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Abstract

We develop two methods for the following fundamental statistical task: given
an e-corrupted set of n samples from a d-dimensional sub-Gaussian distribution,
return an approximate top eigenvector of the covariance matrix. Our first robust
PCA algorithm runs in polynomial time, returns a 1 — O(elog e~ !)-approximate
top eigenvector, and is based on a simple iterative filtering approach. Our sec-
ond, which attains a slightly worse approximation factor, runs in nearly-linear
time and sample complexity under a mild spectral gap assumption. These are
the first polynomial-time algorithms yielding non-trivial information about the
covariance of a corrupted sub-Gaussian distribution without requiring additional
algebraic structure of moments. As a key technical tool, we develop the first width-
independent solvers for Schatten-p norm packing semidefinite programs, giving
a (1 + €)-approximate solution in O(plog(”%)e~") input-sparsity time iterations
(where n, d are problem dimensions).

1 Introduction

We study two natural, but seemingly unrelated, problems in high dimensional robust statistics and
continuous optimization respectively. As we will see, these problems have an intimate connection.

Problem 1: Robust sub-Gaussian principal component analysis. We consider the following
statistical task, which we call robust sub-Gaussian principal component analysis (PCA). Given
samples X, ..., X, from sub-GaussiarE] distribution D with covariance ¥, an € fraction of which
are arbitrarily corrupted, the task asks to output unit vector u with u' Zu > (1 — ) HEHOOEI for
tolerance 7. Ergo, the goal is to robustly return a (1 — 7)-approximate top eigenvector of the
covariance of sub-Gaussian D. This is the natural extension of PCA to the robust statistics setting.

There has been a flurry of recent work on efficient algorithms for robust statistical tasks, e.g. covari-
ance estimation and PCA. From an information-theoretic perspective, sub-Gaussian concentration
suffices for robust covariance estimation. Nonetheless, to date all polynomial-time algorithms achiev-
ing nontrivial guarantees on covariance estimation (including PCA specifically) in the presence
of adversarial noise require additional algebraic structure. For instance, sum-of-squares certifi-
ably bounded moments have been leveraged in polynomial time covariance estimation algorithms
[HL18l [KSS18]J; however, this is a stronger assumption than sub-Gaussianity.

In many applications (see discussion in [DKK™17]), the end goal of covariance estimation is PCA.
Thus, a natural question which relaxes robust covariance estimation is: can we robustly estimate the
top eigenvector of the covariance X, assuming only sub-Gaussian concentration? Our work answers
this question affirmatively via two incomparable algorithms. The first achieves v = O(eloge~1) in

'See Section for a formal definition.
Throughout we use [M]|,, to denote the Schatten p-norm (cf. Sectionfor more details).
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polynomial time; the second achieves v = O(+/€log e~!log d), in nearly-linear time under a mild
gap assumption on 3. Moreover, both methods have nearly-optimal sample complexity.

Problem 2: Width-independent Schatten packing. We consider a natural generalization of packing
semidefinite programs (SDPs) which we call Schatten packing. Given symmetric positive semidefinite

Aq,..., A, and parameter p > 1, a Schatten packing SDP asks to solve the optimization problem
min Z w;A;|| subjecttow € A™. (D
i€[n]
P

» 18 the Schatten-p norm of matrix M and A™ is the probability simplex (see Section|[2)).
When p = oo, (I) is the well-studied (standard) packing SDP objective [IY 11, [ALO16) [PTZ16],
which asks to find the most spectrally bounded convex combination of packing matrices. For smaller
p, the objective encourages combinations more (spectrally) uniformly distributed over directions.

The specialization of (I)) to diagonal matrices is a smooth generalization of packing linear programs,
previously studied in the context of fair resource allocation [MSZ16., IDFO18]. For the ¢, case of
(T, packing SDPs have the desirable property of admitting “width-independent” approximation algo-
rithms via exploiting positivity structure. Specifically, width-independent solvers obtain multiplicative
approximations with runtimes independent or logarithmically dependent on size parameters of the
problem. This is a strengthening of additive notions of approximation typically used for approximate
semidefinite programming. Our work gives the first width-independent solver for Schatten packing.

1.1 Previous work

Learning with adversarial outliers. The study of estimators robust to a small fraction of adversarial
outliers dates back to foundational work, e.g. [Hub64, [Tuk75]. Following more recent work [LRV 16,
DKK™ 19], there has been significant interest in efficient, robust algorithms for statistical tasks in
high-dimensional settings. We focus on methods robustly estimating covariance properties here, and
defer a thorough discussion of the (extensive) robust statistics literature to [Stel8,[Li18, [DK19].

There has been quite a bit of work in understanding and giving guarantees for robust covariance
estimation where the uncorrupted distribution is exactly Gaussian [DKK™ 17, [DKK* 18, [DKK* 19,
CDGW19]. These algorithms strongly use relationships between higher-order moments of Gaussian
distributions via Isserlis” theorem. Departing from the Gaussian setting, work of [LRV 16] showed that
if the distribution is an affine transformation of a 4-wise independent distribution, robust covariance
estimation is possible. This was extended by [KSS18], which also assumed nontrivial structure in the
moments of the distribution, namely that sub-Gaussianity was certifiable via the sum-of-squares proof
system. To the best of our knowledge it has remained open to give nontrivial guarantees for robust
estimation of any covariance properties under minimal assumptions, i.e. sub-Gaussian concentration.

All aforementioned algorithms also yield guarantees for robust PCA, by applying a top eigenvector
method to the learned covariance. However, performing robust PCA via the intermediate covariance
estimation step is lossy, both statistically and computationally. From a statistical perspective, (d?)
samples are necessary to learn the covariance of a d-dimensional Gaussian in Frobenius norm (and
for known efficient algorithms for spectral norm error [DKS17]); in contrast, O(d) samples suffice
for (non-robust) PCA. Computationally, even when the underlying distrubution is exactly Gaussian,
the best-known covariance estimation algorithms run in time Q(d3 25); algorithms working in more
general settings based on the sum-of-squares approach require much more time. In contrast, the

power method for PCA in a d x d matrix takes time 9] d2 Motivated by this, our work initiates the
direct study of robust PCA, which is often 1ndependently interesting in applications.

We remark there is another problem termed “robust PCA” in the literature, e.g. [CLMW11]], under
a different generative model. We defer a detailed discussion to [DKK™17]], which experimentally
shows that algorithms from that line of work do not transfer well to our corruption model.

Width-independent iterative methods. Semidefinite programming (SDP) and its linear program-
ming specialization are fundamental computational tasks, with myriad applications in learning, oper-
ations research, and computer science. Though general-purpose polynomial time algorithms exist for

3We say g = O(f) if g = O(f log® f) for some constant ¢ > 0.



SDPs ([NNO94]), in practical settings in high dimensions, approximations depending linearly on input
size and polynomially on error € are sometimes desirable. To this end, approximation algorithms based
on entropic mirror descent have been intensely studied [WKO06, AK16,|(GHM15/AL17,|ICDST19],
obtaining ¢ additive approximations to the objective with runtimes depending polynomially on p/e,
where p is the “width”, the largest spectral norm of a constraint.

For structured SDPs, stronger guarantees can be obtained in terms of width. Specifically, several
algorithms developed for packing SDPs ((I)) with p = co) yield (1 + €)-multiplicative approximations
to the objective, with logarithmic dependence on width [JYT11}[PTZ16,[ALOT6, JLLT20]. As p upper
bounds objective value in this setting, in the worst case runtimes of width-dependent solvers yielding
ep-additive approximations have similar dependences as width-independent counterparts. Width-
independent solvers simultaneously yield stronger multiplicative bounds at all scales of objective
value, making them desirable in suitable applications. In particular, /., packing SDPs have found
great utility in robust statistics algorithm design [CG18,|CDG19,ICDGW 19, IDL19].

Beyond /., packing, width-independent guarantees in the SDP literature are few and far between;
to our knowledge, other than the covering and mixed solvers of [JLL™20], ours is the first such
guarantee for a broader family of objectivesﬂ Our method complements analogous ¢, extensions in
the width-dependent setting, e.g. [ALO135], as well as width-independent solvers for £,, packing linear
programs [MSZ16,[DFO18]]. We highlight the fair packing solvers of [MSZ16}IDFO18]], motivated
by problems in equitable resource allocation, which further solved ¢,, packing variants for p & [1, o).
We find analogous problems in semidefinite settings interesting, and defer to future work.

Concurrent work. Concurrent work by Kong et al. [KSKO20] also develops a PCA algorithm
tolerant to a bounded fraction of adversarial corruption. Their method is similar to our algorithm
based on soft downweighting (Algorithm|[6), is analyzed under a fourth moment bound assumption
(as opposed to sub-Gaussianity as in this paper), and also generalizes to top-k eigenvector estimation.
To our knowledge, our fast algorithm (Algorithm [ is the first in the literature which robustly solves
the 1-PCA problem in near-linear time (for gapped covariances), at the cost of weaker error bounds.

1.2  Our results

Robust sub-Gaussian principal component analysis. We give two algorithms for robust sub-
Gaussian PCAE} Both are sample optimal, polynomial-time, and assume only sub-Gaussianity. The
first is via a simple filtering approach, as summarized in the following (and developed in Section 3).

Theorem 1. Under Assumption let§ € [0,1], andn = Q (%). Algorithm@runs in time

O(”Td2 log 2 log %), and outputs w withu' Xu > (1 — C*elog e )| ||, for C* a fixed multiple
of parameter c in Assumption[l| with probability at least 1 — 6.

Our second algorithm is more efficient under mild conditions, but yields a worse approximation 1 — 7y

for v = O(y/eloge~1logd). Specifically, if there are few eigenvalues of X larger than 1 — , our
algorithm runs in nearly-linear time. Note that if there are many eigenvalues above this threshold,
then the PCA problem itself is not very well-posed; our algorithm is very efficient in the interesting
setting where the approximate top eigenvector is identifiable. We state our main algorithmic guarantee
here, and defer details to Section[3]

Theorem 2. UnderAssumption let§ € 10,1, n =9 (%), ~v = C+/eloge~1logd, for
C a fixed multiple of parameter c from Assumption[l| and let t € [d] satisfy 31 < (1 —7) [|Z] .
Algorithmoutputs a unit vector u € R withu" Xu > (1 — )| 2| in time O(5% + 224).

