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1 Omitted Details from Section 3

1.1 Robust Mean Estimation for Sub-Gaussian Distributions

In this section, we use our filter technique to give a near sample-optimal computationally efficient
algorithm to robustly estimate the mean of a sub-gaussian density with a known covariance matrix,
thus proving Theorem 3.1.

We emphasize that the algorithm and its analysis is essentially identical to the filtering algorithm
given in Section 8.1 of [DKK™16| for the case of a Gaussian N (u,I). The only difference is a
weaker definition of the “good set of samples” (Definition [2|) and a simple concentration argument
(Lemma showing that a random set of uncorrupted samples of the appropriate size is good
with high probability. Given these, the analysis of this subsection follows straightforwardly from
the analysis in Section 8.1 of [DKK™16| by plugging in the modified parameters. For the sake of
completeness, we provide the details below.

We start by formally defining sub-gaussian distributions:

Definition 1. A distribution P on R with mean u, is sub-gaussian with parameter v > 0 if
Ex~p [exp(A(X — p))] < exp(vA?/2)

for all A € R. A distribution P on R? with mean vector p is sub-gaussian with parameter v > 0,
if for all unit vectors v, the one-dimensional random variable v - X, X ~ P, is sub-gaussian with
parameter v.

We will use the following simple fact about the concentration of sub-gaussian random variables:

Fact 1. If P is sub-gaussian on R? with mean vector u and parameter v > 0, then for any unit
vector v € R? we have that Prx.p [|[v- (X — p)| > T] < exp(—t%/2v).

The following theorem is a high probability version of Theorem 3.1:

Theorem 2. Let G be a sub-gaussian distribution on R with parameter v = O(1), mean ue,
covariance matriz I, and €,7 > 0. Let S’ be an e-corrupted set of samples from G of size
Q((d/e?)polylog(d/eT)). There exists an efficient algorithm that, on input S and € > 0, returns a
mean vector [i so that with probability at least 1 — T we have ||i — u%||2 = O(e/log(1/e)).



Notation. We will denote p° = ﬁZXesX and Mg = ﬁZXGS(X — uH(X = T for the
sample mean and modified sample covariance matrix of the set S.

We start by defining our modified notion of good sample, i.e, a set of conditions on the uncor-
rupted set of samples under which our algorithm will succeed.

Definition 2. Let G be an identity covariance sub-gaussian in d dimensions with mean pu® and
covariance matriz I and e,7 > 0. We say that a multiset S of elements in R? is (e, 7)-good with
respect to G if the following conditions are satisfied:

(i) For all x € S we have ||z — u%|]2 < O(y/dlog(]S|/7)).

(ii) For every affine function L : R® — R such that L(x) = v - (x — p%) = T, ||v|l2 = 1, we have
that |Prxe,s[L(X) > 0] — Prx~g[L(X) > 0]] < W :

(i4i) We have that ||u® — u®|2 < e.

(iv) We have that ||Mg — I, < e.

We show in the following subsection that a sufficiently large set of independent samples from G
is (g, 7)-good (with respect to G) with high probability. Specifically, we prove:

Lemma 1. Let G be sub-gaussian distribution with parameter v = O(1) and with identity covariance,
and e,7 > 0. If the multiset S is obtained by taking ((d/e?)poly log(d/eT)) independent samples
from G, it is (e, 7)-good with respect to G with probability at least 1 — 7.

We require the following definition that quantifies the extent to which a multiset has been
corrupted:

Definition 3. Given finite multisets S and S" we let A(S,S") be the size of the symmetric difference
of S and S’ divided by the cardinality of S.

The starting point of our algorithm will be a simple NAIVEPRUNE routine (Section 4.3.1 of
IDKK™16]) that removes obvious outliers, i.e., points which are far from the mean. Then, we
iterate the algorithm whose performance guarantee is given by the following:

Proposition 1. Let G be a sub-gaussian distribution on R with parameter v = ©(1), mean u,
covariance matriz I, € > 0 be sufficiently small and 7 > 0. Let S be an (e,7)-good set with respect
to G. Let S" be any multiset with A(S,S") < 2e and for any x,y € S', ||x —y||2 < O(y/dlog(d/eT)).
There exists a polynomial time algorithm FILTER-SUB-GAUSSIAN-UNKNOWN-MEAN that, given S’
and € > 0, returns one of the following:

(i) A mean vector [i such that ||fi — u®||2 = O(e+/log(1/¢)).
(ii) A multiset S" C §' such that A(S, S") < A(S, 8")—¢/a, where a € dlog(d/eT) log(dlog(L)).
We start by showing how Theorem [2| follows easily from Proposition

Proof of Theorem [ By the definition of A(S, S’), since S’ has been obtained from S by corrupting
an e-fraction of the points in S, we have that A(S,S’) < 2e. By Lemmall} the set S of uncorrupted
samples is (g, 7)-good with respect to G with probability at least 1 — 7. We henceforth condition on
this event.

Since S is (g,7)-good, all x € S have ||z — u%|l2 < O(y/dlog|S|/7). Thus, the NAIVEPRUNE
procedure does not remove from S’ any member of S. Hence, its output, S”, has A(S, S") < A(S, S)



and for any x € S”, there is a y € S with ||z — y[[2 < O(y/dlog|S|/7). By the triangle inequality,
for any x,z € 8", ||z — z||2 < O(y/dlog|S|/7) = O(\/dlog(d/eT)).

Then, we iteratively apply the FILTER-SUB-GAUSSIAN-UNKNOWN-MEAN procedure of Propo-
sition |1 until it terminates returning a mean vector p with |7 — u%|l2 = O(e/log(1/¢)). We claim
that we need at most O(«) iterations for this to happen. Indeed, the sequence of iterations results
in a sequence of sets S/, so that A(S,S]) < A(S,S")—i-e/a. Thus, if we do not output the empirical
mean in the first 2« iterations, in the next iteration there are no outliers left and the algorithm
terminates outputting the sample mean of the remaining set. O

1.1.1 Algorithm FILTER-SUB-GAUSSIAN-UNKNOWN-MEAN: Proof of Proposition

In this subsection, we describe the efficient algorithm establishing Proposition [I] and prove its
correctness. Our algorithm calculates the empirical mean vector p° " and empirical covariance matrix
. If the matrix ¥ has no large eigenvalues, it returns % . Otherwise, it uses the eigenvector v*
corresponding to the maximum magnitude eigenvalue of ¥ and the mean vector MSI to define a
filter. Our efficient filtering procedure is presented in detailed pseudocode below.

