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Approximate Nearest Neighbors Beyond Space Partitions®

Alexandr Andonif

Abstract

We show improved data structures for the high-dimensional
approximate nearest neighbor search problem (ANN) for ¢,
distances for “large” values of p and for generalized Ham-
ming distances. The previous best data structures proceeded
by embedding a metric of interest into the ¢~ space or an
f~o-direct sum with simple summands, and then using data
structures of Indyk (FOCS 1998, SoCG 2002) for £..-ANN.
In contrast to this, we bypass the embedding step and pro-
ceed by extending the technique underlying the /-, data
structures to handle ¢, and generalized Hamming distances
directly. The resulting data structures are randomized, in
contrast to Indyk’s result for £oo-ANN, and replicate input
points, in contrast with Locality Sensitive Hashing. This
leads to ANN data structures with significantly improved
approximations over those implied by embeddings, as well
as those obtained using all known approaches based on ran-
dom space partitions. .

1 Introduction

The c-approzimate near neighbor problem (ANN, from
now on) is defined as follows. Given a dataset P of
n points lying in a metric space M = (X,dx) and a
parameter » > 0, build a data structure that, given
a query point ¢ € X within distance at most r from
the dataset P, returns any data point within distance
cr from the query q. The ANN problem has a wide
range of applications (see [13] [3] for an overview), and
at the same time, gives rise to a vast array of theoretical
literature (see surveys [0l [4] as well as theses [I],27]). In
this paper, we focus on the high-dimensional case of the
ANN problem, where we allow the parameters of a data
structure to depend on the “dimension”[l] of the metric

" *Some of the proofs are deferred to the full version.
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IDepending on the context, dimension can be defined differ-
ently, but generally captures the description size of the query. If
X is finite, the dimension is commonly defined as log | X|. If M
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space M only polynomially.
In 1998, two seminal works on high-dimensional
ANN were published:

1. Indyk and Motwani [21] [I6] formulated a general
framework based on random space partitions of the
ambient metric space (termed Locality-Sensitive
Hashing or LSH), and used it to obtain ANN data
structures for ¢; and /o distances;

2. Indyk [17) [I8] showed a deterministic data struc-
ture for the ¢, distance based on a certain geo-
metric decomposition procedure which is notably
not a space partition. Later in 2002, Indyk fur-
ther extended this result [I9] to handle ¢..-direct
sums, where the summands admit efficient ANN
data structures.

The paper of Indyk and Motwani [21] pioneered the
use of randomized space partitions for ANN, and has
since become the foundation of an immense body of
work. Since then, the quality of (data-obliviouis and
data-dependent) random space partitions for ¢; and
¢y has improved, various extensions of [2I] have been
explored, and a number of impossibility results have
been proved (for an overview, we refer to the recent
survey [6]).

The key insight of [21I] is to design a distribution
over space partitions of ¢1/¢5, such that the following
event occurs with non-negligible probability: the (un-
known) query point ¢ and the near neighbor p € P,
which are within distance r, lie in the same part of the
partition, while only a negligible fraction of points in
P which are farther than cr from ¢ fall in the same
part as qE| During preprocessing, the data structure
samples a random partition from the distribution and
places dataset points into their corresponding parts; on
a query, the data structure scans through the part of
the partition where ¢ lies, and outputs an approximate
near neighbor if one is found (which is guaranteed to

is a normed space defined on R?, then the dimension is d. If M
is a Riemannian manifold, then the dimension of M is a part of
the definition etc.

2In particular, [2I] set parameters so that at most O(1) points
from P which are farther than ¢r from ¢ fall in the same part as

q
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occur if the event holds). We note that the polynomial
space and time overhead comes from repeating the data
structure in order to increase the success probability.

For metric spaces beyond ¢; and /5, this approach
of ANN via randomized space partitions has been
vastly generalized to yield state-of-the-art ANN data
structures for general d-dimensional normed spaces.
The generalization follows from building a distribution
over space partitions from an upper bound on the
metric spectral gap [25] 26]; however, even for f,
the approach fails to give an approximation better
than O(logd). In constrast, the data structure of [17]
achieves approximation O(loglogd) for £, thus, the
landscape of ANN data structures for general metric
spaces (even for general normed spaces) is far from being
understood completely.

On a technical level, the data structure for £, of
[18] is fundamentally different. Most notably, the poly-
nomial space overhead is inherent throughout the entire
execution since points are constantly being replicatedﬂ
and the data structure is fully deterministic (see Sec-
tion[1.2.1]for a more detailed discussion). Because of the
universality of ¢, and product spaces, the data struc-
tures of Indyk [I7, [I8] [I9] has enabled a number of new
ANN results: for Hausdorff [14], Frechet [19], edit [20],
Ulam distances [5], ¢, norms [I], and general symmet-
ric norms [9]. However, the main contributions of these
papers are in their use of metric embeddings as reduc-
tions to the £, case; the insights of [I8, [19] are applied
in a black-boz fashion. This state of affairs is somewhat
unsatisfactory both from the conceptual level, as well as
from the quantitative point of view. In particular, one
may hope to bypass the embedding step altogether and
obtain better data structures by using the (extension
of) techniques from [I8] [19] for geometries other than
loo.

In this paper, we make the first step towards
that goal. We develop techniques for designing ANN
data structures extending [I8 19], going beyond the
approach of space partitions. We obtain improved ANN
data structures for two metric spaces of interest: for
£, distances for “large” values of p and for generalized
Hamming distances, defined as the ¢;-direct sum of
several copies of a “small” metric space. The new data
structures proceed by far-reaching generalizations of the
Indyk’s approach.

1.1 Results We obtain improved ANN data struc-
tures for two classes of metrics.

3In this precise sense, the data structure for £oo is not based

on space partitions.

¢, distances. Below is the main result that we
show for ANN over ¢/, norms.

