 177
I1Pss Py, < I1Pss Py, lIr S e (1)
With an appropriate constant replacing < above, (176) simplifies to
penb
Pl 5 (14 220) 1Psi Py, lelul (178)

A stronger bound is obtained by substituting (172, 175) into (169), namely,
| Ps+ Ry|
< HPch (ngL_lSk) + [PQk o0Q0o PQK](P‘%__IS]C)HF + HPSL 5 [O o PQk](Pgli_—ISk)HF
(see (169))

nb
< h-ty p) IPsePs IlrllQell  (see (172,175,177))

p>nb
< (15T ) 1P s, il (179)

provided that p > o2 log? blogn - n(gk_l)r/n and except with a probability of at most
C1p*nb
exp (— 1?, n > + b Ce,
Nk

Note that (178) and (179) offer two alternative bounds for the numerator in the last line
(166), which we will next use to complete the proof of Lemma 16.

_Fix the subspace gk_l for now. Let &,_; be the event where p > a2log?blogn -
7(Sk—1)r/n and (177) holds. For v > 1 to be set later, let &) be the event where

1Qkll < v - omin- (180)
Conditioned on the event &;,_1 N QE;C, we write that

||PSle||F
Or (Rk)

|Ps. Pg I < (see (166))
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< ||Pisk”F

Omin

(1 n pm’) |PsiPs I, (see (178)) (181)

except with a probability of at most b~¢®. A stronger bound is obtained from (179), namely,

| Ps1 Ri||
Poi Ps < e 1
|Ps1Ps |lF < o () (see (166))
b
(1—4+p”> IPsiPs Il (see (179)) (182)

conditioned on the event €;_; N &) and except with a probability of at most

2
exp (— v nb) + b0, (183)
Nk

This completes the proof of the probabilistic claims in Lemma 16, namely, (74) and (75).
To complete the proof of Lemma 16, we next derive a bound for the conditional expectation
of | PsiPg ||r. Let € be the event where p 2 a?log?blogn - (Sy_1)r/n and
< pnb p3nb
|Ps: 100 Pl (Psy. 81)|| < B 1Ps P, e lQull (184)
In light of Lemma 22, we have that
Pr[€}|S_1, €, €] >1— b (185)
Using the law of total expectation, we now write that
E [HPSLngHF | Sk, €1, @2}
—E ||| Ps: Ps ||| Se1, €1, €, €| - Prief]Si1, €1, €]
+E | IPs Pg, I |81, €1, €, €] - Pr{€C18 1, €41, €]
<E |[Psi Ps I Se1, €1, € € + VIPHE IS 1, €€ (S € Glnr)

<E _||PSLP§,€HF ‘ Se—1, €1, o elkl_ +/rb= (see (185))

P R -
<E Ml&;_l,&_l, LER 67O ((166) and b > 1)

L Ur(Rk) |

< Opink [”PsLRkHF | k-1, €1, 2,@%} + b0, (186)

We next bound the remaining expectation above by writing that
E [HPSLRkHF’Sk—la €1, €, Qf%}

<E [HPQ’“C(P%LlSk) + [Pa, 0 O o Py,] (ngilsk)HF
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+ HPSL [0 o Pal (Pgt_lsk)HF 1Sty €41, €, @’,;] (see (169))

<[t 50+ 00 iy, 5,

3nb
+22|| Ps. P s N ellQul | Sk, €, ;,az’,;] (see (184))

—E [E [HPQC(P%IS,C) +[Po 000 Po] (Ps. S| 1St Qk]

3nb
A Pg P 1P Qul it @i ;,e]

penb
<E | VT plPs Py Il + L2 Pss Py, P IQul1Sicn. €. z,ez}

(see (170))

-E ,,.gmin< 1—p+ p'n >||PSL P18kt €t ;,6’4 (see (180))

:V'Umin< 1-— —l—) ||P8J_P’\ 1||F

p>nb
< V- Omin <1 B + > ”PSLpgk_lHF' (187)

Plugging the bound above back into (186) yields that
E [HPSLP“ 1|Sk-1, €1, (’32}

m1n

TminE [HPSLRkHF | Sk-1, €1, o 6/4 + b (see (186))

p3nb —Ca
<1 - §+ > 1Ps.Pg,  llr+b7, (188)

which proves (73) and completes the proof of Lemma 16.