Since Q(de~2) samples are necessary for a (1 — ¢)-approximation to the top eigenvector of X via
uncorrupted samples, our first method is sample-optimal, as is our second up to a O(e~ 1) factor.
Width-independent Schatten packing. Our second method crucially requires an efficient solver

for Schatten packing SDPs. We demonstrate that Schatten packing, i.e. (I) for arbitrary p, admits
width-independent solvers. We state an informal guarantee, and defer details to Section[d]

“In concurrent and independent work, [CMY20]] develops width-independent solvers for Ky-Fan packing
objectives, a different notion of generalization than the Schatten packing objectives we consider.
>We follow the distribution and corruption model described in Assumption
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Theorem 3. Let {A;};c(y) € S, and € > 0. There is an algorithm taking O(p]%(e)) iterations,
returning a 1 + € multiplicative approximation to the problem (1). For odd p, each iteration can be

implemented in time nearly-linear in the number of nonzeros amongst all {A;};cy.

2 Preliminaries

General notation. [n] denotes the set 1 < ¢ < n. The operation o applied to two vectors of equal

dimension is their entrywise product. Applied to a vector, ||-|| p 1s the £, norm; applied to a symmetric
matrix, ||-[|,, is the Schatten-p norm, i.e. the £, norm of the spectrum. The dual norm of £, is £, for
q= ppj; when p = 0o, ¢ = 1. A" is the n-dimensional simplex (subset of positive orthant with

¢1-norm 1) and we define &7 C A™ to be the truncated simplex:

(CIE {w € R,

1
|w|, =1, w < m entrywise} . )

Matrices. S is d x d symmetric matrices, and SZ is the positive semidefinite subset. I is the
identity of appropriate dimension. Apax, Amin, and Tr are the largest and smallest eigenvalues and
trace of a symmetric matrix. For M, N € S%, (M, N) := Tr (MN) and we use the Loewner order

=<, (M X Niff N — M € $). The seminorm of M = 0 is [|v]|y; := Vv Mu.
Fact 1. For A, B with compatible dimension, Tt(AB) = Tr(BA). For M,N € S‘éo, (M,N) > 0.

Fact 2. We have the following characterization of the Schatten-p norm: for M € S%, and q = ﬁ,

||MHp = sup (N, M).
Nes’, |IN|,=1

Zje[d] :t/\fflvivT AP

_ . . T . . . 7
For M = Eje[d] Aiviv, , the satisfying N is Mz , so NM has spectrum ™Mz

Distributions. We denote drawing vector X from distribution D by X ~ D, and the covariance 3
of Dis Ex~p [XXT]. We say scalar distribution D is 4?-sub-Gaussian if Ex .p[X] = 0 and

122
Ex~p [exp (tX)] < exp <2> vVt € R.

Multivariate D has sub-Gaussian proxy I if its restriction to any unit v is ||v||%-sub—Gaussian, ie.

2
£ vl
2

Ex~p [exp (tX v)] < exp ( ) forall |jv]|, =1, t € R. (3)

We consider the following standard model for gross corruption with respect to a distribution D.

Assumption 1 (Corruption model, see [DKK*19]). Let D be a mean-zero distribution on R? with
covariance X and sub-Gaussian proxy T' =< ¢X for a constant c¢. Denote by index set G' with
|G’| = n a set of (uncorrupted) samples { X; }iccr ~ D. An adversary arbitrarily replaces en points
in G'; we denote the new index set by [n]| = B U G, where B is the (unknown) set of points added by
an adversary, and G C G’ is the set of points from G’ that were not changed.

As we only estimate covariance properties, the assumption that D is mean-zero only loses constants
in problem parameters, by pairing samples and subtracting them (cf. [DKK™19], Section 4.5.1).

3 Robust sub-Gaussian PCA via filtering

In this section, we sketch the proof of Theorem [T} which gives guarantees on our filtering algorithm
for robust sub-Gaussian PCA. This algorithm obtains stronger statistical guarantees than Theorem 2}
at the cost of super-linear runtime; the algorithm is given as Algorithm[6] Our analysis stems largely
from concentration facts about sub-Gaussian distributions, as well as the following (folklore) fact
regarding estimation of variance along any particular direction.
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Lemma 1. Under Assumption let§ € [0,1], n =Q (%7571), and u € R? be a fixed unit
vector. Algorithm 1DRobustVariance, takes input {Xi}ie[n], u, and €, and outputs 05 with

|u'Xu— 02| < Cu' Zu-elog e~ with probability at least 1 — §, and runs in time O(nd +nlogn),
for C' a fixed multiple of the parameter c in Assumption

In other words, we show that using corrupted samples, we can efficiently estimate a 1 + O(eloge™!)-
multiplicative approximation of the variance of D in any unit directiorﬂ This proof is deferred to
Appendix [B]for completeness. Algorithm [6]combines this key insight with a soft filtering approach
which has found many applications in the recent robust statistics literature, suggested by the following
known structural fact found in previous work (e.g. Lemma A.1 of [DHL19], see also [SCV17,ISte18])).

Lemma 2. Let {a;}ic[m], {Wi}icm] be sets of nonnegative reals, and amax = Max;cjy,) a;. De-

fine w} = (1 — ) wy, for all i € [m]. Consider any disjoint partition Ip, Ig of [m] with

Amax
_1

. . . . PR— / . . PR I
D icry, Widi > Zielg wia;. Then, Y7, ; w; — wj > T Zie[m] wia; > Ziela w; — W

Our Algorithm@, PCAFilter, takes as input a set of corrupted samples { X } ;¢ following Assump-

tion|1|and the corruption parameter €. At a high level, it initializes a uniform weight vector w(°), and
iteratively operates as follows (we denote by M(w) the empirical covariance ) _, en) w; X; X,

1. u; < approximate top eigenvector of M (w(~1)) via power iteration.

2. Compute 07 1DRobustVariance({ X }ic[n), s, €).

3. Ifo? > (1 — O(eloge™1)) - uf M(w*~1)uy, then terminate and return u;.
4. Else:

(a) Sortindices i € [n] by a; < (us, X;)°, with a; smallest.

(b) Let £ < ¢ < n be the smallest set for which ZZ": ¢ Wi > 2¢, and apply the downweight-
ing procedure of Lemma [2]to this subset of indices.

The analysis of Algorithm[6]then proceeds in two stages.

Monotonicity of downweighting. We show the invariant criteria for Lemma [2] (namely, that for
the set £ < 4 < n in every iteration, there is more spectral mass on bad points than good) holds
inductively for our algorithm. Specifically, lack of termination implies M (w(!~1)) puts significant
mass on bad directions, which combined with concentration of good directions yields the invariant.
The details of this argument can be found as Lemma|[TT]

Roughly uniform weightings imply approximation quality. As Lemma[2|then applies, the pro-
cedure always removes more mass from bad points than good, and thus can only remove at most 2¢
mass total by the corruption model. Thus, the weights w(?) are always roughly uniform (in G (5)),

which by standard concentration facts (see Appendix [A) imply the quality of the approximate top
eigenvector is good. Moreover, the iteration count is bounded by roughly d because whenever the
algorithm does not terminate, enough mass is removed from large spectral directions. Combining
with the termination criteria imply that when a vector is returned, it is a close approximation to the
top direction of 3. Details can be found as Lemma|[I3]and in the proof of Theorem

4 Schatten packing

For our second robust PCA algorithm, developed in Section [5] we require a key technical tool
which we now develop in this section. The tool, Schatten-norm packing semidefinite programs (and
hybrid-norm extensions), is a smoothed generalization of the classical packing semidefinite program,
which may be of independent interest in other applications. At a high level, the reason Schatten
packing solvers are useful for the robust PCA problem is because while an adversary can fool a PCA
algorithm based on operator-norm semidefinite programs by “promoting” a single other eigenvector
to have a larger variance, a p-norm-based semidefinite program forces a tradeoff between the number
of directions promoted and the amount of variance introduced.

6Corollary gives a slightly stronger guarantee that reusing samples does not break dependencies of u.



4.1 Mirror descent interpretation of [MRWZ16

We begin by reinterpreting the [MRWZ16] solver, which achieves the state-of-the-art parallel runtime
for packing LP{} An ({4,) packing LP algorithm solves the following decision problemﬂ

Problem 1 (¢, packing linear program). Given entrywise nonnegative A € R(%", either find primal

solution x € A™ with ||Az|, < 1+ € or dual solution y € A% with ATy > (1 — €)1.

Algorithm 1 PackingLP(A | ¢)
1: Input: A € R%”, e€0,3]

2 K« 2led ) g1 o Aloedlos(nd/e)
3: [woli = 57 foralli € [n], 2 <= 0,1+ 0
4: while Aw, < K1, |Juy||; < K do
exp(Aw
5 Vg Hex;)((Awt))Hl
6: g; + max(0,1 — ATv;) entrywise
70w —wipo (14ng), 2z z+v,t+t+1
8: ift > T then
9: return y < 1.z
10:  endif
11: end while

12: return z < %
H“)tl‘l

The following result is shown in [MRWZ16].
Proposition 1. PackingLP (Algorithm solves Problemin O(nnz(A) - bg(d)l:w) time.

Our interpretation of the analysis of [MRWZ16] combines two ingredients: a potential argument and
mirror descent (alternatively known as the “multiplicative weights” framework), which yields a dual
feasible point if ||w;||; did not grow sufficiently.

Potential argument. The potential used by [MRWZI16] is log(}_ ;¢ (4 exp([Aw];)) — [lwel|;, well-
known to be a O(log d)-additive approximation of || Aw; || — ||w¢||,. As soon as ||Aw||_ or [Jwl|,
reaches the scale O( lof d), by nonnegativity this becomes a multiplicative guarantee, motivating the

setting of threshold K. To prove the potential is monotone, [MRWZ16]] uses step size K ! and a
Taylor approximation; combining with the termination condition yields the desired claim.