Algorithm 1 Filter algorithm for a sub-gaussian with unknown mean and identity covariance
1: procedure FILTER-SUB-GAUSSIAN-UNKNOWN-MEAN(S’, €, 7)

input: A multiset S’ such that there exists an (e, 7)-good S with A(S,S’) < 2e

output: Multiset S” or mean vector zi satisfying Proposition

2: Compute the sample mean usl = Exe,s[X] and the sample covariance matrix ¥ | i.e.,
¥ = (Bij)i<ij<d With i j = Exe, o [(Xi — uf ) (Xj — pf)].
3: Compute approximations for the largest absolute eigenvalue of ¥ — I, \* := ||¥ — I||2, and

the associated unit eigenvector v*.

4: if |2 — I|]z < O(elog(1/¢)), then return p°'.
5: end if
6: Let ¢ := 3y/¢||X — I||2. Find T > 0 such that

5
T2 log (dlog(g))'

XPrS [|U* (X = p)| > T +6| > 8exp(—T2%/2v) + 8
€us’

7 return the multiset S” = {z € " : |v* - (x — p°)| < T + §}.
8: end procedure

1.1.2 Proof of Correctness of FILTER-SUB-GAUSSIAN-UNKNOWN-MEAN

By definition, there exist disjoint multisets L, E, of points in R?, where L C S, such that S’
(S'\ L) U E. With this notation, we can write A(S,S’) = % Our assumption A(S,S") < 2¢ is
equivalent to |L| + |E| < 2¢ - |S], and the definition of S” directly implies that (1 — 2¢)|S| < |9/
(14 2¢)|S|. Throughout the proof, we assume that ¢ is a sufficiently small constant.

We define &, 1, usl, uk, and p¥ to be the means of G, S, S’, L, and E, respectively.

Our analysis will make essential use of the following matrices:

IN

e Mg denotes Exc,o/[(X — u®)(X — u®)T],
e Mg denotes Exc,s[(X — p&)(X — u)T],

e M, denotes Exe,r[(X — u%)(X — u®)T], and



e Mg denotes Exc, p[(X — p)(X — u)T].

Our analysis will hinge on proving the important claim that ¥ — I is approximately (|E|/|S’|)MEg.
This means two things for us. First, it means that if the positive errors align in some direction
(causing Mg to have a large eigenvalue), there will be a large eigenvalue in ¥ — I. Second, it says
that any large eigenvalue of ¥ — I will correspond to an eigenvalue of Mg, which will give an explicit
direction in which many error points are far from the empirical mean.

Useful Structural Lemmas. We begin by noting that we have concentration bounds on G and
therefore, on .S due to its goodness.

Fact 3. Let w € R? be any unit vector, then for any T > 0, Pry.g [[w- (X —p%)|>T] <
2 G 2

2exp(—T?/2v) and Prxe,s [|w- (X — p%)| > T] < 2exp(—T?/2v) + W.

Proof. The first line is Fact [1, and the former follows from it using the goodness of S. O

By using the above fact, we obtain the following simple claim:

Claim 1. Let w € R? be any unit vector, then for any T > 0, we have that:
Pr e (X — )| > T4 [~ ] < 2exp(~T2/20).

and
€

Pr [jw- (X — u¥ >T+ st _ 6 < 2exp(=T%/2v) + .
el (X =g > T 1 ) < 2001 20) + s

Proof. This follows from Fact [3| upon noting that |w - (X — %) > T 4 || — |2 only if
lw- (X — pu%)| > T. O

We can use the above facts to prove concentration bounds for L. In particular, we have the
following lemma:

Lemma 2. We have that ||[M|l2 = O (log(|S|/|L]) + €|S|/|L]).

Proof. Since L C S, for any = € R?, we have that

. — > . — )
S Pr (X =) > L]+ Pr (X =2) (1)

Since M, is a symmetric matrix, we have |[Mg|2 = max,,—1 [v Mpv|. So, to bound || M| it
suffices to bound |v? Mpv| for unit vectors v. By definition of M, for any v € R? we have that

v M| = Exe,llv- (X — u%)P).



For unit vectors v, the RHS is bounded from above as follows:
(o.)
Exe,r[Jv- (X —u®)] = 2/ Ly [[v- (X — u®)| > T| TdT
0 u

O(+/dlog(d/eT))
:2/ Pr [[v- (X — u®)| > T)TdT
0

XeuLl
) O(+/dlog(d/eT)) ) |S| b x o T TdT
< 3 - . . i
<2 win {1, 24 P [lo- (= )/ > 7]
4/vTogSITED
< / TdT
0
asiney [ a2 )
+ exp(— 2v) +
4/ Tog(ST/ITD T?log (dlog())

<log(IS[/IL[) + - [SI/IL] ,

where the second line follows from the fact that ||v||2 =1, L C S, and S satisfies condition (i) of
Definition ; the third line follows from ; and the fourth line follows from Fact O

As a corollary, we can relate the matrices Mg and Mg, in spectral norm:

Corollary 1. We have that Mg — I = (|E|/|S'|) Mg 4+ O(clog(1/¢c)), where the O(clog(1/e)) term
denotes a matrixz of spectral norm O(elog(1/e)).

Proof. By definition, we have that |S'|Mg = |S|Mg — |L|My, + |E|Mg. Thus, we can write
Mg = (ISI/15")Ms — (ILI/|1S" DML + (IE|/|S") M
=TI+ 0(e) + O(clog(1/e)) + (|1EI/|S) M ,

where the second line uses the fact that 1 —2e < |S]/]S’| < 1+ 2¢, the goodness of S (condition (iv)
in Definition[2), and Lemmal[2] Specifically, Lemma[2implies that (|L|/|S’])|| M|z = O(elog(1/e)).
Therefore, we have that

Mg =1+ (|E|/|S")ME + O(elog(1/e))

as desired. O
We now establish a similarly useful bound on the difference between the mean vectors:

Lemma 3. We have that i —pS = (|E|/|S"))(1F — &) +0(e+/log(1/¢)), where the O(e+/log(1 /<))
term denotes a vector with lo-norm at most O(e4/log(1/¢)).

Proof. By definition, we have that
15'1(1%" = p¥) = 1S1(1® — 1) = [L|(u" = p¥) + | B (1" — u).

