A Miscellaneous Results and Supporting

A.1 Properties of Stable Distributions

We will use the following property of stable distributions:

Lemma A.1. [Noli8] For fixed 0 < p < 2, the probability density function of a p stable distribution
is O(|z|~P~1) for large |z|.

By integrating the tail bound from the previous result, we get the following simple corollary.
Corollary A.2. For fixed 0 < p < 2 and Z ~ Stab(p) and t large:

P{|Z| >t} = O(tP).

A.2 Probability and High-dimensional Concentration Tools

We recall here standard definitions in empirical process theory from [[Ver18].
Definition A.3 (¢-net [Verl8]). Let (T, d) be a metric space, X' C T and € > 0. Then, a subset

N C K is an e-net of K if very point in K is within a distance of € to some point in A/. That is:
Ve e K,y e N :d(z,y) <e.

From this, we obtain the definition of a covering number:

Definition A.4 (Covering Number [Ver18]]). Let (7', d) be a metric space, K C T and ¢ > 0. The
smallest possible cardinality of an e-net of K is called the covering number of K and is denoted by

N(K,d,e).

In the most general set up, we also recall the definition of a covering number.
Definition A.5 (Packing Number [[Ver18])). Let (T, d) be a metric space, K C T and & > 0. A subset

P of T is e-separated if for all z,y € P, we have d(x,y) > €. The largest possible cardinality of an

e-separated set in K is called the packing number of K and is denoted by P(K, d, ¢).

We finally recall the following simple fact relating packing and covering numbers.

Lemma A.6 ([Ver18]). Let (T, d) be a metric space, K C T and € > 0. Then:
P(K,d,2) < N(K,d,¢) < P(K,d,e).

In all our applications, we will take d(-, -) to be the Euclidean distance and the sets K will always be
¢, balls for 0 < p < 2. The following lemma follows from a standard volumetric argument.

Lemma A.7. Let K =S¥ for0 < p < 2and 0 < & < 1. Then, we have:

N
N e < (2
Proof. Note from[Lemma A.6|that it is sufficient to prove:

puc e < ()

Let T be any e-separated setin K and let 7. = {z : Jy € T, ||z — y||2 < £/2}. Note from the
triangle inequality and the fact that 7' is e-separated, that for any point x € T, there exists a unique
point y € T, such that |z — y||2 < £/2. Now, for any point = € SZ, we have:

d d
lzl3 =D laif® <Y JailP =1
i=1 i=1
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where the inequality follows from the fact that |x;| < 1. Therefore, we have T' C B2(0, 1, d) where
By(x,r,d) = {y € R : ||y — z|| < r}. From this, we obtain from the triangle inequality that
T. C B2(0,1 + £/2,d). From the fact that the sets B (z,</2, d) and Bs(y, £/2, d) are disjoint for
distinct x,y € T', we have:

Vol (%) = |T| Vol (Ba(0,£/2,d)) < Vol (Bo(0, 1 + £/2, d)).

By dividing both sides and by using that fact that Vol (B2 (0,1, d)) = 14 Vol (B2(0, 1, d)), we get:

<< ()

as € < 1 and this concludes the proof of the lemma. O

We will also make use of Hoeffding’s Inequality:

Theorem A.8. [BLMI3] Let X1,..., X, be independent random variables such that X; € [a;, b;]
almost surely for i € [n] and let S =" | X; — E[X;]. Then, for everyt > 0:

P{S >t} < ( 2t? >
ZiysexXpl —=m 77— 3 )
iz (bi — ai)?
We will also require the bounded differences inequality:

Theorem A.9. [BLMI3|] Let {X; € X}, be n independent random variables and suppose
f: X" — R satisfies the bounded differences condition with constants {c;}_;; i.e f satisfies:

Vi e [’I”L] : sup X|f($1a"'axn) - f(xlv"'vx;;w'wxn” S Ci.
L1y, T €
' T,EX

Then, we have for the random variable Z = f(X1,..., X,):

2
n c

where v = =1L,

We also present the Ledoux-Talagrand Contraction Inequality:

Theorem A.10 ([LT11]). Let X1,...,X, € X be i.i.d. random vectors, F be a class of real-valued
functions on X and oy, . .., 0, be independent Rademacher random variables. If ¢ : R — R is an
L-Lipschitz function with $(0) = 0, then:

Esup Y oid(f(X;)) <2L-Esup Y o, f(Xy).

feFr =1 feria

B ADE Data Structure for Euclidean Case

Algorithm 3 Compute Data Structure (Euclidean space, based on [JL84]])

Input: Data points X = {z; € R%}"_,, Accuracy e, Failure Probability

m e © (%),1 < O ((d+1og(1/3)))

For j € [l], let IT; € R™*% be such that each entry is drawn iid from A/(0, 1/m)
Output: D = {II;, {II;z; ?:1}§-:1

15



Algorithm 4 Process Query (Euclidean space, based on [JL84])
Input: Query Point ¢, Data Structure D = {IL;, {IL,2;}7_; }é»:l, Failure Probability &
r < O(logn + log 1/0)
Sample j1, . . . j, iid with replacement from [{]
Fori € [n], k € [r], lety; 1 + |1, (¢ — )|
For i € [n], let d; + Median({y; 1. };_,)
Output: {d;}",

In this section we show that logarithmic factors may be improved in an ADE for Euclidean space
specifically. Our main theorem of this section is the following.

Theorem B.1. For any 0 < § < 1 there is a data structure for the ADE problem in Euclidean
space that succeeds on any query with probability at least 1 — §, even in a sequence of adap-
tively chosen queries. Furthermore, the time taken by the data structure to process each query
is O (e7%(n+d)logn/é), the space complexity is O (¢~2(n+ d)(d +log1/6)), and the pre-
processing time is O (e ~*nd(d + log 1/6)).

In the remainder of this section, we prove [Theorem B.1] We start by introducing the formal guarantee
required of the matrices, II;, returned by |Algorithm 3

Definition B.2. Given ¢ > 0, we say a set of matrices {II; € Rde}Ij:l is e-representative if:

l
Vol =1:) 1{(1—¢) < [[Wv| < (1+¢)} > 0.9L.

Jj=1

Intuitively, the above definition states that for any any vector, v, most of the projections, II;v,
approximately preserve its length. In our proofs, we will often instantiate the above definition by
setting v; = ﬁ, for a query point ¢ and a dataset point x;. As a consequence the above definition,
this means that most of the projections IT; (¢ — x;) have length approximately ||¢ — z;||. By using
standard concentration arguments this also holds for the matrices sampled in and the
correctness of follows. The following lemma formalizes this intuition:

Lemma B.3. Lete > 0and 0 < § < 1. Then, Eléorithm 4, when given as input query point ¢ € RY,

D = {1, {Ix; }j=, Y., for an e-representative set of matrices {11;}}_,, & and § outputs a set of

estimates {d;}}'_, satisfying:

Vi€ n]:(1-e)llg—ail <di < (L+e)llg — i

with probability at least 1— 6. Furthermore, |Algorithm 4|runs in time O ((n + d)m(logn + log 1/4)).

Proof. We will first prove that d; is a good estimate of ||¢ — ;|| with high probability and obtain
the guarantee for all ¢ € [n] by a union bound. Now, let i € [n]. From the definition of d;, we see
that the conclusion is trivially true for the case where ¢ = x;. Therefore, assume that ¢ # x; and let

v = Hg:? 7- From the fact that {I1;}}_, is e-representative, the set 7, defined as:

T={:(1—2) < M) < (1+2)}

has size at least 0.9]. We now define the random variables ; ,, = ||IL;, v|| and Z; = Median{g; 1. }%_,
with 7, {ji}7_, defined in |Algorithm 4L We see from the definition of d; that d; = ||¢ — ;|| Z;.
Therefore, it is necessary and sufficient to bound the probability that Z; € [1 — &,1 + £]. To do
this, let Wy, = 1{ji, € J} and W = >, _| W. Furthermore, we have E[W] > 0.97 and since
Wi, € {0, 1}, we have by Hoeffding’s Inequality (Theorem A.8):

2(0.3r)?
P{W <0.6r} <exp (—(OTST)) < %
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from our definition of r. Furthermore, for all £ such that j; € J, we have:

l—e<ygr<l+e

Therefore, in the event that W > 0.6r, we have (1 — ¢) < Z; < (1 + ¢). Hence, we get:

- )
P{A-ollg—mill <d < Q+e)lg—zif}>1- .