Mirror descent. To certify that w, grows sufficiently (e.g. the method terminates in few iterations,
else dual feasibility holds), we interpret the step w;1 < wy o (1 + ng+) as approximate entropic
mirror descent. Specifically, we track the quantity >, _, (79, ), and show that if [|w, ||, has not
grown sufficiently, then it must be bounded for every u € A", certifying dual feasibility. Formally,
for any ¢, sequence and u € A", we show

0<1og<nd/e>>+1og(wT"1) > S gewy = S (1-ATuu).

[[wolly 0<t<T 0<t<T

The last inequality followed by g; being an upwards truncation. If ||wr ||, is bounded (else, we have
primal feasibility), we show the entire above expression is bounded O(log %d) for any u. Thus, by

setting 1" = O(lmg(;'lild/e)) and choosing u to be each coordinate indicator, it follows that the average
of all vy is coordinatewise at least 1 — ¢, and solves Problem|[T]as a dual solution.

Our g; is the (truncated) gradient of the function used in the potential analysis, so its form allows us
to interpret dual feasibility (e.g. v¢ has ¢; norm 1 and is a valid dual point). Our analysis patterns
standard mirror descent, complemented by side information which says that lack of a primal solution
can transform a regret guarantee into a feasibility bound. We apply this framework to analyze ¢,

"The [MRWZI6] solver also generalizes to covering and mixed objectives; we focus on packing in this work.
$Packing linear programs are sometimes expressed as the optimization problem max,>o0,az<1 |||, simi-
larly to (I); these problems are equivalent up to a standard binary search, see e.g. discussion in [JLL™20].



variants of Problem|[I] via different potentials; our proofs are quite straightforward upon adopting this
perspective, and we believe it may yield new insights for instances with positivity structure.

4.2 {,-norm packing linear programs

In this section, we give an example of the framework proposed in Section @.1] for approximately
solving £, norm packing linear programs. Specifically, we now consider the generalization of
Problem|1|to ¢, norms; throughout, ¢ = ﬁ is the dual norm.

Problem 2 (¢, packing linear program). Given entrywise nonnegative A € R‘%", either find primal

solution x € A" with ||Az||, <1+ € or dual solution y € Rgo, [yll, = 1 with ATy > (1—-el

For p = @, Problemrecovers Problemup to constants as £, multiplicatively approximates £,
by 1 + e. We now state our method for solving Problem 2]as Algorithm 2}

Algorithm 2 PNormPacking(A ¢, p)
1: Input: A € R%”,e €10,4],p>2

2: M 4 p~ 1, T dplog(%?)
3: [wol; =% forall i € [n], z < 0, 0
4: while [|w¢|, < e ! do
5. gt < max(0,1 — AT (v;)P~1) entrywise, for vy < ”:th*”
P
6:  wipr < wio(1+nge), 2+ 2+ (v)P Lt t+1
7. if t > T then
. — zZ
8: return y = =T,
9: endif
10: end while
11: return z = —%—
lwell

Other than changing parameters, the only difference from Algorithm I|is that v is a point with unit ¢,
norm induced by the gradient of our potential ®;. We state our main potential fact, whose proof is
based straightforwardly on Taylor expanding ||-||,, and deferred to Appendix |C|for brevity.

Lemma 3. In all iterations t ofAlgorithm@ defining ®; = [[Aw |, — [[welly, Pe1 < Dy

We now state our main result, which leverages the potential bound following the framework of
Section[d.1] A proof can be found in Appendix [C]

Theorem 4. Algorithm@runs in time O(nnz(A) - M). Further, its output solves Problem@

4.3 Schatten-norm packing semidefinite programs

We generalize Algorithm [2]to solve Schatten packing semidefinite programs, which we now define.
Problem 3. Given {A;};c[n) € Séo’ either find primal solution © € A™ with Hzie[n] xi A
1+ € or dual solution Y € Séo» 1Y, =1 with (A;,Y) > 1—cforalli€ [n].

<
P

We assume that p is an odd integer for simplicity (sufficient for our applications), and leave for
interesting future work the cases when p is even or noninteger. The potential used in the analysis and
an overall guarantee are stated here, and deferred to Appendix|C| The proofs are simple modifications
of Lemma and Theorem [4|using trace inequalities (similar to those in [JLL™20]]) in place of scalar
inequalities, as well as efficient approximation of quantities in Line 5 via the standard technique of
Johnson-Lindestrauss projections.

Lemma 4. In all iterations t ofAlgorithm defining ®; := HZie[n] [we]i A4

lwe |y, Pryr < Py

|
P



Algorithm 3 SchattenPacking({ A }icn; €, P)

I: Input: {A;},cpn € S, € €0, %],p > 2
()

2 p LT« 74;;10%
3: [woli = 57 foralls € [n], 2 <= 0
4: while [|w¢|, < e ! do
— . ; A
5. gy ¢ max (O, 1-— <Ai,Vf 1>) entrywise, for V; < %
ig[n] WEIER ]

6: wipr —wio(1+4ng), Z <+ Z+ (V)P Lt t+1
7. ift > T then
8: return Y = 2

Tzl
9: endif
10: end while
11: return z =

lwelly

Theorem 5. Let p be odd. Algorithm |3| runs in O(%ﬂd/e)) iterations, and its output solves

Problem Each iteration is implementable in O(nnz - %), where nnz is the number of
nonzero entries amongst all {A;}icn), losing O(e) in the quality of Problem 3| with probability

1 — poly((nd/e)~1).

4.4 Schatten packing with a /., constraint

We remark that the framework outlined in Section .T]is flexible enough to handle mixed-norm
packing problems. Specifically, developments in Section [5|require the following guarantee.

Proposition 2. Following Theorem E]’s notation, let p be odd, {A;}icin € S%y, 0 < € = O(a), and

i = OPT. 4
min - [l A@), 4
o] o <22

Jor A(x) := Zie[n x;A;. Given estimate of OPT exponentially bounded in "Td, there is a procedure

calling Algorithm|7|O(log %) times giving x € A™ with ||z|| , < %, A, < 1+
€)OPT. Algorithm|7|runs in O(Wﬂ) iterations, each requiring time O(nnz - %;‘d/é)).

Our method, found in Appendix [C] approximately solves (@) by first applying a standard binary
search to place A(x) on the right scale, for which it suffices to solve an approximate decision problem.
Then, we apply a truncated mirror descent procedure on the potential ®(w) = log(exp(|[A(w)||,,) +
exp(135 llwlly)) — [lwll;, and prove correctness for solving the decision problem following the
framework we outlined in Section 4.1l

5 Robust sub-Gaussian PCA in nearly-linear time

We give our nearly-linear time robust PCA method, leveraging developments of Section[d] Through-
out, we will be operating under Assumption |1} for some corruption parameter e with eloge ! logd =
O(1); e = O( suffices. We now develop tools to prove Theorem

Algorithm[4]uses three subroutines: our earlier 1DRobustVariance method (Lemmal[I)), an application
of our earlier Proposition [2]to approximate the solution to

[ logd

. T _

wnelglg .EE{ ]wiXiXi y forp =0 < 610g61> ) (5)
p

and a method for computing approximate eigenvectors by [MM15] (discussed in Appendix [D).

TogdlogTogd)
log dloglog d



Proposition 3. There is an algorithm Power (Algorithm 1, [MMI3|]), parameterized by t € [d,

tolerance € > 0,p > 1, and A € S%O, which outputs orthonormal {z;} ;c[q with the guarantee
|2] APz — NP(A) <eN(A)
orall j € [t]. (6)
’ TAP1z N 1(A)‘ < e l(A) Jorallj € |

Here, )\;j(A) is the jtP largest eigenvalue of A. The total time required by the method is
O(nnz(A)®2led),

Algorithm 4 RobustPCA({ X }ic[n, €, 1)

Input: {X;}icpn) € = O(fzamogioga)s t € [d] with Zyp1 < (1 —9)X fory in Theoreml
w <— BoxedSchattenPacking (Proposmon' on{A; = X; X, Viem)» @ < e, pasin (3)
M =3 wiXi X"

{25} jer = Power(t, e, p, M)

o 1DRobustVariance({Xi}ie[n],Mpz;lzj/HMp%lszQ,e) forall j € [t]

return z;. for j* = argmax;yq;

A A

Algorithm []is computationally bottlenecked by the application of Proposition[2]on Line 2 and the
t calls to 1DRobustVariance on Line 5, from which the runtime guarantee of Theorem [2| follows
straightforwardly. To demonstrate correctness, we first certify the quality of the solution to (3).

Lemma 5. Letn = () <%) With probability 1 — é the uniform distribution over G attains

value (1 + £)||Z||, for objective (§), where é = C'elog e 1for a universal constant C' > 0.

The proof of this is similar to results in e.g. [DKK™ 19, [LiT8]], and combines concentration guarantees
with a union bound over all possible corruption sets B. This implies the following immediately, upon
applying the guarantees of Proposition [2]

Corollary 1. Let w be the output of Line 2 of RobustPCA. Then, we have ||w|| ﬁ and
sze w; X; X, H (1+ &) [|X||,, under the guarantee ofLemmaH
Let w be the output of the solver. Recall that M = >~ | w; X, X,". Additionally, define
Mg = ZwiXiXiT, wg = Zwi, Mp = ZwiXiXiT, wpg = Zwi . @)
ied i€G i€B €@

Notice in particular that M = M¢ + Mg, and that all these matrices are PSD. We next prove the
second, crucial fact, which says that M is a good approximator to ¥ in Loewner ordering:

Lemma 6. Letn = Q (M) With probability at least 1 — 2, (1+ €)% = Mg = (1 — )%

(eloge—1)2

The proof combines the strategy in Lemma 5| with the SDP solver guarantee. Perhaps surprisingly,
Corollary [I|and Lemma[6]are the only two properties about M that our final analysis of Theorem 2]
will need. In particular, we have the following key geometric proposition, which carefully combines
trace inequalities to argue that the corrupted points cannot create too many new large eigendirections.