Since S is a good set, by condition (iii) of Definition [2, we have ||u® — u|ls = O(e). Since
1—2¢ < |8]/|5'] <1+ 2¢, it follows that (|S|/|S"])||u® — u€|l2 = O(e). Using the valid inequality
| Mgz > ||p* — pC||% and Lemma we obtain that ||u” —pCls < O <\/log(\S]/|L\) + \/6|S|/\L|>
Therefore,

(LS "~ n€1 < 0 (L1181 VIoa(IST/TED + VEIZITIS]) = Oe/Ioa(1/2) -

5



In summary,
’

p =1 = (IB|/IS')(1” = p©) + O(e/log(1/e))
as desired. This completes the proof of the lemma. O

By combining the above, we can conclude that > — I is approximately proportional to Mg.
More formally, we obtain the following corollary:

Corollary 2. We have X — I = (|E|/|S'|)Mg + O(elog(1/¢)) + O(|E|/|S'|)?|Mg||2, where the
additive terms denote matrices of appropriately bounded spectral norm.

Proof. By definition, we can write ¥ —I = Mg — I — (u5" — u&) (1% — pu©)T. Using Corollary and
Lemma [3| we obtain:
£ —I=(E|/|S')ME + O(elog(1/2)) + O((|E|/|S")?||u® — u%13) + O(c* log(1 /<))
= (|E|/IS')ME + O(clog(1/2)) + O(|E|/|S"))* | ME] )2 ,
where the second line follows from the valid inequality ||Mg|s > [|u® — p@||3. This completes the
proof. O

Case of Small Spectral Norm. We are now ready to analyze the case that the mean vector MS/

is returned by the algorithm in Step In this case, we have that \* of |2 — I||2 = O(elog(1/e)).

Hence, Corollary [2] yields that
(EI/1S'DIMEl2 < X* + O(clog(1/e)) + O(|E|/|S")?| ME|l2 .
which in turns implies that
(IEI/IS"DIMEl2 = O(elog(1/¢)) -
On the other hand, since || Mgz > ||u¥ — u%||3, Lemma gives that

115 = 12 < (|EI/IS'DVIME]2 + O(ey/log(1/e)) = O(e\/log(1/¢)).

This proves part (i) of Proposition .
Case of Large Spectral Norm. We next show the correctness of the algorithm when it returns
a filter in Step [6]

def

We start by proving that if \* = ||X¥ — I|ja > Celog(1/e), for a sufficiently large universal
constant C, then a value T satisfying the condition in Step [f] exists. We first note that that || Mg||2
is appropriately large. Indeed, by Corollary [2|and the assumption that A* > Celog(1/¢) we deduce
that

(EI/1S"DIMEl2 = QA7) . (2)
Moreover, using the inequality || Mgz > ||u¥ — u%||3 and Lemma |3 as above, we get that

1% = 11z < (|BI/IS"DVIME]2 + O(e/log(1/e)) < 6/2 (3)

where we used the fact that & % VEX* > C'e log(1/e).
Suppose for the sake of contradiction that for all 7' > 0 we have that

5
T?log (dlog(ZL))

P (=) > T 5] < Sexp(—T%/2v) + 8
€usS’



Using , we obtain that for all T' > 0 we have that

Pr [|v*-(X—uG)| >T+4/2] < 8exp(—T?%/2v) + 8 <

. 4
X€us' T2 log (dlog(g)) @)

Since E C &, for all x € R? we have that |S'| Prye,s/[X = x| > |E|Prye,g[Y = z]. This fact
combined with implies that for all 7" > 0

* ! €
Pr [t (X - ) > T4 872) < () 1E) (exp<—T2/2v>+T210g : dlog<g>)> 6

We now have the following sequence of inequalities:

o0
IMlls = Exe, [lv* - (X — u&)2] =2 /0 Pr [ (X = ) > 7] Tar

O(+/dlog(d/eT))
:2/ Pr [jv* - (X —u®)| > T] TdT
0

0 O(+/dlog(d/eT)) ) ‘Sl| P X o T TdT

< i LI *. —

<2 min {1, 54 Pr [l 0 = )| > 7]
4+/vlog(|S’|/|E|)+6 ) O(\/m)

/ TdT + (15')/|E)) /

0 4+/vlog(|S'|/|E|)+6

< log(IS'|/|E|) + 82 + O(1) + - |S'|/|E|

< log(IS'|/|E|) + eX* + - |S'|/|E]

£
T2 log (dlog(L))

< (exp(fTQ J20) + )TdT

Rearranging the above, we get that
(EI/1S"DIIMEll2 < (IEI/1S"]) log(|S"|/1E]) + (|1E]/]S')eX" + & = O(elog(1/e) + £2X").

Combined with (2)), we obtain A\* = O(elog(1/¢)), which is a contradiction if C is sufficiently large.
Therefore, it must be the case that for some value of T' the condition in Step [6]is satisfied.
The following claim completes the proof:

Claim 2. Fiz a % dlog(d/eT)log(dlog(L)). We have that A(S,S") < A(S,S') —2¢/a .

Proof. Recall that S = (S'\ L) U E, with E and L disjoint multisets such that L € S. We can
similarly write S” = (S\ L) U E', with L' O L and E’ C E. Since
_ENE - [\ I

A(S,S") — A(S,S") = 5] ,

it suffices to show that |E'\ E’| > |L'\ L|+¢|S|/a. Note that |L’\ L| is the number of points rejected
by the filter that lie in SN .S’. Note that the fraction of elements of S that are removed to produce
S” (i.e., satisfy [v* - (x — p®")| > T +6) is at most 2exp(—T2/2v) 4 /a. This follows from Claim
and the fact that T'= O(\/dlog(d/eT)).

Hence, it holds that |L'\ L| < (2exp(—T2/2v) + /a)|S|. On the other hand, Step [6] of the
algorithm ensures that the fraction of elements of S’ that are rejected by the filter is at least



8exp(—T?/2v) + 8¢/a). Note that |E \ E’| is the number of points rejected by the filter that lie in
S’\ S. Therefore, we can write:

|E\ E'| > (8exp(=T?%/2v) + 8¢/a)|S'| — (2exp(—T2/2v) + /)| S|
> (8exp(—T2/2v) + 8/a)|S|/2 — (2exp(=T?/2v) +¢/a)|S]
> (2exp(—=T?/2v) + 3¢/a)|S]|
> L\ L]+ 2218 e

where the second line uses the fact that |S’| > |S]/2 and the last line uses the fact that |L'\ L|/|S| <
2exp(—T?/2v) + ¢/a. Noting that log(d/eT) > 1, this completes the proof of the claim. O

1.1.3 Proof of Lemma [

Proof. Let N = Q((d/?)polylog(d/eT)) be the number of samples drawn from G. For (i), the
probability that a coordinate of a sample is at least \/2v log(Nd/37) is at most 7/3dN by Fact|ll By
a union bound, the probability that all coordinates of all samples are smaller than /2v log(Nd/37)
is at least 1 — 7/3. In this case, ||z||2 < \/2vdlog(Nd/37) = O(y/dv1og(Nv/T)).