Appendix H. Proof of Lemma 21

Throughout, Sj,_1, Qy is fixed. Recalling the definition of operator O(-) from (165), we write
that

[PQk o0o ng] (Pgli__lsk)
— [ ‘e (ijé\kfl) (ij§k71> PwJPSJ_ qu :| (see (165))
_ [ (pszk,l) (ijsk,1> -Pg, Sqj -+ }
= [ cee ng_ld_ . ngl_lSQj T } . (S\k—l,j = span(ijgk_1)> (189)
Let also g/?_m‘ = Span(Pw.Cgk—l)- Note that Sg_1 = ijgk—l T chgk_l and that
’ J ~ J
(Pu; Sk—1)*(P,cSk—1) = 0. Consequently, Sg_1,; L S,?_lj and then Pg = Pg +
] , -

Sk—1,5
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Pgc . Put differently, 3’1{71 = S\k,l’j &) S\E_I’j. Using this decomposition, we simplify

(189) as
[Pa, 000 Po,](Pg1 )
_ [ -+ Ps_ Py Sq - } (see (189))
_ [ (P§k71 — ngc,l,j) ~P§]€L715q]' } (§k4 = §k71,j @gkc—l,j)
_ [ ng_u 'Pgé_l‘ng } . (190)

It immediately follows that

Pﬂkc (Pglc{lsk) + [Pq, 0 O o Py, ] (ngilsk)
_ [ pw]_C 'Pgé_ls% _ ngc—l,j 'P@LS% }
_ [ - Pyo(ln—Pso )PP Sqj - } , <§,€Cflyj - span(Pw]¢§k,1)) (191)

k—1,j

and consequently

2
HPQkC(PSAIillsk) + [PQk o00o PQk] (Pglillsk)HF

b
2
=3 || Puctta =Py JPue-Psy Sapf ) (see (191)

k—1,j J
b 2
<> |Pg P Sai,
=1
2
= |[Pag (P, 5@,

- [ructzs 5

Csl se=sa (192)

Note that

E [HPQg (Pgu Si) + [P, 000 Po] (Psy S0 18k, Qk}

2
< \/IE [HPch (szﬁ_lsk) + [Pa, 0 O o Py,] (PSkilSk)HF | Sk—1, Qk} (Jensen’s inequality)

< \/IE [HPQE(P%ISR)HTD \3“,@4 (see (192))

= B [X0 - |y 50l 18 e

i?j

=V1-plPs. Skllr
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<V1-plPse SlIFllQkll (S =5Q  ABllr <[ Alr-[Bl) (193)
where {€; ;}i j g Bernoulli(p). We thus proved the first claim in Lemma 21, namely, (170).
Then note that
2

[Pag(Psy 80+ (Pa, 000 Po) (P S0

<[ Pag Py 50|
< IPs. Sill:

< ||P§¢715H%’HQ1«H27 (Sk = SQk) (194)

2
. (see (192))

which proves the second claim, namely, (171). In fact, with some probability, a stronger

bound can be derived by controlling the deviation from the expectation in (193) using the

Hoeffding inequality (Lemma 17). With a = §||Pg. Skl% in Lemma 17 and recalling that
k—1

§k,1, Qy, are fixed for now, we find that

[Pugtrs, s, < [ rug P 50 186-1.1] o
— (1-p/2)1Psy Silly (see (193))
= (L-p/2)|Ps SQullF (k= 5Qk)
< (1-p/2)|Ps. SlEIQul*, (195)
except with a probability of at most
01292HP§’€{151<:||% 01P2HP§’€{151<:||}1?

exp | — — <exp| —
=i (Pse Su)li I 1Ps. Skl [P Sill7

Cip?|Ps. Skllh

= exp - 5
[Ps Sil
—C1p®nb
=exp| =——7— |, 196
("(P%lsk)) o

where || A||oo returns the largest entry of A in magnitude. Substituting (195) back into (194)
yields that