Proposition 4. Let M = Mg + Mp be so that |[M||, < (1 + ¢€) » Mg = 0and Mp = 0,
and so that (1 4+ €)X = Mg = (1 — €)X. Following notation ofAlgorlthm let
M= > Nvjv|, B=) ojuu) (8)
j€ld] JEld]
be sorted eigendecompositions of M and 3, so\y > ... > A\gyand o1 > ... > 04. Let v be as in
Theorem@ and assume o1 < (1 — v)o1. Then,

B> 1—7) |z
max v; v; > (1 =) 12,

With Proposition ] in place, the recovery bound of Theorem [2]follows from an exact SVD. We show
in Appendix [D|that the method is robust to approximations of the form (6), yielding our final claim.



Broader Impact

Our work provides frameworks for learning properties about the covariance of sub-Gaussian dis-
tributions which have been corrupted under noise. As a key subroutine, we develop solvers for
smoothed positive linear and semidefinite programs. We believe these results are interesting from
an academic perspective, e.g. our techniques may be applicable generally for robust statistics and
convex optimization researchers. Moreover, because our primary results concern robustness of
models to arbitrarily corrupted data, we believe our methods may have practical implications for
downstream tasks where protection against a malicious adversary is warranted. Similarly, as our main
subroutine is a solver attaining strong computational guarantees for a wider variety of objectives
than was previously known, it is possible that our methods can be leveraged to broaden the types
of downstream tasks that can be performed. Namely, as £, norm packing linear program solvers
have found applications in fair resource allocation, our hope is that our smoothed and mixed-norm
guarantee semidefinite solvers can find similar applications in learning algorithms for objectives
designed with fairness or privacy in mind.
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A Concentration

A.1 Sub-Gaussian concentration

We use the following concentration facts on sub-Gaussian distributions following from standard
techniques, and give an application bounding Schatten-norm deviations.

Lemma 7. Under Assumption@] there are universal constants C1, Cy such that

1
Pr| sup |v' |~ E XX, - v —tv'Zv>0| <exp (Cid — Conmin(t, %)) .
\|UﬁRd1 "ica
v|,=

Proof. By observing (3)), it is clear that the random vector X = X3 X for X ~ D has covariance
I and sub-Gaussian proxy cI. For any fixed unit vector u, by Lemma 1.12 of [RH17], the random

variable (uT)N( )2 — 1 is sub-exponential with parameter 16¢, so by Bernstein’s inequality (Theorem
1.13, [RH17]), defining X; = E*%Xi foreach X; ~ D,

1 ~ ~
P Tl = X -
rlu (n ZXle I>u
el
For shorthand define M := % ZieG, )?L)?ZT , and let V' be a maximal i-net of the unit ball (as
measured in /5 distance). By Lemma 1.18 of [RH17], |NV| < 12¢, so by a union bound,
t

Pr [sup [u” (M= Tu| > = < exp (3d — o1 min(t,#2))
r{sg\)/’u( )u|>2}_exp 5112 min(t, )

t n . 2
> § S exp (-W mll’l(t,t )) .

Next, by a standard application of the triangle inequality (see e.g. Exercise 4.3.3, [Ver16])

sup |UT(M—I)U‘ < 2 sup |uT(M—I)u’ <t
vER? ueN
loll,=1

with probability at least 1 — exp (C’ld — Cyn min(t, t2)) for appropriate C', Cs. The conclusion
follows since its statement is scale invariant, so it suffices to show as we have that

1
Pr| sup |v' < Z X, X - 2) v —tv"Zv > 0| <exp (Crd — anmin(t,tz)) .
n

Corollary 2. Let p > 2. Under Assumptionl[l) there are universal constants Cy, Co with

Pr >t||X]|,| <exp (C1d — Conmin(t, %)) .

p

1
DN XX -z

Proof. Suppose the event in Lemma [/| does not hold, which happens with probability at least
1—exp(C1d — Conmin(t, t?)). Define for shorthand M := L 3~ _ -, X; X7 — 3 and let its spectral

decomposition be > jeld) AjU; va. By the triangle inequality and Fact

NP (] T
M, < > i |9\ Soxx[ -3y
p

jEld] 1€G’
NPT+ NPt
Jj€Eld D jEld p
APt

In the last inequality, we used that » 41); has unit £, norm, and applied Fact O

jeld) Tvp=T Y
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A.2  Concentration under weightings in G7

We consider concentration of the empirical covariance under weightings which are not far from
uniform, in spectral and Schatten senses.

-1
Lemma 8. Under Assumption let6 € 10,1, p>2 andn = Q (%) for a sufficiently
large constant. Then for a universal constant Cs,

0
Pr|dwed! | ||> wX;X -2 >Cs-eloge™ [T, | < 5
€G! p
Proof. Because the vertices of G are uniform over sets S C G’ with |S| = (1 — €)n (see e.g.

Section 4.1, [DKK™ 19]), by convexity of the Schatten-p norm it suffices to prove

For any fixed S, and recalling |S¢| = en, we can decompose this sum as

(1—6)n;X2Xi C1l—e <n ZXlXi ) 1—e¢ (SC| ZXZXi ) ©)

€G! i€Se

Pr [3S with |S| = (1 —¢)n

NS

1 _
7(1_6)nZXZ—XJ—2 > Cs-eloge |2, | <
€S P

By applying Corollary it follows that by setting ¢ = 156 - elog ¢! and our choice of n that

1- 5
Pr > T€ celoge ! [3],| < " (10)

P

1 Y Xix[ -2
K €G!

Moreover, for any fixed S¢, setting ¢t = 1;‘

that for sufficiently small €, t = min(t, %),

-Csloge™! where Cs is a sufficiently large constant, so

1 T 1—e€ 1
Pr|l— Z XX, =8| > 5= Cs-loge ! |Z], | < exp(Crd ~ Coent)
€8¢ »
< exp (— (logd™" + neloge™))
< 6
~A(5)
(11)
Here, we used that log (") = O (neloge™!). Finally, union bounding over all possible sets S

imply that with probability at least 1 — %, the following events hold:

1 d XX -%
" i€G’

1—c¢ _
<1 cloge |12,

p
1
5]

Y oxix-%
€8¢

1—ce¢ _ .
< T'Og loge! %], forall S with [S| = (1 —€)n.

P

Combining these bounds in the context of (9) after applying the triangle inequality, we have with
probability at least 1 — g for all .S the desired conclusion,

< Cs-eloget 12, -

1
1 SxxT s
(1—e)n i »
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Corollary 3. Under Assumption letn = (%) for a sufficiently large constant. For

universal Cs and all w € &7, with probability at least 1 — %,
Cs-eloge 'S = > w; X; X, =¥ = —C3-eloge™ 'S,

€G!

Proof. Consider any unit vector v € R?. By similar arguments as in (T0), (TT)), and applying a union
bound over all S with |S| = (1 — €)n, with probability at least 1 — 2, it follows from Lemmathat

1 1—
o ( Z XX, - E) vl < =5 . eloge v S0, (12)
€G!
1 1—ce¢ _
v (ISC ezs: e 2) v < 5 Csloge o 3. (13)

Therefore, again using the formula (9 and the triangle inequality yields the desired conclusion for all
directions v, which is equivalent to the spectral bound of the lemma statement. O

B Deferred proofs from Section

B.1 Robust univariate variance estimation

In this section, we prove LemmalI] which allows us to robustly estimate the quadratic form of a vector
in the covariance of a sub-Gaussian distribution from corrupted samples. Algorithm 3]is folklore,
and intuitively very simple; it projects all samples onto u, throws away the 2¢ fraction of points with
largest magnitude in this direction, and takes the mean of the remaining set.

Algorithm 5 Univariate variance estimation: 1DRobustVariance({ X; }ic[n], €, u)

Input: {Xi}ie[n], € > 0, and a unit vector u
Leta; = (X;,u)> fori=1,...,n
Sort the a; in increasing order. WLOG assume a1 < a2 < ... < ay,.

2 1 (1-2¢)n
return o, = G5, Xoimy G

We require the following helper fact.

Fact 3. Let Z be a sub-exponential random variable with parameter at most /\ﬂ and let € € [0, 1].
Then, for any event E with Pr[Z € E] < ¢, [E[Z -1]Z € E]]| < 2Xeloge™ 1.

Proof. We have by Holder’s inequality that for any p, ¢ > 1 withp~! + ¢! =1,

IE[Z-1[Z € E]|| <E[|Z|P]V/? - eV/9 < 2ap - €'/4,
The second inequality is Lemma 1.10 [RHI7]. Setting p = loge~! yields the result. O
Lemma 1. Under Assumption let§ € [0,1], n = Q (%), and v € RY be a fixed unit
vector. Algorithm |5 1DRobustVariance, takes input {X;}ic(n), u, and €, and outputs o2 with
|u'Xu— 02| < Cu' Zu-elog e~ with probability at least 1 — §, and runs in time O(nd +nlogn),
Jor C' a fixed multiple of the parameter c in Assumption

Proof. The runtime claim is immediate; we now turn our attention to correctness. We follow notation
of Assumption and in a slight abuse of notation, also define a; = (X, u>2 for ¢+ € G'. First, for

X ~ D, then (u, X >2 —uTSuis sub-exponential with parameter at most 16cu " Zu (Lemma 1.12,
[RH17]). By Bernstein’s inequality, we have that if X ~ D, then forall ¢ > 1,

Pr (X, u)? > 32ctu’ Su| < exp(—t) . (14)

s2A2 )

°We say mean-zero Z is sub-exponential with parameter A if V|s| < A™", E[exp(sZ)] < exp(
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Using this in a standard Chernoff bound, we have that with probability 1 — %,
[{i € G’ : a; > 64cloge™" - uT Bu}| -
n
Let T = 64cloge™! - uT Su, and let Y be distributed as ((u, X)* — v 2u) - 1[(u, X)* < T, where
X ~ D. We observe Y — E[Y] is also sub-exponential with parameter 16cu " Xu, and that by Fact
IE[Y]| < 32cu’ Sueloge . (16)

Define the interval I = [0, 7] and let S be the set of points in [n] that survive the truncation procedure,
so that 02 = I—é‘ > ics @i Given event (T3)), a; € I for all i € S, since there are at most en points in

G outside I, and | B| < en. We decompose the deviation as follows:

Zai —|S|u"Bu = Z (a; —u' Zu) + Z (a; —u' Zu)

15)

icS i€GNS i€BNS
= Z (a; —u' Zu) + Z (a; —u' Su) a7
€GNl i€BNS
- Z (a; —u' Zu) — Z (a; —u' Zu).
ie(GN\G)NI i€(GNI\S

Here we overloaded ¢ € I to mean that a; lies in the interval I, and conditioned on S lying entirely in
I. We bound each of these terms individually. First, for all i € G’ N I, conditioning on (I3)) (i.e. all
a; € I), a; — u' 3w is an independent sample from Y. Thus, by and Bernstein’s inequality,

1 . 1

= G'NI
Gt Gl

3" (4 —u'Su) ~ E[Y]| +32cu" Suclog e

i€G'NI

< 64c-u' Sueloge,

(18)
with (conditional) probability at least 1 — g. By a union bound, both events occur with probability at
least 1 — §; condition on this for the remainder of the proof. Under this assumption, we control the
other three terms of (7). Observe that [BN S| < en, |(G'\G)NI| < en,and [[GNI)\ S| < en.