After translating by u“, we note that (iii) follows immediately from Lemmas 4.3 of [DKKT16]
and (iv) follows from Theorem 5.50 of [Ver1(], as long as N = Q(v*dlog(1/7)/e?), with probability
at least 1 — 7/3. It remains to show that, conditioned on (i), (ii) holds with probability at least
1—17/3.

To simplify some expressions, let § := ¢/(log(dlogd/eT)) and R = C+/dlog(|S|/7). We need to
show that for all unit vectors v and all 0 < T < R that

[Iv-(X—uG)>T20]'S5- (©)

Pl (X =) > 1 2

— Pr
X~G
Firstly, we show that for all unit vectors v and T > 0

Pr [[v- (X —p®)|>T]— Pr [jv- (X —p%)|>T>0]| <5/4vn(1/s

Prllo (X =) > 1] = Prflo- (X~ 5] > 7 2 0]| < 6/avin(1/o)

with probability at least 1 — 7/6. Since the VC-dimension of the set of all halfspaces is d 4 1, this
follows from the VC inequality [DLO01], since we have more than Q(d/(5/(4vlog(1/6))?) samples.
We thus only need to consider the case when 7' > /4rIn(1/9).

Lemma 4. For any fized unit vector v and T > /4v1n(1/6), except with probability exp(—N§/6Cv),

we have that

)
G
XeiSHU ( )| > ]_ CcT?’

where C' = 8.
Proof. Let E be the event that |v - (X — u%)| > T. Since G is sub-gaussian, Fact [1| yields that

Prg[E] = Pry¢[lv- (X — u%)| < exp(—T2/2v). Note that, thanks to our assumption on T, we
have that T < exp(T?/4v)/2C, and therefore T? Prg[E] < exp(—T172/4v)/2C < §/2C.



Consider Eg[exp(t2/3v - N Prg[E])]. Each individual sample sample X; for 1 < i < N, is an
independent copy of Y ~ GG, and hence:

Es exp(T2/3y-NI;r[E])} =Eg

exp(T?/3v - Z 1X¢6E)]

i=1

N
= HEXi
1=1

N
= [ exp(T?/3v- Pr(E])
i=1
<exp (NT?/3v - exp(—T?/2v))
< exp(N/3v-§/2C) = exp(NJ§/6CV) .

exp(T?/3v ) 1XieE)]
=1

Note that if Prg[E] > %, then exp(T?/3v - N Prg[E]) = exp(NJ/3Cv). By Markov’s inequality,
this happens with probability at most exp(—N§/6Cv). O

Now let C be a 1/2-cover in Euclidean distance for the set of unit vectors of size 2°0(4). By a
union bound, for all v € C and 7" a power of 2 between \/4r1n(1/4) and R, we have that

P /'X— G T,<7
P (X =) > T < o

except with probability
20 1og(R) exp(—N6/6Cv) = exp (O(d) + loglog R — N§/6Cv) < 7/6 .

However, for any unit vector v and \/4r1n(1/§) < T < R, there is a v" € C and such a T” such
that for all z € R, we have v - (X — u%)| > [v" - (X — p%)|/2, and so v/ - (X — u¥)| > 2T" implies
0" (X = p%)| > T

Then, by a union bound, @ holds simultaneously for all unit vectors v and all 0 < T < R, with
probability a least 1 — 7/3. This completes the proof. O

1.2 Robust Mean Estimation Under Second Moment Assumptions

In this section, we use our filtering technique to give a near sample-optimal computationally efficient
algorithm to robustly estimate the mean of a density with a second moment assumption. We show:

Theorem 4. Let P be a distribution on R? with unknown mean vector u* and unknown covariance
matric Xp < 1. Let S be an e-corrupted set of samples from P of size ©((d/e)logd). Then there
exists an algorithm that given S, with probability 2/3, outputs fi with ||fi — u®’|2 < O(V/Z) in time
poly(d/e).

Note that Theorem 3.2 follows straightforwardly from the above (divide every sample by o, run
the algorithm of Theorem 4] and multiply its output by o).

As usual in our filtering framework, the algorithm will iteratively look at the top eigenvalue
and eigenvector of the sample covariance matrix and return the sample mean if this eigenvalue
is small (Algorithm . The main difference between this and the filter algorithm for the sub-
gaussian case is how we choose the threshold for the filter. Instead of looking for a violation of
a concentration inequality, here we will choose a threshold at random (with a bias towards higher



thresholds). The reason is that, in this setting, the variance in the direction we look for a filter in
needs to be a constant multiple larger — instead of the typical Q(E) relative for the sub-gaussian
case. Therefore, randomly choosing a threshold weighted towards higher thresholds suffices to throw
out more corrupted samples than uncorrupted samples in expectation. Although it is possible to
reject many good samples this way, the algorithm still only rejects a total of O(e) samples with high
probability.

We would like our good set of samples to have mean close to that of P and bounded variance
in all directions. This motivates the following definition:

Definition 4. We call a set S e-good for a distribution P with mean u* and covariance Xp < I if
the mean p° and covariance ©° of S satisfy |u® — uF 2 < Ve and ||Z%]]2 < 2.

However, since we have no assumptions about higher moments, it may be be possible for outliers
to affect our sample covariance too much. Fortunately, such outliers have small probability and do
not contribute too much to the mean, so we will later reclassify them as errors.

Lemma 5. Let S be N = ©((d/e)logd) samples drawn from P. Then, with probability at least
9/10, a random X €, S satisfies

(i) IE[X] = pPlla < VE/3,
(i) Pr [HX — 4Pl > 80 d/g} < /160,

(i) E “'X — 2 1\“*#””2280\/@] < VE/2, and

(i) HE [(X —HOX =) 1|\X—MP||2§80\/C%} <3/2

Proof. For (i), note that

.

Es(IE[X] - p”[3] = X _Es[(E[X]; - 1)%] < d/N < /360,
and so by Markov’s inequality, with probability at least 39/40, we have |E[X] — uf||2 < £/9.
For (ii), similarly to (i), note that
E(lY — 73] = ZE[(Yi —m ) <d,
for Y ~ P. By Markov’s inequality, Pr[|Y — uf|]2 > 80\/%] < £/160 with probability at least

39/40.
For (iii), note that by an application of the Cauchy-Schwarz inequality

BIY = 11y s < VEIY = wPRIPEY — P > 80V/AJE) < VE/50.