From the union bound, we obtain:

P{vi:(1—e)lg—zll < < (1 +e)llg—mill} =16

This concludes the proof of correctness of the output of The runtime guarantees follow
from the fact that the runtime is dominated by the cost of computing the projections 11, v and the

cost of computing {y; 1}, €[n],ke[r) Which take time O(dmr) and O(nmr) respectively. O

Therefore, the runtime of [Algorithm 4, is determined by the dimension of the matrices, II;. The
subsequent lemma bounds on this quantity as well as the number of matrices, /. In our proof of
the following lemma, we use recent techniques developed in the context of heavy-tailed estimation
[LM19, MZ18] to obtain sharp bounds on both [ and m avoiding extraneous log factors.

Lemma B4. Let 0 < £,0 < 0 < 1 andm, ! be defined as inlAlgorithm 3| Then, the output {I1;},_,
of [Algorithm 3|satisfies:

l
Vol =1:> 1{(1—¢) < | < (1+2)} > 0.9
j=1

with probability at least 1 — 0. Furthermore, |Algorithm 3|runs in time O(MM(ml, d, n)).

Proof. We must show that for any 2 € RY, a large fraction of the I1; approximately preserve its length.
Concretely, we will analyze the following random variable where [, m are defined in|Algorithm 3

l
— . 27
Z—lgllfgggl{lllﬂﬂll 1> e}

Intuitively, Z searches for a unit vector v whose length is well approximated by the fewest number of
sample projection matrices IT;. We first notice that Z satisfies a bounded differences condition.
Lemma B.5. Let k € [I], I}, € R™*? and Z' be defined as:
7' = max 1{||[I}v|? - 1| > e} + Z 1{||[Lv]|> = 1] > €} .
f[v]l=1 15541
i#k

Then, we have:
|Z - 7' < 1.

Proof. LetY;(v) = 1 {||IL;v]|? — 1| > e} and Y/ (v) = 1 {|||[I}v||*> — 1| > &}. The proof follows
from the following manipulation:
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Z—7Z"=max Y Y;(v)— max Y](v Z Y;(v

= j=1 llvli=1 1<j<
J= <j<li

itk

< o 32V (0) - Y0 - 3 ¥

= mex Yi(v) - Vi(v) <1

Through a similar manipulation, we get Z’ — Z < 1 and this concludes the proof of the lemma. [

As a consequence of [Theorem A.9, it now suffices for us to bound the expected value of Z.

Lemma B.6. We have E[Z] < 0.05.

Proof. We bound the expected value of Z as follows, using an approach of [LM19] (see the proof of
their Theorem 2):

1
ElZ] < —-E | max IL;v 2.1
2)< 2B | mao §:||| 21
l
1
< |E ﬁ@:mn ol — 1|~ Bl [To] ~ 1] | + ImaxE [||Te]> ~ 1]

where {H' =1, II are mutually independent and independent of {I1; }5»:1 with the same distribution.
We first bound the second term in the above display. We have for all ||v] = 1:

E [J|]* — 1] <

where w; ~ N (0, I/m) are the rows of the matrix II. For the first term, we have:
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l
En, | max Y |[|0)2 — 1] — Eny [[II0]2 — 1]]

et
En,,m HmHax ZIHH ol = 1] = [|[ITv]|* - 1]
l iid
=En, 1.0, ﬁﬁ?_}iz"j (IMLwl* = 1] = [|Tw]|* — 1]) o~ {£1}
Tg=1

< 2En, o, ”rrluaxlzoj|||ﬂjv||2 —1

< 4En, o, i 12% IL0]* ~ 1) Theorem A.10

= 4En, o, m_xlzaj (ol = 1) = By, (el - 1])
% 2

< 4B, 11,0, Hmnaxlzag ((Iml* = 1) = (o) - 1))

l

= 4En, Z (Mo = 1) = (IWo[* - 1))

l l
12 , N 1012
0] — 1) +4Enj max > (ITol* ~

Jj=1

N

&

jam}
=B
Il

< 8IEq,

i 1HTH
l - 40

1 T
where the final inequality follows from the fact that % is the empirical covariance matrix of
ml standard gaussian vectors and the final result follows from standard results on the concentration
of empirical covariance matrices of sub-gaussian random vectors (See, for example, Theorem 4.6.1
from [Ver18]]) From the previous two bounds, we conclude the proof of the lemma. O]