HPQkC(Pgé:lSk) +[Po, 000 Pa,] (P§¢715’“)H

F
< HPQS(P%lSk)HF (see (194))
< VI-p/2-1Ps SIFIQil. (197)

which proves the last claim in Lemma 21, namely, (172).
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Appendix I. Proof of Lemma 22

We fix gk_l, Q. throughout. We begin by bounding the target quantity as
H.PsL . [O (¢] PQk] (ngl_l‘Sk)HF

= |PsPs,_, (00 Pa ) (Psy S0, (see (165)

k—1
<||Ps:Ps, |- |00 Po] (Psy S0)|| . (1ABIle <JlAI-1Blr).  (198)
We bound the random norm in the last line above in Appendix J.

Lemma 23 For a > 1 and except with a probability of at most b=, it holds that

logn

|00 Pa, (Ps 51| atogby |2 Ps. P, - Ql (199)

provided that p > o®log? blogn - n(gk_l)r/n.

In light of the above lemma, we conclude that
|Ps 100 Pl (Ps. 50|

< IPsiPg,,I- (00 Po) (Pgy S| (see (108))

logn
p

S alogh [1Ps+Pg  [I-1PstPg,  llF-lQkll,  (see (199)) (200)

except with a probability of at most b~ ¢® and provided that p > a?log? blog n~n(§k_1)r /n.
This completes the proof of Lemma 22.

Appendix J. Proof of Lemma 23

Using the definition of operator O in (165), we write that

|00 Pal (s s

I
e

~ ~ 2
Sk-1(Pu, i)' Py, .pgi_lsqu2 ((165) and Sy = SQy)

<.
Il
-

|
e

~ —~ 2
Sk—l(ijSk:—l)TP§L SQjH2

k—1

.
Il
-

I
e

(PSP S (5ia8a=1) (201)

<.
Il
—_

For fixed j € [1 : b], consider the summand in the last line above:

[(PoBinpsy, 570, < R B ps [ 1P Sal

—1
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= |, S| IPse Saill: (Pse = SEA(SEL)")
= 1Zjll - 1PsL Sl (202)
Above, §k{1 is as usual an orthonormal basis for the subspace :S\k{l. We can now revisit

(201) and write that

k—1 k—1 2

Jops, sl =3 |(PusSi Py o (see (200
j=1

b
< max|Z52 - 3" 1Py Sailf (see (202)
j=1
— max | Z, | P, SQull}
< max | Z,|- 1P, SIBNQeI® (14BIr < lAle- |B]) (209

It remains to control the maximum in the last line above. We first focus on controlling ||2]||
for fixed j € [1: b]. Observe that Z; is a solution of the least-squares problem

i —~ 2
st - 507

min
ZcRnx(n—r)

and therefore satisfies the normal equation
(P Sk 1) ((ij§k_1)2j - §,§_1) —0,
which is itself equivalent to
(Si1PoySk)Z) = Sia Py S (P =Ry) (204)

In fact, since
E [Szflpwj Skil] =r Szfl‘s’kl—l =0,

E(SiiPySia| =p- Ly (SiSea=1)
we can rewrite (204) as
(§;;_1pwj Se1 —E [@;_1pwj §k_1]) Zi+p-Z; =8 P, S, —E [§;§_1pwj §,¢_1} .
An application of the triangle inequality above immediately implies that

PIZil < || Sics Pyt —E [Sioi Py St ]| 121 + || Sics Py Sy — E [SiaP, S |-
(205)
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To control HZJH, we therefore need to derive large devation bounds for the two remaining
norms on the right-hand side above. For the first spectral norm, we write that

Z (& — ) - Sp_1EiiSho1 | =

%

H§Z—1ij§k—1 _E §Z_1ij§k,1:| H = ‘ 206

where {€;}; - Bernoulli(p) and E;; € R™™ is the [z, ¢]th canonical matrix. Furthermore,
{A;}; € R™" above are independent and zero-mean random matrices. To apply the Bern-
stein inequality (Lemma 18), we first compute the parameter § as