THEOREM 1.1. Fizd € N, o € (0,1/2]. For anyn € N
there exists a ANN data structure over Eg for n-point
datasets with space O(dn'™) and query time O(dn®),
achieving approximation:

c= 0, (logp -log/? d) .

To put our result in context, we compare to the best
known algorithms for ¢,. There are two incomparable
results from the prior work. The first one uses the ap-
proach of randomized space partitions from [8] [7] and
yields O(p) approximation; we note that this bound is
best possible via that approac}ﬂ The second one uses
a randomized embedding of the Kg norm into the ¢4
space using exponential random variables [I [10] and
then uses the ANN data structure for /o [I§], and
eventually yields a O(loglog d)-approximation. Hence
the former approach is better if p < loglogd, while
the reduction to £, is superior whenever p > loglogd.
Our Theorem improves the state-of-the art when-
ever logp - log®’?d < p (in particular, when p >
loglogd/(logloglogd)!=®, for arbitrary «). For in-
stance, if p = loglog d, then both of the previous results
give approximation around loglog d, while the approx-
imation obtained from Theorem is O(logloglogd).
We note that our data structure has exponential prepro-
cessing time (also the case for the O(p) approximation
from [8, [7])

Generalized Hamming distances. The Gener-
alized Hamming (GH) distance is defined as the ¢;-
direct sum of d copies of a finite metric space Z (which
we think of being small). More precisely, the space con-
sists of tuples (u1,us,...,uq), where u; € Z. The dis-
tance between two tuples is defined as follows:

d
d((u1,y ... uq), (v1,...,04)) = Zdz(ui,vi).

The GH distance is a generalization of the usual Ham-
ming distance, where Z is the uniform metric over a fi-
nite set, and has many natural applications where Ham-
ming distance over some finite alphabet does not cap-
ture well that some characters are more “similar” than
others (e.g., nucleotides or amino-acids [15]).

We prove the following theorem for ANN under the
Generalized Hamming distance.

THEOREM 1.2. Fizd € N, a finite metric space (Z,dy)
whose distances are between 1 and R € Rx>o, as well

Tt follows from the result of Matousek [24].
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as the parameter o € [0;1/2). For any n € N,
there exists a data structure for ANN over (}(Z) for
n-point datasets using space poly(d, R,|Z|) - n*** and
query time poly(d, R)-|Z[PoW(Rlog|Zl.1/a) .pe =g chieving
approximation:

(1.1) ¢ =0, (loglog|Z| 4+ log R) .

While there are no specialized algorithms for the
ANN under GH distance, the existing techniques yield
two different approaches, via random partitions and
via o, embeddings. First, one can obtain O(log|Z|)
approximation by embedding ¢{(Z) into ¢; using the
Bourgain’s embedding [12] and then using any ANN
under ¢; [6] (based on random space partitions). The
second approach obtains O(loglogn) approximation by
embedding ¢;(Z) into ¢+ (Z) using exponential random
variables [I [I0] and then using ANN under f..-direct
sums of simple metrics [I9]. Our Theorem above
obtains approximation O(loglog |Z]), for the case when
aspect ratio R is bounded by poly(log |Z | which yields
exponential improvement over what can be obtained
using space partitions. Crucially, our approximation is
independent of n and d, unlike the reduction to £ (7),
and is thus better for the case of a fairly small metric
Z.

Let us note as a side remark, that it is likely that the
approximation O(loglogd) is tight for £..-ANN [2] 22].
Thus, it is unlikely one can obtain our results merely by
improving the £, data structures.

1.2 Techniques

1.2.1 List decompositions The main technical in-
gredient in the work of Indyk [I8] is a decomposition
lemma that shows that any n-point dataset P C R?
without a dense cluster of points can be decomposed in
a way that allows building a decision tree for the ANN
problem with low space and time complexity. Specif-
ically, if no subset of P of diameter A = O(loglogd)

contains more than 7 points, then P can be covered

with disjoint sets L, My, My, R C R such that

e the sets are basis-aligned slabs, i.e., for some coor-
dinate k € [d], and some value 7, L = {x : ), < 7},
Mi={r:7<ap,<74+1}, Moy ={z:7+1<
2 <742}, R={z:xz >7+2}

e L and R each contain at least 1/(4d) fraction of the
points in P;

5Let us note that the hard example for the Bourgain’s theorem
is the shortest-path metric of a constant-degree expander, which

has logarithmic aspect ratio R.

e the middle slabs are not too large; in particular

|PN(LUM;UM))|?>+|PN(M,UM,UR)|* < n?

Then, a decision tree data structure recursively builds
two decision tree data structures for the (overlapping)
sets P| = Pﬂ(LUM1 UMQ) and P, = Pﬂ(Ml UMQUR).
Each set contains at most (1 — 1/(4d)) n points, which
implies a bound of O(dlogn) on the depth of the tree.
The upper bound |P;|? + |P;|? < n? implies that the
total space is O(n?). For a query point ¢, we query
the P; data structure if ¢ € L U M7, and we query P
otherwise. The definition of the sets guarantees that,
during this query procedure, ¢ is never separated from
any x € P such that ||z — ¢|jcc <1 (we consider r = 1).
If, on the other hand, P contains a dense cluster, then
we can store a single point from it, and recurse on points
outside of it. Let us note that the sets P, and P do
not form a partition of P, but, rather, they overlap, and
this is absolutely crucial for the overall result.

Our results build on this basic tool, and generalize
it in several directions. We consider decompositions
defined by a list £ of tuples (Lj, M;1, M;2, R;)5_;,
which induce overlapping sets P; = PN(L;UM;UM; o)
(for j < ¢), and P11 = PN(My,1UM; 2URy). The tuples
satisfy similar properties as above: |P;|/|P] is bounded
away from 1, Zfi |Pj|* < n?, and a description of
each P; can be efficiently stored. This structure defines
a natural decision tree, analogous to the construction
above. Working with lists allows a finer control of
the sizes of the P;. Additionally, we allow these list
decompositions to be randomized, and we allow the
query point g to be separated from a near neighbor x
with low probability. The randomization is crucial for
our results for generalized Hamming distances and ¢,
norms.