Further, by definition of I, every summand is at most 64c log e 1. 4" 3u. Thus,

> (ai —u"Zu)| < 64cenloge" - u' Tu, (19
i€eBNS

Z (a; —u' Bu)| < 64cenloge ! - u' Zu. (20)
i€(GN\G)NI

Z (a; —u'Zu)| < 64cenloge™ -u' Zu. 2n
i€(G'NI\S

Combining (18), (19), (20), and (Z1)) in derivation and dividing by | S| yields the claim. O

Finally, we also give an alternative set of conditions under which we can certify correctness of
1DRobustVariance. Specifically, this assumption will be useful in lifting indpendence assumptions
between u and our samples { X },¢[,) in repeated calls within Algorithm@

Assumption 2. Under Assumption|l| let the following conditions hold for universal constant Cy:

1

Cieloge™ = = > X; X =% = —Cyeloge™" - 3, (22)
n i€G’

Cyloge™ B = > w; (X;X =) = —Cyloge " - S forall w € &}_,. (23)
€G!

Note that (23) is a factor € weaker in its guarantee than Corollary 3] and is over weights in a different
set G7_,. Standard sub-Gaussian concentration (i.e. an unweighted variant of Corollary [3)) and
modifying the proof of Corollary [3|to take the constraint set G7_ . and normalizing over vertex sets
of size en yield the following conclusion.
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Lemma 9. Letn = Q (%) for a sufficiently large constant. Assumption |2| holds with

probability at least 1 — g.

We give a variant of Lemma[I] with slightly stronger guarantees for 1DRobustVariance; specifically,
it holds for all u simultaneously for a fixed set of samples satisfying Assumption 2]

Corollary 4. Under Assumption AlgorithmE] outputs o2 with |[u" Xu — 02| < Cu' Zu-eloge™?,
for C' a fixed multiple of the parameter c in Assumption and runs in time O(nd + nlogn).

Proof. We discuss how to modify the derivations from Lemma [I] appropriately in the absence of
applications of Bernstein’s inequality. First, note that appropriately combining (22)) and 23) in a
derivation such as (9) yields the following bound (deterministically under Assumption [2):

Cueloge™ -2 = Z w; (X;X;” — £) = ~Cyeloge = forall w € &Y. (24)
s

Now, consider the decomposition (I7). We claim first that similarly to (T9), (20), we can bound
each summand in the latter three terms by O(uTEu log e_l); to prove this, it suffices to show that at
least one filtered a; attains this bound, as then by definition of the algorithm, each non-filtered a; will
as well. Note that a fraction between € and 2¢ of points in G C G’ is filtered (since there are only en
points from B). The assumption (23) then implies precisely the desired bound on some filtered a; by
placing uniform mass on filtered points from G, and applying pigeonhole. So, all non-filtered a; are
bounded by O(u " Xulog e~ 1), yielding analogous statements to (T9), (20),

Finally, an analogous derivation to (I8]) follows via an application of the bound (24)), where we place
uniform mass on the set G’ N I and adjust constants appropriately, since the above argument shows
that under the assumption (23)), we have that at most 2en indices ¢ € G’ have a; & I. O

B.2 Preliminaries

For convenience, we give the following preliminaries before embarking on our proof of Theorem|T]and
giving guarantees on Algorithm[6] First, we state a set of assumptions which augments Assumption 2]
with one additional condition, used in bounding the iteration count of our algorithm.

Assumption 3. Under Assumption|l| let Assumption |2\ hold, as well as the following additional
condition for the same universal constant Cy:

I1X:)2 < Cy log% Tr(X) foralli € G. (25)
Standard sub-Gaussian concentration inequalities and a union bound, combined with our earlier claim
Lemmal9] then yield the following guarantee.

Lemma 10. Let n = Q) (%) for a sufficiently large constant. Assumption |3| holds with

probability at least 1 — §.

B.3 Analysis of PCAFilter

For this section, for any nonnegative weights w, define M(w) := Zie[n] w; X; X,". We now state

our algorithm, PCAFilter. At all iterations ¢, it maintains a current nonnegative weight vector w*
(initialized to be the uniform distribution on [n]), preserving the following invariants for all ¢:

wgtfl) > wft) forall i € [n], Z wftil) - wgt) > ngtfl) — wl(t). (26)
i€B icG

We now state our method as Algorithm@; note that the update to w*) is of the form in Lemma
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Algorithm 6 PCAFilter({X; };c[n), €)

Remove all points ¢ € [n] with ||X1||§ > clog(%) - Tr(X)
(0)

9

— Lforallie [n],t«1
u; < approximate top eigenvector of M (w(®))
o1 < 1DRobustVariance({ X }ie[n), €, u1)
while v, M(w®=)u; > (14 5Cseloge)o?, where Cs5 = max(C, Cy) from constants in
Assumption 2} Corollary ] do
a; < (ug, X;)* forall i € [n]
Sort (permute) the indices [n] so the a; are in increasing order (with a; smallest, a,, largest)
Let ¢ be the largest index with >, w; > 2¢

Define )
a; t—1 .
— =L ) <73 <
(t) {(1 a")wl {<i<n

wgt_l) 1</

w

RN A

o e

10:  wu; + approximate top eigenvector of M (w ("))
11: o7 < 1DRobustVariance({X;}icjn], ut, €)

122 t+t+1

13: end while

14: return wu;

We assume that in Line 8, we also have Z?:e w; < 3€, as we can assume at least one point is
corrupted i.e. € > % (else standard algorithms suffice for our setting), so adding an additional w; can
only change the sum by e. We first prove invariants (26) are preserved; at a high level, we simply
demonstrate that Lemma Rl holds via concentration on G and lack of termination.

Lemma 11. Under Assumption [2} for any iteration t of Algorithm [6] suppose (26) held for all
iterations t' < t — 1. Then, [26) holds at iteration t.

Proof. The first part of is immediate by observing the update in Line 9, so we show the
second. We drop subscripts and superscripts for conciseness and focus on a single iteration ¢. Let
Ip={( ...,n}NB,and I = {{,...,n} N G. By Lemmal[2] it suffices to demonstrate that

Z w;a; > Z w;a;. 27
i€lp i€lg
First, ZieIB w; < €, so by definition of index ¢, we have ¢ < ZiGIG w; < 2¢. Define w; =

% if i € I, and 0 otherwise, and observe w € &7_,.. By modifying constants appropriately
ielg Wi

from (23), it follows from definition of a; = u " X; X,  u that

Z w;a; < (Z wz> - Cylog elu'Su< 2Celog e tou Su. (28)

icla i€lag

On the other hand, by (24) we know that the total quadratic form over G is bounded as

Z wia; < (Z wz> (1 + Cyelog 6_1) u'Tu < (1 + Cyelog e_l) u' Tu. (29)
i€G i€G
Here, we applied the observation that the normalized w; restricted to G are in &7_5_ (e.g. using

Lemma|[I2]inductively). However, since we did not terminate (Line 5), we must have by u; being a
top eigenvector and Corollary ] (we defer discussions of inexactness to Theorem I]) that

Z wia; > (14 5Cseloge o > (1 +4Cseloge ™) - u' Su
1€[n]

= Zwiai > 3Celoge! cu' B,
i€B
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To obtain the last conclusion, we used @) Finally, note that for all i € B\ Ip,

a; <ap < Z Wia; < Cyloge™ v Su
i€l

by rearranging (28). This implies that

Z w;a; < Z w; | - Cylog e luSu < Cyelog e lou Su.
iEB\IB iEB\IB

Thus, the desired inequality (27) follows from combining the above derivations, e.g. using (28) and

wia; = wia; — wia; > 2Celoge™ " - u' Bu.
) ) ) geteul

i€lp i€B iEB\IB

O

Lemmayields for all ¢ that ), _p w§°) — wgt) > ica w§°) - wft) by telescoping. Note that

we can only remove at most 2¢ mass from w total, as ), wl(o) — wgt) < e. Denote for shorthand
. . ®) L .
normalized weights v(*) := 22 Then, the following is immediate by Hw(t) H >1—2e.
[E=IN ]

Lemma 12. Under Assumption in all iterations t ofAlgorithm@ IONS &,

Using Lemma([I2] we show that the output has the desired quality of being a large eigenvector.

Lemma 13. Under Assumption@ let the output of Algorithm|[6)be wr. Then for a universal constant
C*, upSur > (1 — C*eloge™ 1)1 2] oo-

Proof. We assume for now that up is an exact top eigenvector, and discuss inexactness while proving
Theorem By (24) and Lemma as then the normalized restriction of w(”) to G is in G%.,

M(w ™) = > w XX = (1-2Cscloge™) B
i€G
= upM(wM)up > (1 —2Cyeloge™) |2 -

We used the Courant-Fischer characterization of eigenvalues, and that ur is a top eigenvector of
M(w(T)). Moreover, by termination conditions and Corollarylé-_l| (correctness of 1DRobustVariance),

(14 Celoge YugSur > 03 > (1+5Cseloge ) Lup M(w™)ur.