Thus,
P
ES[EHX - ’1||X_#PH2280 /d/EH < \/5:/80 )

and by Markov’s inequality, with probability at least 39/40
P
E [’X ~ 0y x rs0yare] S VE/2-

For (iv), we require the following Matrix Chernoff bound:
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Lemma 6 (Part of Theorem 5.1.1 of [T*15|). Consider a sequence of d x d positive semi-definite
random matrices Xy with || Xg|l2 < L for all k. Let p™** = ||, E[X]|l,. Then, for 6 >0,

> X
k

E

] < (e = )™ /6 + Llog(d)/6
2

and for any 6 > 0,

> X

k

pr[

We apply this lemma with X = (x5, — puf) (2 — “P)Tluxk—uﬂbgso\/% for {z1,...,2n} = S. Note

that || Xy|l2 < (80)2d/e = L and that ™ < N||Xp|l2 < N.
Suppose that p™** < N/80. Then, taking § = 1, we have

> X
k

By Markov’s inequality, except with probability 39/40, we have || >~, Xi|2 < N + O(dlog(d)/c) <
3N/2, for N a sufficiently high multiple of dlog(d)/e.
Suppose that g™ > N/80, then we take § = 1/2 and obtain

ok
k

For N a sufficiently high multiple of dlog(d)/e, we get that Pr[||>, Xi|, > 3™ /2] < 1/40. Since
pme* < N, we have with probability at least 39/40, ||>, Xk, < 3N/2.

Noting that ||, Xi|l, /N = ||E[1||X—NP|\2§8O\/%(X — 1Y (X — u?)T]||2, we obtain (iv). By a
union bound, (i)-(iv) all hold simultaneously with probability at least 9/10. O

Z (1 +5)Mmax] S d(e(S/(l +5)1+5),U«max/[/ '
2

E[ < (e—1)N/80+ O(dlog(d)/e) .

]
2

Pr

> 3'umax2] < d(e3/2/(5/2)3/2>N£/20d ]
2

Now we can get a 2e-corrupted good set from an e-corrupted set of samples satisfying Lemma
[l by reclassifying outliers as errors:

Lemma 7. Let S = RUE \ L, where R is a set of N = O(dlogd/e) samples drawn from P
and E and L are disjoint sets with |E|,|L| < e. Then, with probability 9/10, we can also write
S=GUE'\ L', where G C R ise-good, L' C L and E' C E' has |F’| < 2¢|S)|.

Proof. Let G = {x € R : ||z||2 < 80+/d/c}. Since R satisfies (ii) of Lemma/5| |G| —|R| < ¢|R|/160 <
e|S|. Thus, E' = FU(R\ G) has |E'| < 3¢/2. Note that (iv) of Lemma [5| for R in terms of G is
exactly |G|||2%||2/|R| < 3/2, and so |22 < 3|R|/2|G]| < 2.

It remains to check that ||u —pu||2 < v/e. But note that (iii) of Lemmais exactly Exeur[|| X —
1P |21 xer ] < VE/2, and we have

IGIExeuc | X = 1" ll2] = [RExcurlIX — u”ll2]] < |RIVE/2,
and since by (i), Exeur|[[| X — pf||2] < +/2/3, it follows that Excuq/[[| X — pfl2] < V2. O

An iteration of FilterUnder2ndMoment may throw out more samples from G than corrupted
samples. However, in expectation, we throw out many more corrupted samples than from the good
set:
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Algorithm 2 Filter under second moment assumptions

1: function FILTERUNDER2NDMOMENT(SS)

2 Compute p°, ¥°, the mean and covariance matrix of S.

3 Find the eigenvector v* with highest eigenvalue A* of 5.

4 if \* <9 then

5: return ,uS

6 else

7 Draw Z from the distribution on [0, 1] with probability density function 2z.
8 Let T = Zmax{|v* -z — p°|: x € S}.

9 Return the set S’ = {z € S: [v* - (X — p°)| < T}.

10: end if
11: end function

Proposition 2. If we run FilterUnder2ndMoment on a set S = GU E \ L for some e-good set G
and disjoint E, L with |E| < 2¢|S|,|L| < 9¢|S|, then either it returns u® with ||u® — u’l2 < O(V/E),
or else it returns a set 8" C S with 8" = GU E'\ L' for disjoint E' and L'. In the latter case we
have Ez[|E'| + 2|L|] < |E| + 2|L]|.

For D € {G, E, L, S}, let u” be the mean of D and Mp be the matrix Exe, p[(X —p®) (X —p5)T].
Lemma 8. If G is an e-good set with x < 40\/d/e for x € SUG, then |Mgll2 < 2||u® — 5|3 +2.
Proof. For any unit vector v, we have

v Mgv = Exe,cl(v- (X — %))’
=Exe,ql(v- (X —p
=v'S% + (v (u© — p?))?
<24 2[|u — u|3 -

O
Lemma 9. We have that |L|| Mgz < 2|G|(1 + ||u€ — p®|3) .
Proof. Since L C G, for any unit vector v, we have
Lo Mpv = |L[Exe,r[(v- (X = p%))?]
< |GIExe,cl(v- (X — 1))
< 2G|+ (| = p13) -
O

Lemma 10. |uC — 1|2 < /2¢|[Ms|l2 + 124/¢.
Proof. We have that |E|Mg < |S|Mg + |L|My, and so

Bl MEll2 < |S][|Msl2 + 2G|+ (| = 1°]3) -

By Cauchy Schwarz, we have that |[Mgl|l2 > ||u® — 1|2, and so

VIENIEE = 18l < \/ISIIMsl2 + 21GI (1 + 1€ - iS]3) .
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By Cauchy-Schwarz and Lemma [9] we have that
VILIE" = g2 < VLML ]2 < \/2!G|(1 +[|uC = po3) -
Since |S|p® = |G| + |E|p® — |L|p* and |S] = |G| +|E| — |L|, we get

G|(u” — %) = |E|(u” — p%) — |L|(n" — 1) .

Substituting into this, we obtain

IGIIKE — 1812 < \/IEISIIMs ]2 + 2B|GI(L + 116 — 18]3) +/2ALNGI + 1€ — S]3) .
Since for z,y > 0, o +y < \/x + /y, we have
Gllu® — w112 < VIETSTMs]l + (V2IEG] + LGN + 1€ — 1) -
Since ||G] — |S|| < ¢S] and |E| < 2¢|S|, |L| < 9¢|S|, we have
16 — 112 < V2T Ms ]z + (6v/E) (1 + [14€ — u¥]l2)

Moving the ||u® — p¥||2 terms to the LHS, using 6./ < 1/2, gives

11 = pll2 < V/2e| Mslla +12v/z .

Since A* = || Mg||2, the correctness if we return the empirical mean is immediate.
Corollary 3. If \* <9, we have that |u® — ]2 = O(/2).