I|A;|| = H € — D) - Si_1EiiSk— 1” (see (206))
< || 1Eu'5k il (6 €{0,1})
= ||Sk-1li, 1113
< ”(5’;1)” _. 8. (see (14)) (207)

To compute the weak variance o, we write that

EZA$|

[ } (Si_E;iSp_1)2

| (see (206))

Sk 1Ez sz 1)

' (€; ~ Bernoulli(p))

<p Z(§Z_1Ez‘,i§k—1)2

i

=p Z Sy_1EiiSk—15i_1F:,iSk—1

=D ZHSk: i 113 - Sk 1EHSk 1

< p - max || S [i, )13

l’L

1,0

(see (14))

1,0
n

. (Skl ‘

n(Sk_1)r & @
=p. DU Eii=1I, S Se1=1,
P <§ , St 1 Sk-1 )

i

=: o2 (208)
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It also follows that
max (logr - B,4/logr - 0')

logr - n(gk,l)r logr-p- n(gk,l)r
n ’ n

— Inax

(see (207) and (208))

n

n
As a result, for o > 1 and except with a probability of at most e~¢?, it holds that
H§;;_1ij§k,1 —-E [gz_lejgk,l} H < amax (logr -B,/logr - 0) (see Lemma 18)

< a\/logr P U(S\k—l)r.

- (210)

On the other hand, in order to apply the Bernstein inequality to the second spectral norm
in (205), we write that

where {¢€;}; ind. Bernoulli(p), E;; € R™" is the ¢th canonical matrix, and {A;}; C Rrx(n—r)
are zero-mean and independent random matrices. To compute the parameter 3 here, we
write that

Sio1Po, Sty ~E[Sii Py S| = . (1)

Z (e —p) Sf_1EiiSi—

(]

>4

[ Aill = ‘(61 —p) §;_1Ei,i§]i__1H (see (211))
<81 EiiSiall (e €{0,1})
< ||Si_1Biil ((§$—1)*§¢—1 = Infr)
= [1Sk-1[é, 12
< 77(&;1)7’ =: f. (see (14)) (212)

To compute the weak variance o, we notice that

o

<p

E (see (211))

ZE [(ei - p)Z] St 1EiiSt 1 (Si1)" B 1Sy

(€; ~ Benoulli(p))

Zp(l —p)- §271Ei7i§kal(S\Ichl)*Eiigk—l
i

> S; 1 EiiSi 1 (S 1) EiiSk
[
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<p Z §Z,1Ei,iEi,z‘§k—1 <§;§,1(§1ﬁ,1)* = In)

1

Z S;_1EiiSk1
i

=Pp

=p. (Z Eii=1I, Sf Sk1= Ir> (213)

In a similar fashion, we find that

B> AA || <p

> (Si1)EiiSk-1Si_1EiiSiy

)

=p

S USkcali 13- (S ) BuiSi

< p - max || [i, |13

— - max o1, 113 (ZﬁMZMJ%Q@%fJ%J

=p- M’ (see (14)) (214)

a:max< )

=max | /D, /D" 77(3\];_1)7“ (see (213) and (214))

and finally

9

E) AfA;

B AA;

=vp (1S <) (215)

We now compute

max (logn - B,+/logn - 0) = max | logn{/ n(ff_l, Vdiegn - p (see (212) and (215))
— /logn - p. (ifp >, logn- ”(S’“‘l)r> (216)

n
Therefore, for a > 1 and except with a probability of at most e~¢?, it holds that

§Z_1ij §,§_1 —E [gz_lpwj 3%_1] H < amax (10gn - B,+/logn - 0) (see Lemma 18)
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= a/logn - p. (217)

Overall, by substituting the large deviation bounds (210) and (217) into (205), we find that
PIZi) < ||Sici Py Skt — B [Simi Py S | 1250

|

Sﬁ_lfgjéﬁ;l«—lE[3%_1fgj§%;l}u (see (205))