Now we complete the proof of[Lemma B.4. From|[Lemmas B.5 and[B.6 and [Theorem A.9, we have
with probability at least 1 — §:

l
Vol =1: ) 1 {||Tu|* = 1] < e} > 0.9L.
j=1

Now, condition on the above event. Let |[v|| = 1 and let 7 = {j : |||IL;v||? — 1| < e}. Forj € J:

l—e<|Io|> <14+e = 1-—¢e< ||| <1+e.

This concludes the proof of correctness of the output of The runtime guarantees follow
from our setting of m, [ and the fact that the runtime is dominated by the time taken to compute
Iz, for j € [l] and ¢ € [n] which can be done by stacking the projection matrices into a single
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large matrix IT = [IT] I1J ...II, ] T and performing a matrix-matrix multiplication with the matrix
containing the data points along the columns.

O

and[B.4now imply [Theorem B.T. An algorithm satisfying the guarantees of[Theorem B.1
follows by first constructing a data structure, D, using [Algorithm 3] with failure probability set to

§/2 and accuracy requirement set to £. Each query can now be answered by [Algorithm 4| with D by
setting the failure probability to /2. The correctness and runtime guarantees of this construction
follow from [Lemmas B.3and B4 and the union bound.

O

C Lower Bound

Here we show that any Monte Carlo randomized data structure for handling adaptive ADE queries
in Euclidean space with > 1/2 success probability needs to use Q(nd) space. Since this will be
a lower bound on the space complexity in bits yet thus far we have been talking about vectors in
R?, we need to make an assumption on the precision being used. Fix n € (0,1/2) and define

B, = {z € R? : ||lz||s < 1,Vi € [d], =, is an integer multiple of /+/d}. That is, B, is the
subset of the Euclidean ball in which all vector coordinates are integer multiples of 7/ \/d for some
n € (0,1/2). We will show that the lower bound holds even in the special case that all database and

query vectors are in I3,,.
Lemma C.1. Vn € (0,1/2), |B,| = exp(©(dlog(1/n)))

Proof. A proof of the upper bound appears in [AK17]. For the lower bound, observe that if z; =
cin/Vdforc; € {0,1,...,|1/n]}, then ||z|2 < 1so thatz € B,. Thus |B,| > [1/n]%. O

We now prove the space lower bound using a standard encoding-type argument.

Theorem C.2. Fixn € (0,1/2). Then any data structure for ADE in Euclidean space which always
halts within some finite time bound T when answering a query, with failure probability § < 1/2 and
e € (0,1), requires Q(ndlog(1/n)) bits of memory. This lower bound holds even if promised that all
database and query vectors are elements of B,,.

Proof. Let D be such a data structure using S bits of memory. We will show that the mere existence
of D implies the existence of a randomized encoding/decoding scheme where the encoder and decoder
share a common public random string, with Enc : B? — {0,1}°. The decoder will succeed with
probability 1. Thus encoding length s needs to be at least the entropy of the input distribution,
which will be the uniform distribution over B}, and thus S > [nlog, |B,|], which is at least

’r]’
Q(ndlog(1/n)) by|Lemma C.1.

We now define the encoding: we map X = (x;), € B; to the memory state of the data structure
after pre-processing with database X (this memory state is random since the pre-processing procedure
may be randomiezd). The encoding length is thus S bits. We now give an exponential-time decoding
algorithm which can recover X precisely given only Enc(X). To decode, we iterate over all ¢ € B,
to discover which z; equal ¢ (if any). Note ||¢ — z;|2 = 0iff ¢ = z;, and thus a multiplicative
1 + e-approximation to all distances would reveal which z; are equal to ¢. To circumvent the nonzero
failure probability of querying the data structure, we simply iterate over all possibilities for the
random string used by the data structure (since D runs in time at most 7" it always flips at most T'
coins, and there are at most 27 possibilities to check). Since the failure probability is at most 1/2,
the estimate of ¢ to x; will be zero more than half the time iff ¢ = z;. O]
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