From now on, we assume A\* > 9. In this case we have |u® — p%]|3 < O(eX*). Using Lemma
we have
[Mgll2 <2+ O(@X*) <24+ A*/5

for sufficiently small €. Thus, we have that

v Mgv* > 40*T Mgu* . (7)

Now we can show that in expectation, we throw out many more corrupted points from E than

from G\ L:

Lemma 11. Let 8" = GUE'\ L' for disjoint E', L’ be the set of samples returned by the iteration.
Then we have Ez[|E'| 4+ 2|L'|] < |E| + 2|L].

Proof. Let a = maxgeg [v* - & — p°|. Firstly, we look at the expected number of samples we reject:
Ez[|S']] = |S| =Ez ||S| Pr [|[X —p° >aZ
AIS') =181 = Bz 18] Pr 1 - %] 2 az
1
=|S P * (X = p®)| > ax] 2zd
1 [ Pr o[l (X =% > o] 20da

s /0 Pr [0 (X = %) 2 7] (2T fa)dT

= |5|Exe,s [(v* - (X — )] /a
= (IS|/a) - v*T Mgv* .
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Next, we look at the expected number of false positive samples we reject, i.e., those in L'\ L.

B\ - 121 = Bz [(G1 - £) Py | [1X —4%1 2 7]

< (X =y >
< |61 Pr fl+ (X - 4%)| 2 a2]
1
Gl [ Pr flv* - (X = %) > aal2a do

=16 [ Pr - (X = )] = T)(2 /o) aT

<IG [ P vt (X = i) = )T /) a7
— |GlExe,c [(v" - (X = 1%)?] fa

= (G|/a) - v*T Mc* .

Using , we have |S|v*T Mgv* > 4|G|v*T Mgv* and so Ez[S'] — S > 3(Ez[L'] — L). Now consider
that |S'| = |G|+|E'|—|L| = |S|—|E|+|E’|+|L|—|L’|, and thus |S’|—|S| = |E|—|E'|+|L'|—|L|. This
yields that |E|—Ez[|E’|] > 2(Ez[L']—L), which can be rearranged to Ez[|E'|+2|L'|] < |E|+2|L|. O

Proof of Proposition[3. If \* < 9, then we return the mean in Step |5, and by Corollary [3| || —
1)z < O(Ve).

If \* > 9, then we return S’. Since at least one element of S has [v* - X| = maxgeg [v* - X]|,
whatever value of Z is drawn, we still remove at least one element, and so have S’ C S. By Lemma

we have Ez[|E'| + 2|L'|] < |E| + 2|L|. O

Proof of Theorem [ Our input is a set S of N = ©((d/e)logd) e-corrupted samples so that with
probability 9/10, S is a 2e-corrupted set of e-good samples for P by Lemmas 5| and . We have
aset S = GUE\ L, where G’ is an e-good set, |E| < 2¢, and |L| < e. Then, we iteratively
apply FILTERUNDER2NDMOMENT until it outputs an approximation to the mean. Since each
iteration removes a sample, this must happen within N iterations. The algorithm takes at most
poly(N,d) = poly(d, 1/¢) time.

As long as we can show that the conditions of Proposition[2]hold in each iteration, it ensures that
|1® — P ]2 < O(y/2). However, the condition that |L| < 9¢|S| need not hold in general. Although
in expectation we reject many more samples in £ than G, it is possible that we are unlucky and
reject many samples in GG, which could make L large in the next iteration. Thus, we need a bound
on the probability that we ever have |L| > 9e.

We analyze the following procedure: We iteratively run FILTERUNDER2NDMOMENT starting
with a set S; U E; \ L; of samples with Sy = S and producing a set Sj1+1 = GUE;11 \ Li+1. We stop
if we output an approximation to the mean or if |L;11| > 13¢|S|. Since we do now always satisfy
the conditions of Proposition [2} this gives that Ez[|Ejt1|+ |Lit1]] = |Ei| + 2| Li|. This expectation
is conditioned on the state of the algorithm after previous iterations, which is determined by .S;.
Thus, if we consider the random variables X; = |E;| + 2|L;|, then we have E[X;11]5;] < Xj, i.e.,
the sequence Xj; is a sub-martingale with respect to X;. Using the convention that S;+1 = S;, if
we stop in less than ¢ iterations, and recalling that we always stop in NV iterations, the algorithm
fails if and only if |Ly| > 9¢|S|. By a simple induction or standard results on sub-martingales, we
have E[X ] < Xo. Now X = |Eo| + 2|Lo| < 3¢|S|. Thus, E[Xxy] < 3¢|S|. By Markov’s inequality,
except with probability 1/6, we have Xy < 18¢|S|. In this case, |Ly| < Xn/2 < 9¢|S|. Therefore,
the probability that we ever have |L;| > 9¢ is at most 1/6.
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By a union bound, the probability that the uncorrupted samples satisfy Lemma [5| and Proposi-
tion [2 applies to every iteration is at least 9/10 — 1/6 > 2/3. Thus, with at least 2/3 probability,
the algorithm outputs a vector 7 with ||fi — u’ |2 < O(y/%). O

1.3 Robust Covariance Estimation

In this subsection, we give a near sample-optimal efficient robust estimator for the covariance of
a zero-mean Gaussian density, thus proving Theorem 3.3. Our algorithm is essentially identical
to the filtering algorithm given in Section 8.2 of [DKK™16]. As in Section the only difference
is a weaker definition of the “good set of samples” (Definition [5) and a concentration argument
(Lemma [3) showing that a random set of uncorrupted samples of the appropriate size is good with
high probability. Given these, the analysis of this subsection follows straightforwardly from the
analysis in Section 8.2 of [DKK™16| by plugging in the modified parameters.

The algorithm FILTER-GAUSSIAN-UNKNOWN-COVARIANCE to robustly estimate the covariance
of a mean 0 Gaussian in [DKK™16] is as follows:

Algorithm 3 Filter algorithm for a Gaussian with unknown covariance matrix.
1: procedure FILTER-GAUSSIAN-UNKNOWN-COVARIANCE(S', g, 7)
input: A multiset S’ such that there exists an (e,7)-good set S with A(S,S") < 2e
output: Either a set S” with A(S,S”) < A(S,S’) or the parameters of a Gaussian G’ with
drv(G,G') = O(clog(1/¢)).
Let C' > 0 be a sufficiently large universal constant.