1 (S ~
Sa\/ ogr - p 7:7(Sk 1)r~HZjH+04\/10gT'pa (see (210) and (217))

except with a probability of at most e~¢® and under (209) and (216). It immediately follows
that

o logn
”Z\]” S L (see the next line)
1_ ] elogra(Sy_1)r
pn
1 2log - 1(Sk—
<oy fl8m (i @loeT wSk-r o (218)
p n

except with a probability of at most e~ In light of (209) and (216), we assume that
p 2 a?logn - n(Sg_1)r/n. Then using the union bound and with the choice of o = o/ log b,

it follows that
~ 1
max || Z;]| S o' logby | —22,
JE[L:b] p

provided that p > o2 log?b - logn - n(gk,l)r/n and except with a probability of at most
be~Ca'logb — p=Ce’ nyoking (203), we finally conclude that

|os, 50|, < maxlZil-11Ps. PslelQull  (see (203))

logn
< o'log b\/j' 1Pss Psllell@kll-

A bound in expectation also easily follows: Let ¢ denote the factor of §’ in last line above.
Then we have that

E HPSL [0 0 Pg,] (P%ls’“)up - 5/000 Pr [

‘PSL [0 o Po)] (Pgﬁlsk)HF > 0/5] do/

< <1 + /loo Pr [HPSL [0 0 Pa) (Pgéilsk)HF > 0/5] do/)

<6 (1 +/ b= da')
1
<26
logn
= 2logby[ =5 | Pgy PsllrlQul. (219)

This completes the proof of Lemma 23.
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Appendix K. Properties of a Standard Random Gaussian Matrix

As a supplement to Remark 25, we show here that a standard random Gaussian matrix
G € R"™" is well-conditioned and incoherent when b is sufficiently large. From (Vershynin,
2012a, Corollary 5.35) and for fixed a > 1, recall that

Vb — Cs00/r < 0,(G) < 01(G) < Vb + Caan/r, (220)
except with a probability of at most e=°r Tt follows that
01(G) _ Vb+ Csayr
or(G) \[ Cson /T’

which can be made close to one by choosing b > o?r.

For the coherence, note that G(G*G)_% € RY" is an orthonormal basis for span(G).
Using the definition of coherence in (14), we then write that

V(G) = (221)

2

n (span(G)) = — max HG G*G) (see (14))
T i€[1:b]
b ) L
< - max [|G[, 05 - 11 (G*6) 2 |2

b .
= Zmax |Gl 1 - (0(G

IN

zm?XHG[i,:]Hg (\f Cgoc\f) (see (220))

C2a r) ((a—b)zzc‘;—zﬂ)

5§mzaxuc;[¢,:]u2 (b— Caa®r) ", (222)

AN
I
2
sl
Q
w:
l\D\@‘

except with a probability of at most e~®"". For fixed i, ||G[i,:]||2 is a chi-squared random
variable with r degrees of freedom so that

Pr[IGH B2 B ] <, (223)

for 8 > 1. An application of the union bound and the choice of 5 = Calogb then leads us
to

Pr [m% |Gi, |13 = alogb - r} <b-b O = p O (224)

Substituting the bound above back into (222) yields that
b , -
1 (span(G)) S - max [Gli I - (0 — Car)™! (see (222)

< g ralogh- (b— Cyr)™? (see (224))

< ablogb
~b—Cyhacr’

except with a probability of at most e=®" + b~¢®. In particular, when b > 2C,0r, we find
that n(span(G)) < alogb except with a probability of at most e =" 4 b=,

(225)
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Appendix L. Alternative Initialization

SNIPE in Algorithm 1 is initialized by truncating the SVD of the first incomplete block
Y; € R™? where we often take b = O(r) to keep the computational and storage requirements
of SNIPE minimal, see Remarks 1 and 2. Put differently, with the notation of Section 3,
even though our end goal is to compute rank-r truncated SVD of the full (but hidden) data
block S; € R™*® SNIPE is initialized with truncated SVD of the incomplete (but available)
block Y1 = Pq,(51) € R™*? which fills in the missing entries with zeros. Indeed, when
the first incomplete block Y] arrives, there is no prior knowledge to leverage and zero-filling
the missing entries in Y7 is a sensible strategy. In contrast, for the rest of blocks & > 2,
SNIPE uses its previous estimate gk,l to fill out the erased entries in Y3 before updating
its estimate to §k., see Algorithm 1.