1.2.2 Generalized Hamming distances The data
structure for generalized Hamming distances combines
list decompositions with a coordinate sampling strategy,
thus drawing on techniques previously used for the £2
and ¢¢ norms. Recall that a generalized Hamming
distance is defined as ¢¢(Z2), i.e., the ¢;-product of d
copies of a finite metric Z. We assume that distances
between distinct points in Z lie in the interval [1, R].
As an initial building block, consider the special case of
ANN where near neighbors lie at distance r = ©(dR/c)
and ¢ = O(loglog|Z|) is the approximation factor. To
build a randomized list decomposition of an n-point set
P C 7%, we first sample a multiset S of m coordinates
in [d] and project the points in P to the coordinates in
S, treating this projected space as ¢7*(Z). A standard
application of Hoeffding’s inequality shows that, as
long as m is a large enough constant relative to c,
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any pair of points in ¢{(Z) have distances which are
approximately preserved with constant probability by
the projection. In particular, the distance between any
query point ¢ and a near neighbor x € P of ¢ is preserved
with constant probability. Moreover, if P does not
contain a dense cluster of radius cr, then, with constant
probability, the projection of P does not contain dense
clusters of slightly smaller radius. Assuming that P
does not contain a dense cluster, we may adapt Indyk’s
decomposition for ¢¢  to obtain a list decomposition
of the projected P C ¢7*(Z) into sets of size 15n/16.
The sets are defined as pre-images of shells in ¢7"(2),
and, since this is a metric space of size polynomial
in |Z|, membership can be decided efficiently. The
list decomposition separates a query point ¢ and its
near neighbor x only with small constant probability,
where all the randomness comes from the sampling of
coordinates. This list decomposition allows us to build
a randomized decision tree: if there is a dense cluster in
P, then we remember a single point in it, and recursively
build a decision tree for the points outside the cluster;
if there is no dense cluster, we recursively build decision
trees for all the sets defined by the list decomposition.

The construction above handles the case when far
points at distance cr are within a constant factor of
the maximal possible distance dR in ¢¢(Z). We reduce
the general case to this maximal distance case by
constructing a randomized embedding of ¢¢(Z) into
Eill(Y), where Y is a metric space with distances in
[1, R], and dy and |Y| are slightly larger than d and |Z|,
respectively. The embedding has constant distortion,
and maps pairs of points at distance cr in £{(Z) to
points at distance ©(dy/R). This allows us to use the
data structure for the maximal distance case, with the
number of coordinates m sampled depending also on R.

1.2.3 {, distances While the data structure for Zg
also relies on randomized list decomposition, the ran-
domization is not due to coordinate sampling. Similarly
to [8], we consider a distributional version of the prob-
lem, where a pair (x, q) of a query point ¢ € R¢ and a
dataset point @ that is a near neighbor of g (i.e., at dis-
tance at most 1 from it) is sampled from a distribution
i. At a high level, solving this distributional problem
for any distribution p will imply the randomized data
structure for the usual worst-case setting, via von Neu-
mann’s minimax theorem (see the proof of Theorem
for an illustration of this). We note, however, that his
black-box use of the minimax theorem gives data struc-
tures that require exponential time pre-processing of the
dataset, similarly to the data structures in [§].

To solve the distributional problem, it is sufficient to
construct a (deterministic) list decomposition £ for any

distribution p with left marginal p (i.e., the distribution
on dataset points) such that any set P; induced by L
has small measure with respect to p, the probability
that the pair (x,q) ~ u is separated is an arbitrarily
small constant, and the sets P; do not overlap too

much with respect to p, i.e., Zﬁ‘: p(P;)? < 1. In the
case of ¢4 Indyk’s decomposition guarantees such a
decomposition as long as there is no ball of radius A =
O(loglog d) whose measure is bigger than 1/2 under p.
Our goal is to, instead, get a decomposition assuming
that there is no ball of radius A = O((logp)(logd)*/?)
and measure 1/2 under p. This, however, appears to be
insufficient with our methods, and, instead, we prove
the existence of a good list decomposition assuming
that the marginal of p on any od coordinates, for
o = (1), does not contain a Egd ball of radius A
and measure 1/2. Despite this qualitatively stronger
assumption, we can still use the list decomposition to
build an efficient data structure. In particular, when
a list decomposition exists, we recursively build a data
structure on the sets defined by it. When one does not
exist, then the assumption is violated, and some od-
coordinate subspace contains a dense cluster; we can
then recurse on both the points outside the cluster,
and on the points inside the cluster, projected to the
remaining (1 — o)d coordinates. In both recursive calls,
we are making progress, either by decreasing the dataset
size, or decreasing the dimension of the problem. This
allows us to still bound the approximation factor, and
the space and time complexity of the data structure.

2 List Decompositions

This section sets up some of the main definitions we
will need in order to define and analyze the ANN data
structures. For now, we use X to denote an arbitrary
finite subset of points. It is useful to think of X as
a discretization of the universe from which the input
pointset will be drawn. In the following definitions it
will also be useful to think of the measure p as the
empirical measure of an n-point set P, i.e., the measure

given by p(z) = L for every z € P.