Let ¥ be the matrix Exe,s[XX7] and let G’ be the mean 0 Gaussian with covariance
matrix X',

if there is any € S’ so that 27 (X/) "1z > Cdlog(|S’|/7) then

return S” = S' — {z : 2T (X) "1z > Cdlog(|S'|/7)}.

end if

Compute an approximate eigendecomposition of ¥ and use it to compute X’ —1/2

Let x(y), ..., 7 g be the elements of .

»

Fori=1,...,|5, let yq) = E’_l/z:p(i) and z(;) = y(®)2

9. Let Ty = —I"I’T + (1|5 S2¥ 2(5)% -

10: Approximate the top eigenvalue \* and corresponding unit eigenvector v* of Tqr..
11: Let p*(z) = %((E’*l/zx)Tv*ﬁ(Z'*l/Qa:) — tr(v*h))

12: if \* < (1+ Ce 10g2(1/6))QG1(p*) then

13: return G’

14: end if

15: Let p be the median value of p*(X) over X € 5.
16: Find a T > C’ so that

XPrS (Ip*"(X) —p| > T+ 4/3) > Tail(T,d,e, 7)
Eus’

17: return 8" ={X € 5" : |p*(X) — u| < T}.
18: end procedure

In [DKK*16|, we take Tail(T, d, e, 7) = 12 exp(—T)+3¢/(dlog(N/7))?, where N = O((dlog(d/e7))¢/e?)
is the number of samples we took there.
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To get a near sample-optimal algorithms, we will need a weaker definition of a good set. To
use this, we will need to weaken the tail bound in the algorithm to Tail(T, d, e, 7) = ¢/(T? log?(T)),
when T' > 10log(1/e). For T' < 10log(1/e), we take Tail(T,d,e,7) = 1 so that we always choose
T > 10log(1/e). It is easy to show that the integrals of this tail bound used in the proofs of Lemma
8.19 and Claim 8.22 of [DKK™16] have similar bounds. Thus, our analysis here will sketch that
these tail bounds hold for a set of Q(d?log®(d/eT)/e?) samples from the Guassian.

Firstly, we state the new, weaker, definition of a good set:

Definition 5. Let G be a Gaussian in R? with mean 0 and covariance ¥.. Let € > 0 be sufficiently
small. We say that a multiset S of points in R is e-good with respect to G if the following hold:

1. Forallz € S, "Y'z < d+ O(v/dlog(d/e)).
We have that ||S~1/2Cov(S)2~Y2 — I||p = O(e).
For all even degree-2 polynomials p, we have that Var(p(S)) = Var(p(G))(1 4+ O(e)).

e e

For p an even degree-2 polynomial with E[p(G)] = 0 and Var(p(G)) = 1, and for any T >
10log(1/e) we have that

Pr (Ip(@)| > T) < /(T log?(T)).

TELS

It is easy to see that the algorithm and analysis of [DKKT16] can be pushed through using the

above weaker definition. That is, if S is a good set, then G can be recovered to O(a) error from an
e-corrupted version of S. Our main task will be to show that random sets of the appropriate size
are good with high probability.

Proposition 3. Let N be a sufficiently large constant multiple of d*log®(d/e)/e?. Then a set S of
N independent samples from G is e-good with respect to G with high probability.

Proof. First, note that it suffices to prove this when G = N (0, I).

Condition [1| follows by standard concentration bounds on ||z||3.

Condition [2| follows by estimating the entry-wise error between Cov(S) and I.

Condition |3] is slightly more involved. Let {p;} be an orthonormal basis for the set of even,
degree-2, mean-0 polynomials with respect to G. Define the matrix M; ; = E,c, s[pi(z)p;(x)] — 6; ;.
This condition is equivalent to || M||2 = O(e). Thus, it suffices to show that for every v with ||v||2 = 1
that vT Mv = O(e). It actually suffices to consider a cover of such v’s. Note that this cover will be
of size 20(@) For each v, let p, = >, vipi. We need to show that Var(p,(S)) =1+ O(e). We can
show this happens with probability 1 — 2_Q(d2), and thus it holds for all v in our cover by a union
bound.

Condition [] is substantially the most difficult of these conditions to prove. Naively, we would
want to find a cover of all possible p and all possible T', and bound the probability that the desired
condition fails. Unfortunately, the best a priori bound on Pr(|p(G)| > T') are on the order of
exp(—T'). As our cover would need to be of size 28* or so, to make this work with T' = d, we would
require on the order of d® samples in order to make this argument work.

However, we will note that this argument is sufficient to cover the case of T' < 101og(1/¢) log?(d/¢).

Fortunately, most such polynomials p satisfy much better tail bounds. Note that any even, mean
zero polynomial p can be written in the form p(z) = 27 Az — tr(A) for some matrix A. We call
A the associated matrix to p. We note by the Hanson-Wright inequality that Pr(|p(G)| > T') =
exp(—Q(min((T/||A||r)?, T/||Al|]2))). Therefore, the tail bounds above are only as bad as described
when A has a single large eigenvalue. To take advantage of this, we will need to break p into parts
based on the size of its eigenvalues. We begin with a definition:
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Definition 6. Let Py, be the set of even, mean-0, degree-2 polynomials, so that the associated matrix
A satisfies:

1. rank(A) <k
2 |4l < 1/VF.
Note that for p € Py that |p(z)| < |=|2/VE + VE.

Importantly, any polynomial can be written in terms of these sets.

Lemma 12. Let p be an even, degree-2 polynomial with E[p(G)] = 0,Var(p(G)) = 1. Then if
t = |logy(d)], it is possible to write p = 2(p1 + p2 + ... + pat + pa) where py, € Py.

Proof. Let A be the associated matrix to p. Note that ||A||p = Varp = 1. Let Ay be the matrix
corresponding to the top k eigenvalues of A. We now let p; be the polynomial associated to A;/2,
p2 be associated to (A — A1)/2, psy be associated to (A4 — A2)/2, and so on. It is clear that
p=2(p1+p2+...+pat +pg) It is also clear that the matrix associated to pj has rank at most
k. If the matrix associated to py had an eigenvalue more than 1/ V'k, it would need to be the case
that the k/2"? largest eigenvalue of A had size at least 2/ Vk. This is impossible since the sum of
the squares of the eigenvalues of A is at most 1.

This completes our proof. O

We will also need covers of each of these sets Py.