One might instead initialize SNIPE with a larger block. More specifically, suppose that
we change the first block size to b; > b while keeping the rest of the blocks at the same size
b. Then we set S; to be the span of leading r left singular vectors of the first incomplete
block Y; € R™ b1 while the rest of steps in Algorithm 1 do not change. As the size of the
first block b1 increases, §1 increasingly better approximates the true subspace S. Indeed,
one might consider Y7 = Pq,(S1) = S1 + (Po,(S1) — S1) as a “noisy” copy of Sy, where
the noise is due to the erasures. Roughly speaking then, as b; increases, the energy of the
“signal” part, namely, ||.S1||F, grows faster than and eventually dominates the energy of the
random noise || Pq, (S1) — S1||r. This intuition is made precise by the following result which

loosely speaking states that
d5(S8,81) S\
n
when b; = Q(n). This result is proved in Appendix C with the aid of standard large deviation
bounds.

Proposition 24 Consider an r-dimensional subspace S with orthonormal basis S € R™ ",
For an integer by > r, let the coefficient vectors {qt}i”:l C R" be independent copies of a
random vector ¢ € R". For every t € [1 : b1], we observe each coordinate of s; = Sq; € S
independently with a probability of p and collect the observed entries in y; € R™, supported
on the random index set wy C [1 : n]. We set Q1 = [q1q2 -~ @] € R and Y| =
Wi1y2 - Y € R™*%1 for short. Let also gl be the span of leading r left singular vectors of
Y.
Then, for fired a,v > 1 and 1 < n < by/r, it holds that

dg(S,S1) 5a-y\/<1vbnl> (n\V1(S))rlog(n Vi) (226)

pn

except with a probability of at most e=* + Pr[v(Q1) > v] + Pr[n(Q1) > n]. Above, v(Q1)
is the condition number of Q1, n(Q1) is the coherence of Q1 = span(Q7) (see (14)), and
aVb:= max{a,b}.

Remark 25 [Discussion of Proposition 24] As (226) suggests, for S1 to be close to S,
the first block should be a wide matrix, namely, by = O(n). This dependence on the block
size was anticipated. Indeed, it is well-understood that one needs O(n) samples in order
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for the sample covariance matrix to closely approximate the covariance matrix of a random
vector in R™ (Vershynin, 2012b). As an example, consider the case where the coefficient
vectors {qt}flzl are standard random Gaussian vectors and so Q; € R™ " is a standard
random Gaussian matrix, namely, populated with zero-mean independent Gaussian random
variables with unit variance. Then both probabilities above are small when b; is sufficiently
large. More specifically, we show in Appendix K that

Priv(Q1) > v] < exp <—CV - 1) , when b 2 r, (227)
v+1
Pr[n(Q1) > n] < exp(—Cn/logb), when blog? b > 772r, (228)

for a Gaussian coefficient matrix Q.

It is also worth noting that initializing SNIPE with a large first block can be done without
increasing the storage requirement or computational complexity of SNIPE, namely, replacing
the block size b = O(r) in first step of Algorithm 1 with b, = O(n) can be done without
losing the streaming nature of SNIPE. More specifically, with the alternative initialization,
naively computing the truncated SVD of the first block requires O(bjn) = O(n?) bits of
storage and O(rbyin) = O(rn?) flops. These requirements can be significantly lowered by
implementing a state-of-the-art streaming PCA algorithm such as the “power method” in
(Mitliagkas et al., 2013). This suggests a two-phase algorithm. In the first phase, the power
method is applied to the incoming data, where the missing entries are filled with zeros. This
phase produces the estimate §1 in SNIPE, which serves as an initialization for the second
phase in which the main loop of SNIPE is applied to the incoming blocks, producing the
estimates {§k}k22. If by is sufficiently large, the first phase brings us within the basin of
attraction of the true subspace S and activates the locally linear convergence of SNIPE to
S in the second phase, see Theorems 8 and 10.
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