DEFINITION 2.1. (LI1ST DECOMPOSITIONS) Let p be a
probability distribution supported on X. For £ € N, a
list decomposition £ of length ¢ with respect to p is
given by a list of quadruples of disjoint subsets of X,
L = {(Li,Mi,hMi,Q;Ri)}iem' We have L1 ] M171 U
M, 2URy = X, and, moreover, for every i € [{ — 1], we
have
p(Li) < p(R;)  and

Ligi UM 10 UM;p120UR; = My UM; 2 U R;,
We denote the query map of £ as Qg: X — [¢ + 1]
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defined by:

Qclg) =
min{iE[@]:qELiuMM} HiE[g}ZQELiUMi,l
{+1 g€ MpoURy

A list decomposition generalizes the ¢4 algorithm
of Indyk [I8], in the case an underlying point-set
does not contain a dense ball. Notice that a list
decomposition L corresponds to a nested sequence of
overlapping subsets of X. Namely, (L1, My 1, M 2, R1)
first partitions X into four sets, where L; is smaller
than R; with respect to p. After that, the subsequent
quadruple (Lg, M1, M3 2, Ry) is a partition of M; 1 U
M2 U Ry, and the process continues. Therefore, if
L= {(Li, M;1,M; 2, R;)}iclg is a list-decomposition of
X with respect to some distribution p, the collection
{L1, La, ..., L} are disjoint subsets of X.

For a list-decomposition £, we will build a
data structure that proceeds by decomposing the
dataset P into £ + 1 (possibly overlapping) subsets
Pi(L),...,Pi1(L) C P according to

: - PN (Ll U Mi,l U Mi72) 1€ [6]
(2:2) PM)‘{ PO(RUM .y UMy) i=(+1

Then, on a particular query ¢ € X, the data struc-
ture will search for the dataset point within the set
P QL(Q)(‘C)'

The next definition allows us to control the blow-up

in space complexity resulting from the overlap between
the sets P;(L).

DEFINITION 2.2. (3-BOUNDED OVERLAP) Let p be a
probability distribution over X, and for £ € NN, let
L = {(Li, M; 1, M; 2, R;) }ic[q) be a list decomposition of
length £ with respect to p. For € R>o, we say that L
has a -bounded overlap with respect to p when

£+1

> p(B(L)) <1

The following definition requires that the sets P;(L)
have measure bounded away from 1, so that we can
guarantee that any application of the data structure
defined by the list decomposition significantly decreases
the number of points that need to be processed.

DEFINITION 2.3. ({-PROGRESS) Let p be a probabil-
ity distribution over X, and for £ € N, let L =
{(Li, M1, M2, Ri)}icly be a list decomposition of
length ¢ with respect to p. For & € (0,1), we say that L
makes &-progress for p if p(P;(L)) <1 —¢ holds for all
ie[l+1].

The final definition we need is that of splitting of
points. We emphasize that there will be an asymmetry
between dataset and query points in the next definition.

DEFINITION 2.4. (SPLIT POINTS) Let p be a probabil-
ity distribution over X, and for ¢ € N, let L =
{(Li, M1, M2, Ri)}iclgg be a list decomposition of
length £ with respect to p. Let (x,y) € X x X be points,
we say that L splits (z,y) if there exists i € [{] such
that 1) x € L; andy € M; 2 UR;, or 2) x € R; and
yeL;U Mi,l-

Definition 2.4 will measure the failure events of the data
structure. Specifically, notice that if x € P is any
dataset point and ¢ € X is a query close to z, then
(z,q) is split if and only if

z ¢ Po.(q)(£)-

To see the first direction, notice that if there exists
i € [¢] where x € L; and g € M, 2 U R;, then Qz(q) > 1.
Since, for every i > 4, Ly U M,‘/J U Mi/g U Ry C
M;1 U M; 2 UR; and is disjoint from L;, we have
z ¢ Pq,.(q(L). (The argument for when (z,q) are split
because z € R; and ¢ € L; U M, ; follows similarly).

For the other direction, suppose that (z,q) are not
split, which means every i € [¢] satisfies x € M; UM, 2U
R; whenever q € Mi’g UR; and x € L; U Mi,l @] Mi72
whenever ¢ € L; UM, . Let i* = Qz(g), and notice
that for every ¢ < ¢*, ¢ € M,;2 U R;, which means
€M1 UM;o UR; = Liy1 UM 11 UMip12U R .
As aresult, € L;+ UM;« 1 UM;+ 2 UR;-. By definition
of ¢*, if ¥ < £+ 1, then ¢ € L= U M;«; so that
x € Lj= UM;« 1 UDM,;« 2; on the other hand, if i* =£¢+1,
then ¢ € MLQ U Ry, so z € MZJ U M&Q URy. In
conclusion, we have that in the event that (p,q) are
not split, we maintain the promise that p is inside
the (proper) subset of dataset points which the data
structure will query given gq.

For the rest of this document, for any probability
distribution p supported on X, as well as £ € N and
B € Rxo, let

L(p,¢,B8,€) =
L is a list decomposition of length ¢
L : with respect to p with S-bounded overlap
and &-progressing

We may now re-state the theorem of [I§], which
results in a data structure for ANN over (4 with
approximation O(log,, 5 logd).

THEOREM 2.1. (MAIN THEOREM IMPLICIT IN [I§])
Fird € Nand > 0. Let n € N and P C R be
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any subset of n points, and denote pp as the empirical
probability distribution supported on P. Suppose that
for any A C R¢ where

diamy_ (A) = sup ||z — ylle < 4[logy, g log(4d)],
z,y€A

we have |[A N P| < n/2. Then, there exists L €
L(pp,1,5,1/(4d)) such that for allz € P and all ¢ € R?
with || — qlloe < 1, L does not split (x,q).

The data structure of [I§] proceeds by iteratively
applying Theorem to decompose the points into
two sets in the case there are no clusters of n/2 points
within diameter 4[log;, 5log(4d)] ﬂ and simply storing
one point in the case such a cluster exists. Hence, once
Theorem [2.1] is established, the data structure builds a
O(dlog(n))-depth tree which never splits points (p, q)
when [[p — glloc < 1.