Combining these two bounds and rescaling yields the conclusion. O

Finally, we prove our main guarantee about Algorithm [6]

Theorem 1. Under Assumption let 6 € [0,1], and n = Q (%). Algorithmﬁruns in time

O("Td2 log 5-log %), and outputs u with u'Bu > (1 — C*elog e 1)||X| oo, for C* a fixed multiple
of parameter c in Assumption I} with probability at least 1 — 6.

Proof. First, we will operate under Assumption 3] which holds with probability at least 1 — 4. It is
clear that the analyses of Lemma andhold with 1 — ©(elog e~!) multiplicative approximations
of top eigenvector computation, which the power method approximates with high probability. Thus,
each iteration takes time O ("Td log %) , where we will union bound over the number of iterations.
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We now give an iteration bound: in any iteration where we do not terminate, Lemma 2]implies

i:wgtfl) _ U}ft) > X 5 szaz
i=1

2max; ey <ut,

1
2C’4 log % - Tr(X) Zwiai

1 w;
> L wW;ia;
~ 2C4log % - Tr(X) (Zze[ 1Y ) Z

16 n

1%l €
— Q . .2} = Q .
(6 log % - Tr(X) dlog %

Here, the second line used Assumption 3] the third used that the a; are in sorted order, and the last
used the definition of ¢ as Well as the derivations of Lemma. (specifically, that M( ) spectrally
dominates (1 — O(elog e~1))X for roughly uniform w). The conclusion follows since there can be
at most O(d log %) iterations, as the algorithm terminates when a 2¢ fraction of the mass is removed,
giving the overall runtime claim. O

C Deferred proofs from Section 4]

C.1 Proofs from Section 4.2]

Since our notion of approximation is multiplicative, we can assume without more than constant loss
that A has bounded entries. This observation is standard, and formalized in the following lemma.

Lemma 14 (Entrywise bounds on A). Feasibility of Problem [2)is unaffected (up to constants in €)
by removing columns of A with entries larger than ne .

Proof. If Aj; > ne~! for any entry, then z; < w, else [[Azl|, is already larger than 1 + e.

Ignoring all such entries of « and rescaling can only change the objective by a 1 4+ O(¢) factor. [

Lemma 3. In all iterations t ofAlgorithm@ defining @ := [[Aw|[, — [lwelly, Pr1 < Pr

Proof. Fix an iteration t. Define § = ng;, and note w1 = w; + 9 o wy; henceforth in this proof, we
will drop subscripts ¢ when clear. Observe that

1/p

[Awei]l, = AL +6) cw), = Z [Aw]? (1 + [A((Sowt)]j>

b= [Awy];

Asg<1 = §<p'1, Miioljft) < p~!entrywise. Via (1 + 2)? < exp(pz) < 1 + pz + p?a?
for x < p~ !, it follows that

1/p

o, pAGow)]; | (plAGow);)
IA(L+8) 0w, < [ S [Aw] <1+ A, +( A, ))

J€ld]
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By direct manipulation of the above quantity, and recalling we defined v = TAwl. Aw

AwH >
1/p
> (1wl +plaw] M AG 0 w)]; +p[Aw] [AG o w)]?)
Jjeld]
2 1/p
L[AGow); |, s ([AGow)
= | |Aw|? o + po? il Ly p?o? I
Il 2\ 5+ S, P Tl
| aGouw) |\
A(dow) _o [ [A(d ow)];
lAw]| |1+ 7J+p2v’7 —
— Al %( iawl, 7\ A,

Using (1 +x)? > 1+ pa,ie. (1 +px)'/? < 1+ x, we thus obtain

Aw
Cauchy-Schwarz yields that [A(§ow)]? < [A (6% ow)];[Aw];, Vj € [d]. Substituting into the above,
J J J

ow 2
IA((L+8) e w)|l, < [|Aw], + (vP"}, A(§ow)) +p <”p_1, W))> .

[A((1+6) cw)ll, < [[Aw], + (WP, A(ow)) +p (WP, A (6% o w))
= |Aw], + [AToP™] djw;(1 + pd;). (30)
Jjeld]
Finally, to bound this latter quantity, since 6 = ng, we observe that for all j either §; = 0 or
1+pd; =1+ g; =2 — [ATvP~1];, in which case
T, p—1 T, p—1 T, p—1
[ATor 1] (14 p3y) = [ATor ] (2 [AT0" 1] ) < 1.

Thus, plugging this bound into (30) entrywise,
IA((L +8) o w)ll, — | Awl], < 3wy [ATP ] (14pd;) < Y 85wy = [lwesn | — el

j€ld] j€ld]

Rearranging yields the desired claim. [

Theorem 4. Algorithm@mns in time O(nnz(A) - M). Further, its output solves ProblemEl

Proof. The runtime follows from Line 7 (each iteration cost is dominated by multiplication through
A), so we prove correctness. Define potential ®; as in LemmaEI, and note that as wo = 551,

1
@ < | Awoll, < > 1], < 1.

The second inequality followed from our assumption on A entry sizes (Lemma|[T4). If Algorithm 2]
breaks out of the while loop of Line 4, we have by Lemma|§| that for x returned on Line 11,

1+ [Jwe|
[Awl, — lwef, <1 = |JAz|, < W <1l+e
1

Thus, primal feasibility is always correct. We now prove correctness of dual feasibility. First, let
Va(u) = 3 wi log(3+) be the Kullback-Leibler divergence from x to u, for z, u € A4, Define

the normalized points x; = W in each iteration. Expanding definitions,

th+1( - Z Uy 10,?;

i€[n]

o mnl) ( 1 ))
= il I _— 31
=2 u (g( Tod, ) 8\ Tl G

1€[n]

< (1 —n) (ge, u) +log <llw+l) .

[l

$t+1
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The only inequality used the bounds, for g,n € [0, 1],

lo( ! <lo<1>< (I-mn)
g1+779 _gg1+n_77 n)g-

Telescoping @) over all T iterations, and using V., (u) < logn for all u € A" since xg is uniform,
we have that whenever Line 4 is not satisfied before the check on Line 7 (i.e. t > T),

n1-m Yy <gt,u><10g(”wT1)+vxo< ><log< d>+logn<2log("d). (32)

ol

The last inequality used |lwr|, < e ! by assumption, and ||wpl|; =
1 — AT (v;)P~! entrywise, defining z =

- d Next, since each g; >

T

S lgnuwy= D> (1-AT()" uy=T(1-ATzu), foralluc A"  (33)

0<t<T 0<t<T

Combining (32)) and (33)), and rearranging, yields by definition of T’

2log(") _ 4plog(*)

1- ATZ,u < < <e= ATz>1—¢ entrywise.
< ) Tn(1—n) T
The last claim follows by setting u to be each coordinate-sparse simplex vector. Finally, since
o = TA» to show that  is a correct dual solution to Problemit suffices to show ||z|[, < 1. This
q q
follows as Z is an average of the (vt)pfl, convexity of £, norms, and that for all ¢,
A’U)t
p 1|9 —
o1y = = 3 i

J€ld]

C.2 Proofs from Section

Our analysis of Algorithm [3|will use the following helper fact.
Lemma 15 (Spectral bounds on {A;};c(,)). Feasibility of Problem is unaffected (up to constants

in €) by removing matrices A; with an eigenvalue larger than ne ™.

Proof. The proof is identical to Lemma([I4} we also require the additional fact that the Schatten norm
(Il p 18 monotone in the Loewner order, forcing the constraint z; < w O

We remark that we can perform this preprocessing procedure via power iteration on each A;.

Lemma 4. In all iterations t ofAlgorithm defining ®; := sz‘e[n] [we]; —[Jwelly, Pegr < Py

Proof. Drop t and define 6 = ng. For simplicity, define the matrices

MO = Z ’LUiAZ‘, M1 = Z (SzwlA“ Mg = Z 612sz

i€[n] 1€[n] 1€[n]

We recall the Lieb-Thirring inequality Tr((ABA)P) < Tr(A2PBP). Applying this, we have
1 _1\P
IMo + M |2 = Tr (Mo + M;)”) < Tr (Mg (1 + M, *M; M, 2) ) .

As g < 1, we have M, M M 5 = P ~!1. Applying the bounds (I + M)? =< exp(pM) =<
I+pM +p?*M? for M = M, M M, 2, where we use that I commutes with all M, it follows that

IMo + M, |2 < Tr (MP +pM2'M, +p2Mg*1M1M51M1) .

23



Definitions of My, M;, My, and preservation of positiveness under Schur complements imply

(MO M,

M, M2> =0 = M, - M;M;'M, >~ 0.

Thus, M; M, 1M1 =< M. Applying this and recalling V = HM H ,

Mo + My |J? < Tr (MP +pM2'M, +p2M5*1M2)

1 My My
=|Mo|? [ 1+p( VP, + :
p [Moll, ~ [IMoll,

By (1 + pz)'/? < 1 + =, taking p*" roots we thus have
Mo + Myl < Mo, + (VP~!, My + pMy) .

Finally, the conclusion follows as in Lemma[3} by linearity of trace and g = pé,

(VP My +pMa) = Y (VP A Giwi(1+po;) < Y diws.
1€ [n] i€[n]

Here, we used the inequality for all nonzero g;,
(VP7H A (1 +psi) = (VP A (2 (VPTHAG)) <1
O

Theorem 5. Let p be odd. Algorithm I runs in O(M) iterations, and its output solves
Problem Each iteration is implementable in O(nnz M), where nnz is the number of

nonzero entries amongst all {A;}icp), losing O(e) in the quallty of Problem |3 I with probability
1 — poly((nd/e)~1).