Lemma 13. For each k, there exists a set C, C Py, so that

1. For each p € Py, there exists a q € C, so that ||p(G) — q¢(G)||2 < (g/d)2.
2. |Ck| _ 20(dklog(d/s))‘

Proof. We note that any such p is associated to a matrix A of the form A = Zle )\iviviT,
\; € [0,1/VE] and v; orthonormal. Tt suffices to let ¢ correspond to the matrix A’ = Zle piw;wl
for with |\; — pi| < (¢/d)? and |v; — w;| < (¢/d)3 for all i. It is easy to let p; and w; range over
covers of the interval and the sphere with appropriate errors. This gives a set of possible ¢’s of
size 20(dklog(d/e)) a5 desired. Unfortunately, some of these ¢ will not be in P as they will have
eigenvalues that are too large. However, this is easily fixed by replacing each such ¢ by the closest
element of Py. This completes our proof. O

for

We next will show that these covers are sufficient to express any polynomial.

Lemma 14. Let p be an even degree-2 polynomial with E[p(G)] = 0 and Var(p(G)) = 1. It is
possible to write p as a sum of O(log(d)) elements of some Cj, plus another polynomial of L? norm
at most €/d.

Proof. Combining the above two lemmas we have that any such p can be written as
t
p=(q+p)+(@2+p)+.. (g2 +p2)+(@a+p) =1 +aq+...+¢ +¢"+1,

where g above is in Cp, and ||pr(G)||2 < (¢/d)?. Thus, p’ = p1 + p2 + ...+ pat + pg has ||p'(G)]2 <
(e/d). This completes the proof. O
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The key observation now is that if [p(x)| > T for ||z||2 < \/d/e, then writing p = q1 + g2 + g4 +
...+ qq+p' as above, it must be the case that |gx(z)| > (T —1)/(2log(d)) for some k. Therefore,
to prove our main result, it suffices to show that, with high probability over the choice of S, for
any T > 10log(1/e)log?(d/e) and any q € Cy for some k, that Prye, s(lg(z)| > T/(2log(d))) <
/(272 1og?(T) log(d)). Equivalently, it suffices to show that for T > 10log(1/e)log(d/e) it holds
Proc,s(lg(z)| > T/(2log(d))) < e/(2T%log?(T)log?(d)). Note that this holds automatically for
T > (d/e), as p(z) cannot possibly be that large for ||z|2 < y/d/e. Furthermore, note that losing a
constant factor in the probability, it suffices to show this only for T" a power of 2.

Therefore, it suffices to show for every k < d, every ¢ € Cp and every d/ Ve > T >
log(1/€)log(d/e) that with probability at least 1 — 2-2(@1o8(d/2) gyer the choice of S we have
that Prye,s(|¢(z)] > T) < ¢/(T?log*(d/¢)). However, by the Hanson-Wright inequality, we have
that

Pr(g(G)| > T) = exp(~Qmin(T%, TVE))) < (¢/(T log!(d/e)))? .

Therefore, by Chernoff bounds, the probability that more than a e/(T?log*(d/¢))-fraction of the
elements of S satisfy this property is at most

exp(—Q(min(T%, TVE))[S|e/(T? log!(d/¢))) = exp(—Q(|S|e/ (log" (/<)) min(L, VE/T)))

< exp(—Q(|S|e?/ (log*(d/e))k/d))
< exp(—Q(dklog(d/¢))) ,

as desired.
This completes our proof. O

2 Omitted Details from Section 5

2.1 Full description of the distributions for experiments

Here we formally describe the distributions we used in our experiments. In all settings, our goal
was to find noise distributions so that noise points were not “obvious” outliers, in the sense that
there is no obvious pointwise pruning process which could throw away the noise points, which still
gave the algorithms we tested the most difficulty. We again remark that while other algorithms had
varying performances depending on the noise distribution, it seemed that the performance of ours
was more or less unaffected by it.

Distribution for the synthetic mean experiment Our uncorrupted points were generated by
N (u, I), where p is the all-ones vector. Our noise distribution is given as

1 1

N = -II; + =11, ,

21T
where II; is the product distribution over the hypercube where every coordinate is 0 or 1 with
probability 1/2, and II5 is a product distribution where the first coordinate is ether 0 or 12 with equal
probability, the second coordinate is —2 or 0 with equal probability, and all remaining coordinates
are zero.

Distribution for the synthetic covariance experiment For the isotropic synthetic covariance
experiment, our uncorrupted points were generated by A(0, I), and the noise points were all zeros.
For the skewed synthetic covariance experiment, our uncorrupted points were generated by N (0, I+
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10616{), where e; is the first unit vector, and our noise points were generated as follows: we took
a fixed random rotation of points of the form Y; ~ II, where II is a product distribution whose
first d/2 coordinates are +0.5 with probability 1/2, and whose next d/2 — 1 coordinates are each
0.8 x A;, where for each coordinate i, A; is an independent random integer between —2 and 2, and
whose last coordinate is a uniformly random integer between [—10, 10].

Setup for the semi-synthetic geographic experiment We took the 20 dimensional data
from [NJBT08|, which was diagonalized, and randomly rotated it. This was to simulate the higher
dimensional case, since the singular vectors that [NJBT08| obtained did not seem to be sparse or
analytically sparse. Our noise was distributed as II, where II is a product distribution whose first
d/2 coordinates are each uniformly random integers between 0 and 2 and whose last d/2 coordinates
are each uniformly randomly either 2 or 3, all scaled by a factor of 1/24.

2.2 Comparison with other robust PCA methods on semi-synthetic data

In addition to comparing our results with simple pruning techniques, as we did in Figure 3 in the
main text, we also compared our algorithm with implementations of other robust PCA techniques
from the literature with accessible implementations. In particular, we compared our technique with
RANSAC-based techniques, LRVCov, two SDPs (JCLMW11l, XCS10]) for variants of robust PCA,
and an algorithm proposed by [CLMWII]| to speed up their SDP based on alternating descent. For
the SDPs, since black box methods were too slow to run on the full data set (as [CLMW11] mentions,
black-box solvers for the SDPs are impractical above perhaps 100 data points), we subsample the
data, and run the SDP on the subsampled data. For each of these methods, we ran the algorithm
on the true data points plus noise, where the noise was generated as described above. We then take
the estimate of the covariance it outputs, and project the data points onto the top two singular
values of this matrix, and plot the results in Figure [I]

Similar results occurred for most noise patterns we tried. We found that only our algorithm
and LRVCov were able to reasonably reconstruct Europe, in the presence of this noise. It is hard to
judge qualitatively which of the two maps generated is preferable, but it seems that ours stretches
the picture somewhat less than LRVCov.
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Figure 1: Comparison with other robust methods on the Europe semi-synthetic data. From left to
right, top to bottom: the original projection without noise, what our algorithm recovers, RANSAC,
LRVCov, the ADMM method proposed by [CLMW11], the SDP proposed by [XCS10| with subsam-
pling, and the SDP proposed by [CLMW11] with subsampling.
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