3 Random List Decompositions for Eg

We now present the main decomposition theorem for
£, norms, where we construct random list decomposi-
tions for point sets with a projection-resilient separation
property. By a separation property, here we mean the
property that no large fraction of the data set points
are too clustered. Informally, projection-resilient sep-
aration will mean that the points are separated, and
remain so when considering subsets of coordinates. For
example, Theorem |2.1| implies a decomposition which
does not split close points assuming that the point-set
is no more than half the dataset points lie in any set
of diameter 4[log;, zlog(4d)]. The projection-resilient
separation property (to be defined shortly) is a strength-
ening of the condition of Theorem which enables
a random list decomposition such that points that are
close in the ¢, norm are split with low probability after
ruling out clusters of smaller diameter.

In order to avoid issues of measurability when prov-
ing results about distributions over R?, we will again
work with a fixed and arbitrary finite set X C R, and
will always consider discrete probability distributions p
whose support is X.

DEFINITION 3.1. (o-projection-resilient (A, n)-
separation in RY.) Fiz d € N, let S C [d] be any
set, and let Tlg: R% — RIS! be the projection of points
to coordinates in S. Let p be any distribution supported
on X, and let A € R>g and n,0 € (0,1). We say that
p satisfies o-projection-resilient (A,n)-separation in
R? if for every subset S C [d] with |S| > od, and every

SNotice that the decomposition is into two sets since the length

of the list-decomposition in Theorem is 1.

subset A C RIS| of diam,s| (A) <A,

p(II5'(4)) = Pr [s(e) € 4] <.

xT~p

The assumption in Theorem is equivalent to
requiring that pp satisfies 1-projection resilient (A, %)—
separation, where A = 4log;, 5log(4d)]. When o <
1, however, projection resilient separation makes the
stronger requirement that there are no dense clusters
even after projection on coordinate subspaces of large
dimension.

The rest of this section is devoted to proving
the following theorem. Due to the large number of
parameters in the theorem, we give a high level overview
of their meaning. It is useful to think of d € N
as the (fixed) ambient dimension and p € [1,00)
indicating the ¢, norm. At a high level, e will upper
bound the probability that close points are split, and
1 — ¢ the fraction of dataset points we want the list-
decompositions to be useful for. Intuitively, we want
the theorem to be useful for as many points as possible
and the probability of splitting close points small (i.e.,
having ¢ and e close to 0). Recall that parameters
of the list-decomposition ¢,5 and £ control the size
of the list, the space overhead these will incur, and
the progress we will make. The size of the list will
always be 4d, the space overhead [ is specified by an
algorithm designer (typically a small constant), and the
progress & to a small constant (so it suffices to consider
O(logn) list-decompositions). However, as alluded to
earlier, these list-decompositions will only be possible
under projection-resilient separation of the dataset P,
which are governed with parameters o,n and A; most
importantly, is the setting of A, as the approximation
obtained will depend linearly on it.

We encourage the reader to consider setting the
parameters 0,17, &, ¢ and S to constants, and then, € to a
sufficiently small constant. Finally, this gives a setting

of the separation A for which the list-decompositions
will hold.

THEOREM 3.1. Fiz d € N and p € [1,00), as well as
e,0,¢ € (0,1), n € (0,1/100], £ € (0,1/20], 8 € (0,1]
and let

In(8d) \'/”
33 a6l (SaE%)
Let n € N and P C X be any n point subset. Denote
pp as the empirical distribution of P and assume pp
satisfies o-projection-resilient (A,n)-separation. Then,
there exists a subset Py C P of size at least (1—()n and
a distribution H supported on L(pp,4d, 3,€) such that
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for every x € Py and every y € X where ||z —y|, <1,

10e
T
Moreover, every set Lj, M 1, Mj 2, R; has the form {x

a <z < bx ¢ Ui<;jL;} (where we set Ly = () for
some coordinate k € [d] and reals a,b € R.

) <
lel”;“-t (L splits (z,y)] <

Theorem follows from the following lemma,
whose proof is the technical bulk of this section.

LEMMA 3.2. Fiz d € N and p € [1,00), as well as
e,0 € (0,1), n € (0,1/100], £ € (0,1/20], B € (0,1],
and let

n 1/p
B a=6 flog a1 (Sl )
Let p be any distribution supported on X C R which
satisfies o-projection-resilient (A,n)-separation. Sup-
pose [ s a probability distribution supported on pairs
X x X whose distance in £, is at most 1 and whose
left marginal is p. Then, there exists { < 4d and a list
decomposition L € L(p, ¢, 8,€) which satisfies

(3.5) Pr [L splits (x,y)] < 10e.
(,y)~p

Moreover, every set Lj, M1, Mj 2, R; has the form {x :
a <z, <buxp&Lj_1} (where we set Ly = 0) for some
coordinate k € [d] and reals a,b € R.

Proof. [Proof of Theorem assuming Lemma We
will first apply von Neumann’s minimax theorem, and
then use Markov’s inequality to show that such a subset
Py C P must exist. In particular, let %/ € RX*X be the
convex set of all probability distributions p supported
on pairs X x X whose left marginal is exactly pp. Let
m = |L(pp,4d, 8,£)| and let V C R™ be the convex set
of probability distributions supported on L(py, 4d, 3, §).
Notice that Lemma [3.2| implies

in E Pr |[L£ split , < 10e,
mr g B, | E., I oot (o] < 1o
where H may simply be the distribution which is a point
mass at a deterministically chosen list-decomposition
L € L(pp,4d, B, §), specified by Lemma Notice that
the function

E Pr (L splits (x, =
E, | P esiis @)l

)OS

LEL(pp,4d,B,€) (z,y)EX XX
H(L) - p(z,y) - L{L splits (z,y)}

is linear in H for any fixed p and linear in p for any fixed
‘H. Hence, we apply von Neumann’s minimax theorem
in order to say