Proof. The proof is analogous to that of Theorem 4 we sketch the main differences here. By
applying Lemma [I5] and monotonicity of Schatten norms in the Loewner order, we again have
®y < 1, implying correctness whenever the algorithm terminates on Line 4. Correctness of dual
certification again follows from lack of termination and the choice of 7', as well as setting « to indicate
each coordinate. Finally, the returned matrix in Line 8 is correct by convexity of the Schatten-¢g norm,
and the fact that all V¥ ~! have unit Schatten-¢ norm.

We now discuss issues regearding computing g, in Line 5 of the algorithm, the bottleneck step; these
techniques are standard in the approximate SDP literature, and we defer a more formal discussion to
e.g. [JLL™20]. First, note that each coordinate of g; requires us to compute

p—1

1
T <Ai, > [wiliA, > (34)
"l

| ielienliA it

We estimate the two quantities in the above expression each to 1 + ¢ multiplicative error with
high probability. Union bounding over iterations, and modifying Lemma 4] to use the potential

HZie[n] [we]; A
multiplicative approximation quality. We now discuss our approximation strategies.
For shorthand, denote M = 3~ [wi]i Ai. To estimate the denominator of @]) it suffices to

multiplicatively approximate ||M||p Tr[MP] within a 1 + e factor, as raising to the 2% power can
only improve this. To do so, we use the well-known fact (e.g. [DGO3|]) that letting Q be a k x d

matrix with independent entries ~ \(0, 1), for k = O(logéi?d)) with probability 1 — poly((22)~1),

M!]~ Y Q MPQ.

Le[k]

— (14 O(e)) ||we||;, the analysis remains valid up to constants in e with this
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to a 1+ € factor. To read this from the standard Johnson-Lindestrauss guarantee, it suffices to factorize
MP and use that each row of the square root’s {5 norm is preserved with high probability under
multiplication by Q, and then apply the cyclic definition of trace. Similarly, for each ¢ € [n], we can
approximate the numerators via

Tr (QM"T“AiM”T“QT) .

We can simultaneously compute all such quantities by first applying O(p) matrix-vector multiplica-
tions through M to each row of Q, and then computing all quadratic forms. In total, the computational

. . . . . log(2d .
cost per iteration of all approximations is O (nnz - %ﬁﬁ)) as desired. O

C.3 Proof of Proposition

In this section, following our prior developments, we prove the following claim.
Proposition 2. Following Theorem E]’s notation, let p be odd, { A }ic[n) € S‘éo, 0<e=0(a),and
i = OPT. 4
nin - [lA(2)]], S

14+

2l oo <

for A(x) =", cin x;A;. Given estimate of OPT exponentially bounded in ™2, there is a procedure

calling Algorithm |7| O (log “2) times giving x € A™ with |z||. < W, [A@)], < (1+
€)OPT. Algorithm|7|runs in O(W) iterations, each requiring time O(nnz - %).

C.3.1 Reduction to a decision problem

Given access to an oracle for the following approximate decision problem, we can implement an
efficient binary search for estimating OPT. Specifically, letting the range of OPT be (tuower, fupper)s

we can subdivide the range into O( log & “""“) multiplicative intervals of range 1 + €, and then
compute a binary search using our decmlon oracle. This incurs a multiplicative log( ”d) overhead in
the setting of Proposmonl (see Appendix A, [JLLT20], for a more formal treatment).

Problem 4. Given {A;};cin € S, either find primal solution x € A™ with [A(@), <1+e
< (+9(+a) < (1—6)751-%@)'

|zl , or conclude no x € A" satisfies || A(z)]|,

The hard constraint ||z|| 120‘ in the definition () can be adjusted by constant factors to admit
the /., bound in Problem |4} | since we assumed € = O(a) is sufficiently small.

C.3.2 Preliminaries

We use the shorthand S := 7.1, and p’ := IOE” so £, and (o, are interchangeable up to 1 4+ O(e)
factors. In other words, ProblemEj asks to certify Whether there exists z € A" with

max (4@, ISz], ) <1, (35)

up to multiplicative 1 4 € tolerance on either side. Consider the potential function

@(w) := log (exp (A(w)l, ) +exp (ISwl, ) ) ~ 1w, (36)

It is clear that the first term of ®(w) approximates the left hand side of up to a log 2 additive
factor, so if any of [ A(w)]|,,, [A(w)]],, or [|w]|, reaches the scale 3e¢~1 and ®(w) is bounded by 1,
we can safely terminate. and conclude primal feasibility for Problem[d Next, we compute

ex A(w A, Y (w ex Swll., ) [Sz(w)];
a1 p (I4@)ll,) (A, Y (w) + exp (|ISull,, ) [S2(w)] oralli € .

exp ([l A(w)], ) +exp (|ISwll, )

p—1 p' =1
A(w) . Sw
whers ¥{w) = <||A< i ) > Hw) = <|Swp/>

The following helper lemma will be useful in concluding dual infeasibility of Problem [}

(37)
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Lemma 16. In the setting of ProblemH) suppose there exists x* € A™ with

JA@], <1 [Sa*]l, <1--e

[

Then, for any w,
(VO (w),z*) > e

Proof. From the definitions in (37), it is clear that || Y (w)||,, = [|2(w)||,, = 1, where ¢, ¢’ are the dual
norms of p, p’ respectively. Moreover, by the definition of 2, we have for all [ Y|, = |[z[[, = 1,

(Y, A(x)) <1—¢€ (2,82) <1—e

This follows from the dual definition of the £, norm (see Fact|2[). Now, note that for some nonnegative
a(w), B(w) summing to 1, using the above claim and (37),

(Ve(w),z") =1 = (a(w) (Y(w), A(z7)) + B(w) (2(w), Sz7)) > €,

as desired (here, we used positivity of all relevant quantities). O

C.3.3 Potential monotonicity

We prove a monotonicity property regarding the potential @ in (36).
Lemma 17. Let w € RY satisfy |A(w)|, < 3e™, ||Swll,, < 3¢}, let g = max(0, VO (w))
entrywise, and let w' = (1 + ng) o w, where n = (4p') L. Then, ®(w') < ®(w).

Proof. Denote for simplicity the threshold K = 3¢~! and the step vector § = ng. First, by prior
calculations in Lemma[3]and Lemmaf] it follows that
A, < [A@)I, + Aa, [1Sw']l,, < [[Swl, + As,
where A4 = Y (A;, Y(w)) Swi(1+pdi), As =Y [Sz(w)]idiwi(1 +p'6;).

i€[n] i€[n]
Next, note that by § < 7 entrywise and lack of termination (i.e. the threshold K),
Aa < (1 +pn)n(Y(w), A(w)) < 2n[lA(w)], < 1.

Therefore, by exp(z) < 1+ 2 + 2% forz < 1,

exp (LA@), ) < exp ([A@)I, ) (1+Aa+AZ). (38)

Moreover, by applying Cauchy-Schwarz and the threshold |.A(w)]|,, < K once more,

2

A%< (L4+pn)? | D (ALY (w)) Siw;

i€[n]

(39
<2 ) (ALY (w)) 6w | (Y(w), A(w)) < 2K | Y (A, Y (w)) 67w;

i€[n] i€[n]

Combining (38) and (39) (and applying similar reasoning to the term Ag), we conclude

exp (4@, ) < exp (JA@I,) [ 1+ 3 (As Y(w) dwi(1 + (0 + 2K)55) |

i€[n]

exp <||Sw'Hp,) < exp (||Sw||p,> L+ S [Se(w)]ibawi (1 + (0 + 2K)8;)

i€[n]
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Recall the inequality log(1 + x) < x for nonnegative x. Expanding the definition of ® and V& (cf.
(36)), and plugging in the above bounds, we conclude that

, exp ([A@)1,) +exp (lISw'll,)
O(w') — &(w) = log — (9, w)
exp (4wl ) + exp (JISwl,)
<Y (1= Vi@(w))diwi (1 + (¢ + 2K)8;) — (5, w)
i€
= > (1= Vi®(w)(1+ (p + 2K)5;) — 1) Sw;.
i€l
As before, we show that this sum is entrywise nonpositive. For any i € [n] with §; # 0, we have
(1= V;@(w))(1+ (p' +2K)%) — 1 = (1 - V;®(w))(1 + ¢/ + 2K)nV;2(w)) — 1
<(1-Vi®(w))(1+ V;®(w)) —1<0,
as desired, where we used that = > p’ + 2K. This yields the conclusion ®(w’) < ®(w). O

C.3.4 Algorithm and analysis

Finally, we state Algorithm [7]and prove Proposition

Algorithm 7 BoxedSchattenPacking({A;}icin), €, 0, @)

1: Input: {A;}icpn € S%4,€ € [0, i,p>2a€(0,n—1]
2: p/<_ lo%n S « 147:1
3: n<—(4p’) , K+ 3¢ 1, T(—m%(:d)
4: [wpl; + forallze[]t<—0
5: while ||A?wt M, - 1Swell,,  [lwll, < K do
6: gr + max (0, V@(wt)) entrywise, where we use the definition (36))
70 wipr —wio (L4+ng), t+—t+1
8: ift > T then
9: return Infeasible
10:  end if
11: end while
12: return z = ﬁ
ALNY

Proof of Proposition[2] Correctness of the reduction to deciding Problem [ follows from the discus-
sion in Sectlon@] Moreover, by the given Algorithm[7] it is clear (following e.g. the preprocessing
of Lemma that ®(w;) < 1 throughout the algorithm, so whenever the algonthm terminates we
have prlmal feasibility. It suffices to prove that whenever the problem admits =* with

JA@), <1—e [[Sz*], <1-¢
then the algorithm terminates on Line 5 in T iterations. Analogously to Theorem[4] we have

* nd
o) 3 (e <togn ~ loglunl, +log ol < 21og (%) + 1og o]
0<t<T

Next, since g; is an upwards truncation of V& (w;), applying Lemmaimplies that

el nd
lwr ], > exp <”2 ~2log (6)> .