3.6) minmax E Pr [L splits (x, < 10e.
(3.6) min max B (MM[ plits (z,y)]| <

Fix H € V to the minimizer of (3.6]). Suppose that there
exists a subset P’ C P of at least {n points such that
for each x € P’, there exists y, € X with || —y,|l, <1
where

10e

¢
Then, consider the distribution p € U given by letting a
sample (x,y) ~ p be generated by first picking  ~ pp,
and if £ € P’, then letting y = y,, and otherwise
choosing y ~ Bya (z,1) N X arbitrarily. Notice that

by (3.6),

10e > E P lit
e T (zy)~p {ENI’;.-[ [c Spits (wa y)]:|

> Z LI:I";t [L splits (z,y5)] > 10k,
rEP’

(3.7) /.'1::17‘-[ (L splits (z,y.)] >

which is a contradiction. Hence, the set of points =z € P
for which there exists y, € X with ||z — y,ll, < 1
satisfying is smaller than (n, so that letting Py =
P\ P’ completes the proof. a

3.1 Proof of Lemma [3.2]

DEFINITION 3.3. (BAD AND GOOD COORDINATES)
Let p be a probability distribution supported on pairs in
X x X with ¢, distance at most 1. For o € (0,1), we
say that a coordinate k € [d] is o-good with respect to
wif

(3.8) E

1
Ty — Pl <
() H k yk| } = (

1—0)-d
Otherwise, we say the coordinate k € [d] is o-bad with
respect to p.

LEMMA 3.4. For any probability distribution p sup-
ported on pairs X x X at £, distance at most 1, and
any o € (0,1), there exists at most (1 —o)d coordinates
which are o-bad.

Proof. Let B C [d] be the set of o-bad coordinates.
Recall that since u is supported on pairs at ¢, distance
at most 1, we have

12 E [le—ylp]=>  E [l -yl
(@ y)~p e EY)~n
1
>__— __ .|B|.
“(1-o0)d =
Rearranging gives that |B| < (1 — o) - d. O
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The following lemma is the cornerstone of the ar-
gument. At a high level, we consider a distribution on
pairs p, with left marginal p, as well as a g-good coor-
dinate k£ and consider a particular kind of partition of
R? into sets L, M, RE If these partitions exist, these
lead to the construction of the list decomposition prov-
ing Lemma The next lemma assumes such par-
titions do not exist, and shows that under this case,
the marginal distribution of p projected onto the k-th
coordinate is very concentratedﬁ Applying this argu-
ment to all o-good coordinates will imply that absence
of these partitions result in a low-diameter cluster with
respect to p, and hence violates o-projection-resilient
(A, n)-separation.

DEFINITION 3.5. Let p be any probability distribution
supported on X. For any k € [d] and v € (0,1), we let
tky,p € R be

tkﬁp_lnf{te]R Pr[a:k<t]>fy}

x~p

The point m, € R® is the median point of p, i.e., for
kes, (mp)k =1g,1/2,p-

Note that 2 . ,, as a function of 7, is just the inverse
of the CDF of the marginal of p on coordinate k.

LEMMA 3.6. Fiz any B8 > 0 and let s € R>q be any
parameter. Let p be any probability distribution over X.
Let k € [d], and suppose that for p > 1 and for every
71 € R with 1 < (m,)k, the set

Lz{xE]Rd

M:{xeRd:ka(Thﬁ‘i‘zTQ)} and

cxp < 7'1} , and for

the sets

R={zeR%: 2y > 7 +2n}
satisfy
(3.9) p(LUM)™P 4 p(MUR)'™P > 1
whenever p(L) > 1/(4d), then,

B {lzr = (mp)el” - 1 {te,1/00,0 < @r < (mp)r}]

(3.10)
<5 (6+2-[log; 4(p/B)])" - In(8d).
Specifically, we will split M into two sets M; and Ma, and

use (L, M1, M2, R) as one of the tuples in the list-decomposition.

8This notion of concentration is formalized in terms upper-
bounding the p-th moment of a random variable relating the
distance from xj to the median when x ~ p.

Proof. [Proof of Lemma The proof will proceed in
two main steps. The first is to apply an argument of
[18], where (3.9) aids in upper bounding |ty ~,, — M|
for any v € [1/(4d),1/2]. Then, will follow

from integrating the upper bound on |ti ., — (m,)k|P
over all v € [1/(4d),1/2]. For the first step, let
v € [1/(4d),1/2], and consider the following (iteratively
defined) sequence of numbers (k;)icz., and tuples of
sets {(Li, Mi, Ri)}iEZZOZ

Ko =tk y.p and L, = {:E eRY:zy < f@'i}

s 1/p
i+l = K + 2
R = (P(M))

M, = {x €eR¥: 2y € (Iii7l€z‘+1)}
Ri={z Rz} > kKip1}

for all 7 € IN.

For all ¢ > 0, the sequence (p(L;))icz., is non-
decreasing and always bounded below by v > 1/(4d),
which means that as long as x; < (m,)k, (3.9) holds
with (L“M“RZ) Denote

(3.11) iop =max{i € Z>o : ki < (mp)i},
Furthermore, notice that L; U M; = L;+1 and p(M; U
R;)) = (1 — p(L;)). Hence, we apply (3.9) to all

i €{0,...,i0} to conclude

< p(Li U M)'™P 4 p(M; U R)' P
= p(Lig1)*P 4 (1= p(Li)
< p(Lip1)7 + 1= p(Ly),
where we used the fact that 5 > 0 and (1—p(L;)) € [0, 1]

to say (1 — p(L;))'*# <1 — p(L;). Therefore, for every
i€40,...,00}, p(Liz1)'™# > p(L;), which implies that

for every i € {0,...,i0},
(3.12) 1 << 1 ><+5> <1>(H1B)i
' p(Li) = \ p(Lo) v '

Since p(L;,) < 1/2 because k;, < (m,)r, we may
conclude that

1
(3.13) 9 < <1> (1+8)*0 .

In addition, we have

(3.14)

1

1 < 941/ <1) 5'(1+1B>i ’

i1 — ki <2 1/p .
TS (L) v
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which means, since k;,11 > (m,)x, we may upper bound
|tky,0 — (Myp)i| by

10
Itk .o — (Mp)i| < Z(’%‘H — Kj)
i=0

io
< 25V/Py (1) T
i=0
i )
(3.15) — 251/17z:c(lﬂi’)"/p7
i=0

1
1\ a+p)io
c= () e > 2,
Y

and the inequality follows from (3.13). In order to
upper bound the sum in the right-hand side of (3.15)),
let jo = [logy,4(p/B)], and notice that for i > jo,

where we let

B/ 5 o 148) 7

which, implies that after ¢ > jy summands begin to
increase (more than) geometrically with constant 2.
Hence,

Z B < (3 4 jg) - AR /p
i=0

1/p
< (34 Nlogyss(0/8)]) - (i)

Finally, substituting into (3.15)) implies

[t = (Mp)il? < s+ (642 [logy y 4(p/B)1)" -

2=

In order to show ([3.10)), notice that

E e = (mp)el” - 1 {tn1 a0 < @ < ()i ]

1/2
- / tkp — (1 )lPdly
1/(4d)

<5 (6+2-[log; 4(p/B)])" - In(8d).
a

LEMMA 3.7. Fixz e,o0 € (0,1), n € (0,1/2), and B €
(0,1], and

41n(84) >1/”
—2n)-(1-o0) '

Let p be a probability distribution supported on X,
and p be a probability distribution supported on pairs

A=6- ﬂOgl—i-ﬁ(Qp/ﬁ)—l ’ <e- (1

in X x X with ¢, distance at most 1, and whose
left-marginal is p. Suppose p satisfies o-projection-
resilient (A, n)-separation. Then there exist disjoint sets
L,M;,My,R C R® such that X C L U M; U M, U R,
and the following conditions are satisfied:

1. We have 1/(4d) < p(L) < 1/2 and p(R) > 1/10.

2. The sets give a list-decompositions with B-bounded
overlap, i.e.,

p(L UM U M2)1+’8 + ,O(Ml UMy U R)1+'8 <1

3. Points sampled from p are split with low probability,
i.e.,

Pr [ye RUM; Az e L] <ep(L) and
(z,y)~n

Pr [ye LUM; Az € R] <ep(L).
(@, y)~p

4. Each of the sets L, My, My, R has the form {z :
a <z < b} for some coordinate k € [d] and reals
a,beR.

Proof. We proceed by contradiction. Let S C [d] be
the set of o-good coordinates, for which we know, by
Lemma [3.4] that |S| > od. For each k € S, let

1
/iky_:inf{tEIR: Pr[mkgt]zm} and

xT~p
1

kg4 =supst €R: Prlz, >t] > — 5,
’ x~p 4d

and consider the subset & C R? where
U= {x eRY:Vke S,z € [Iﬁk,_,/ik7+]}

which satisfies pU) >1/2

from a union bound. We now apply Lemma[3.6]to every
k € S with the parameter

1

sze-(lfa)'d'

Specifically, assume for the sake of contradiction, that
for every k € S and 7 € R with 7 < my, the set

e

Mlz{xGRd:TSkaT+Tz}
Mgz{xGRd:T—f—TngkST—i—ZTg}
R={zeR%: 2y >71+27}

L={zeR*:z, <7} and

as well as the sets
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satisfying 1/(4d) < p(L), have
p(LU M, UMy)"*P 4+ p(M, UMy UR)YP > 1.
We conclude that every k € S satisfies
2l = (mp)|” - Lk — <@g < ()1 }]

_ (6+3-Nlogy,5(p/B)1)" - In(8d)

- e-(1—0)-d

(6 Mogy 5(2p/B)1)" - In(8d)
e-(1—0)-d

Analogously, we apply the same argument to the right
side of (m,). Assume, for the sake of contradiction,
that for every k € S and 7 € R with t > (m,), the
set L = {z € R : 2, > 7} and 7p = (s/p(L))"/?,
aswell as My = {2 €¢ RY : 7 — 1, < o, < 7},
My = {x € R : 7 — 21 < 23 < 7 — 1}, and
R={z € Re: 2, < 71— 27} satisfying p(L) > 1/(4d)
also has p(L U M; U Mp)'*P + p(M; U My U R)MP > 1.
Then every k € S satisfies

B Lk = (mp)el” - Un g > @ > (mp)i}]

< (6 - [log,, 5(2p/B)1)" - In(8d)
= c(1—0)-d :

We conclude

E [Ms(@) = m,; - 1{e € u}]

<> <m]§p [lex = (mp)kl” - Hmp,— < @ < (mp)1}]

€S
+a::§p [l — (mp)k|p ) 1{’%,—&- > Ty 2 (mp)k}]>
= 6.(12_0) - (6 ogy 1 5(p/B)1)" - n(84).