The conclusion follows by the definition of 7', as desired. Finally, the iteration complexity follows
analogously to the discussion in Theorem [5]s proof, where the only expensive cost is estimating
coordinates of the A component of V®(wy;) every iteration. O

Finally, we remark that by opening up the dual certificates Y (w), Z(w) of our mirror descent analysis,
we can in fact implement a stronger version of the decision Problem 4] which returns a feasible dual
certificate whenever the primal problem is infeasible. We omit this extension for brevity, as it is
unnecessary for our applications, but it is analogous to the analysis of Theorem 3]
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D Deferred proofs from Section 3]

D.1 Proof of Proposition

Proposition 3. There is an algorithm Power (Algorithm 1, [MM15)]), parameterized by t € [d],
tolerance € > 0, p > 1, and A € S‘éo, which outputs orthonormal {zj }je[t] with the guarantee
|z] APz; — A(A)| <EeN/(A)

orall j € [t]. 6)
z] APy —/\§?‘1(A)‘ <eXTH(A) / J <l (

Here, \j(A) is the j'" largest eigenvalue of A. The total time required by the method is
O(nnz(A)2'ed),

Proof. We claim that Algorithm 1 in [MMI135]] applied to the matrix AP with a careful choice of
exponent g in their Algorithm 1 yields this guarantee. Specifically, we choose ¢1, g2, both of which
satisfy the criteria in their main theorem, such that the iterates produced by simultaneous power
iteration M? with exponent ¢; and MP~! with exponent ¢, are identical; it suffices to choose ¢ a
multiple of p(p — 1). Thus, we can also apply their guarantees to AP~! and apply a union bound.
Notice that their Algorithm 1 also contains some postprocessing to ensure that they obtain singular
values in the right space, which is unnecessary for us, as our matrices are Hermitian. O

D.2 Proof of Lemmal[3

Lemma 5. Letn = (%). With probability 1 — g, the uniform distribution over G attains

value (1 + £)||Z||, for objective (), where é = C'elog e~ for a universal constant C' > 0.

Proof. Lemma|g]implies that letting w* be the uniform distribution over the uncorrupted samples

amongst X1, ..., X,,, we have with probability at least 1 — g, and denoting € := 2C3 - elog e~ !,

>
i€[n]

Therefore, the mixed {-¢;, packing semidefinite program

WX X[ < (1 + ;) IS,
p

* n : * 1 * T g
i€[n] p
is feasible. This completes the proof. O

D.3 Proof of Lemmal/6]

Lemma 6. Let n = ({1958, ). With probability at least 1 = §, (14 &)X = Mg = (1 - &)X,

Proof. We follow the notation of (7). First, by the guarantees of Corollary [T}

en _1—3e

(1—2e)n  1—2e
Therefore, again applying Corollary [I] for all i € G,

Wi 1 ) 1—2e _ 1

weg ~ (1—2e)n 1-3¢ (1—3e)n’

l1—e)n
€

wg=1—wp>1-— >1—2e.

Wi
wa

We conclude that the set of weights {-2- }, - belong to 6% . By applying Corollaryto these

weights and adjusting the definition of C's by a constant, we conclude with probability at least 1 — g
(1+Cseloge )2 =Y 2Ex X = (1-Cy-eloge™) .
iec V¢
The conclusion follows by multiplying through by w¢, and using the definition € = 2C5 - elog e 1.
O
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D.4  Proof of Proposition ]

Proposition 4. Let M = Mg + Mp be so that M|, < (1 + ¢€) » Mg = 0and Mp = 0,
and so that (1 4+ €)X = Mg = (1 — €)X. Following notation ofAlgorlthm 4| let

M= > Nujo|, B=) ojuu) (8)

Jj€ld] Jj€ld]

be sorted eigendecompositions of M and X, so\y > ... > A\gyand o1 > ... > 04. Let v be as in
Theorem@ and assume o1 < (1 — v)o1. Then,

's - b))
maxo] B, > (1-9) 3.,

Proof. For concreteness, we will define the parameters

loa(3d)
p= 2, /1sBd) = 14,/Zlog(3d) = 49pe.
€

7

For these choices of p, v, we will use the following (loose) approximations for sufficiently small €:

P %log(i}d) 1 B B - -
(1-7)=0-7) <o (1497 = (1- 7 < exp(pd) — (1 —p) < 3pe. (40)

Suppose for contradiction that all va 3v; < (1 —~)oy for j € [t]. By applying the guarantee of
Corollary [T]and Fact[2] it follows that

(M,MP~H) = [M|[p < 1+ &) [ S]]} (41)
Let s € [d] be the largest index such that o5 > (1 — %) o1, and note that s < t. We define
N:= Y Myl <MP
j€ls]
That is, N is the restriction of MP~! to its top s eigendirections. Then,
(M) = (M M)+ (M, M) @)
> (Mp,MP7H) + (1 -2, MP) > (Mp,N) + (1 - & [ 2]

In the second line, we used Lemma [6] twice, as well as the trace inequality Lemma with A =M
and B = (1 — €)X. Combining with (@2), and expanding the definition of M g, yields

(@+8" =1 =" =] = Mp,N <MB, > A ) >

J€E(s]
= <M7 Z )\g-’_lvjva> — <MG7 Z )\ﬁ?_lvjva>
J€ls] J€ls]
<M > Ay > 1+e<2 >Ny >
JEls] JEls]
-5 (g0 e) > 5 (9 ).
JE[s]

(43)
The third line followed from from the spectral bound Mg < (1 + €)X of Lemma@, and the fourth
followed from the fact that {\;};ea, 15} €] eigendecompose M, as well as the assumption

va Yv; < (1—+)oq forall j € [t]. Letting S := 3 jes] O P and using both approximations in (@0},

Y\P - ~ ~
1915 < S ot + (1-2) (@- )b < 55 = (1487~ (1 - ) DL < 4025, (aq)
JEls]
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Next, we bound the last term of @3)). By using (1 +€)(1 —v) <1 — 3,

S (M -XT - ) = SN (- (1-2) )

J€ls] JEls]

72)\”1 >t-grt Yy or = s

p
J
JE[s]

The second line used A\j — (1 — 3)o1 > (1 —€)o; — (1 — 3)o1 > Fo by definition of s, Lemma
(twice), and (1 — €)P~! > 1. Combining (43) and (4) and plugging into [@3),

(45)

4peS > %S — 48pé > 7.

By the choice of v and p (i.e. v = 49p€), we attain a contradiction. [

In the proof of Proposition @] we used the following facts.

Lemma 18. Let A = B > 0 be symmetric matrices and p a positive integer. Then we have

Tr (A?7'B) > Tr (B?).
Proof. Forany1 <k <p—1,
Tr (AFBP %) > Tr (A’HB¥AB¥) > Tr (A’HB¥BB¥) = Tr (AR—1BPk+1)

The first step used the Extended Lieb-Thirring trace inequality Tr(MN?) > Tr(MYNM!~*N) for
a€0,1], M,N € S¢ o (see e.g. Lemma 2.1, [ALO16]), and the second A = B. Finally, induction
on k yields the claim. O

Lemma 19. Forall j € [d], \; > (1 — é)o;.

Proof. By the Courant-Fischer minimax characterization of eigenvalues,

Aj > min uy, 1 Muy,.
ke(j]

However, we also have M = Mg = (1 — €)X (Lemma @), yielding the conclusion. O

D.5 Proof of Theorem 2]

The guarantees of Proposition ] were geared towards exact eigenvectors of the matrix M. We now
modify the analysis to tolerate inexactness in the eigenvector computation, in line with the processing
of Line 5 of our Algorithm] This yields our final claim in Theorem [2]

Corollary 5. In the setting of Proposition and letting {z;} jcpy satisfy (6, set for all j € [t]
Mz 2, i

=R
2

Then with probability at least 1 — 0,

max y Zy; > (1—7) |2l
JElt]

Proof. Assume all y; have y; Ey] < (1 — 7)o for contradiction. We outline modifications to the
proof of Proposition 4] Specifically, we redefine the matrix N by

ZZJJ 2‘

J€[s]
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Because > Jels] zjij is a projection matrix, it is clear N < MP~!. Therefore, by combining the
derivations and (@2), it remains true that

(1487 =1 =) IZ[}, = (Mp,N) = (M,N) — (Mg, N).

We now bound these two terms in an analogous way from Proposition 4] with negligible loss;
combining these bounds will again yield a contradiction. First, we have the lower bound

<M, > M‘”Elzjsz”?> =3 MPz; > (18> A
j€ls] j€ls] j€ls]
Here, the last inequality applied the assumption (6) with respect to MP?. Next, we upper bound
<Mg, 3 M”zlzjz}M%l> < (148 <2, S M zjszpzl>

J€ls] JEls]

2
, y; Ty,

=(1+€) Z ‘M%Zj
JEls]

<1461 —7)oy Z ijMp_lzj
j€ls]
< (=) +820 3N,

JEls]

The first line used Mg < (1+4¢€)3, the second used the definition of 1, the third used our assumption

y-TEyj < (1 —~y)o1, and the last used () with respect to MP~!. Finally, the remaining derivation
@ is tolerant to additional factors of 1 + €, yielding the same conclusion up to constants. O

Finally, we prove Theorem[2]by combining the tools developed thus far.

Proof of Theorem[2] Correctness of the algorithm is immediate from Corollary [5]and the guarantees
of 1DRobustVariance. Concretely, Corollary |5 guarantees that one of the vectors we produce will be
a (1 — ~)-approximate top eigenvector (say some index j € [t]), and 1DRobustVariance will only
lose a negligible fraction O(elog e~ 1) of this quality (see Lemma El); the best returned eigenvector
as measured by 1DRobustVariance can only improve the guarantee. Finally, the failure probability
follows by combining the guarantees of Lemmas [T} [5] and [6]

We now discuss runtime. The complexity of lines 2, 4, and 5, as guaranteed by Proposition [2]
Proposition and Lemma are respectively (recalling p = O(e=%%))

~ [ nd ~ (ndt ~
Throughout we use that we can compute matrix-vector products in an arbitrary linear combination of

the X; X, in time O(nd); it is easy to check that in all runtime guarantees, nnz can be replaced by
this computational cost. Combining these bounds yields the final conclusion. O
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