Therefore, we can define a subset A C RIS! as an £, ball
around m, € Rl of diameter

diamé\ps‘ (A)

21n(8d) )1“’
1-0)-(1)2=-m))

which satisfies, by Markov’s inequality applied to p-th
moments of ||[IIg(x) —m,l, - 1{z € U},

<6 [log, 1 5(2p/B)] <e~

Pr lls(x) ¢ AN cld] <1/2—n,

z~p
Since p(U) > 1/2, we have that Prg.,[Ils(x) € A x €
U] > n. This contradicts the assumption that p satisfies
o-projection-resilient (A, n)-separation. Hence, there

exists a coordinate k € S, and k-axis-aligned disjoint
subsets L, My, M2, R C R satisfying 1/(4d) < p(L) <
1/2 where

p(LUM; U M) P 4 p(M; UM, UR)'™P <1,

The above inequality proves . It also implies p(R) >
1/10 since, otherwise, we would have

1< (9/10)% + (1/2)* <
p(LU M, UMy)"*P 4+ p(M, UMy, UR)Y™P <1,

where we used that 8 <1 and p(L) < 1/2. This proves
. Furthermore, recall that k is a o-good coordinate,
so for any C' C R?, we have
1
es=———2> E
(1 - J) : d o (wvy)'\‘u

> E loy -yl Yz e O},
(‘E’y)"’l"

[k =y "]

Notice that, by applying Markov’s inequality to the
expectation above with C = L and C' = R, we have

Pr [ye MyURAx € L]

(@, y)~p
S
< Pr T — pzAmeL}ge. L),
(@)~ K' Lol p(L)> el send)
Pr [ye LUM; ANx € R]
(z,y)~p
s
< Pr Th — pz/\meR}
(@) ~n K' © Bl p(L)> (e )
L
< B ooyl tecry 2
(z,y)~p s
<e-p(L).
The above inequalities prove ({3)). 1]

4 ANN for /, from Theorem

For any d € N, we consider X4 C R? to be a
discretization of points in R¢ that the algorithm will
receive. For example, if the algorithm receives points
in R? represented as a sequence of d numbers, each
with b-bit-sized words, then X, is of size 2°¢. We focus
attention on a specific style of data structure which are
DAG-like.

DEFINITION 4.1. For d € N, A DAG-like data struc-
ture for ANN over X4 is a rooted directed acyclic graph
G = (V,E) where each node v € V has an associated
function f,. For each node v € V with at least one
child, let N(v) C V be the out-neighborhood of v, and
let deg(G) = maxyey |N(v)| denote the mazimum out-
degree of any node in' V. Let the query-depth, depth(G),
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be the length of the longest path, and width(G) be the
mazimum width when G is expressed as a layered graph.
Every node v € V' contains the description of a func-
tion fu: Xg = Nw)U XgU{L}. Letr € V be the
(unique) root of G; a query q € X is executed by begin-
ning at r and walking down the path specified by f,(q)

if fola) € N(v), outputting £,(q) if fu(q) € Xa, or out
putting L (to indicate failure) if f,(q) = L.

We observe that a DAG-like data structure with
efficient encodings (with respect to space and time) of
f» may be stored and traversed efficiently. For our case,
fo will be encoded in O(d) words, and there exists an
efficient algorithm which takes as input the encoding of
a function f,, as well as a point ¢ € Xy, and outputs
fo(q) in O(d) time. This results in a data structure
whose space complexity is

Space: width(G) - depth(G) - O(d),
and whose time complexity is
Time: depth(G) - O(d).

THEOREM 4.1. (ANN FOR (4) Fiz d € N, f,a €
(0,1], and

9 1/p
=0 [t (sl )",

For anyn € N and a dataset P C X4 of n points, there
exists a DAG-like data structure for (1,¢)-ANN over (2
over the dataset P, such that the data structure is of
width O(dn'**?) and query depth O(dn®), and succeeds
with probability at least n~ .

We prove Theorem after some necessary lem-
mas, which break deal with the cases when the dataset
satisfies o-projection-resilient (A, n)-separation, and
when it does not.

LEMMA 4.2. (Sufficiency of List-Decompositions with
Definitions and Fiz d,¢ € N, monotone
functions f1, fo: N — N, with fi(d) > £+ 2, and
B,¢e,a,( €(0,1),(<1—¢andc>1. Let n € N,
such that

1
4.16 —+ (1 -+ (¢* < 1.
Consider any dataset P C X4 of size n, and denote
by pp the empirical distribution of P. Suppose the
following two conditions hold:

1. (Data-dependent list-decompositions) There ezists
a distribution H supported on L(pp,£,B3,£) and a

subset Py C P of size |Py| > (1 — {)n such that for
any x € Py and y € Xq where ||z —yl|, <1,

: <e
EEI;-L (L splits (z,y)] <€

2. (Inductive assumption) Suppose that for any m <
(1=&)n and any dataset in X4 of size m there exists
a DAG-like data structure for (1,c)-ANN over £% of
width at most fi(d)-m**P and query depth at most
fa(d) - m®™ succeeding with probability at least m~¢,
where

o ()
(4.17) o= ——2.
()

log ( 2

1-¢

Then, there exists a DAG-like data structure for (1,c)-
ANN over Eg with the dataset P of width at most
f1(d) - n**8 and query-depth at most fo(d) - n® which
succeeds with probability at least n™¢.

Proof. We build a DAG-like data structure recursively.
Let r be the root, corresponding to the dataset P C Xy
of size n. We sample £ ~ H and decompose P into
0+ 1 sets P(L),...,Pry1(L) C P according to (2.2).
For each i € [¢ 4 1], we use the inductive assumption
to sample a DAG-like data structure D; for points in
P;(L); letting v; be the root node of D;, we make v; a
child of r. The query map Qz: X4 — [¢ + 1] specifies
fr, by mapping a query q € X, to the node v; where
Qr(¢q) = i. In addition, we use the inductive assumption
again in order to sample a DAG-like data structure Dy
for the dataset P\ P, containing at most (n points
(where we use the fact { < 1 — &), and let 7o be the
root of Dg. For every i € [¢ + 1] and node v in D;,
we modify the function f, so that every input ¢ € X4
where f,(q¢) = L, now has f,(q) = 1o (see Figure [1]).
For any m € N, let T(m) denote the maximum
query depth of a data structure built for m-point
datasets, which by assumption is at most fo(d)-m®. Let
To(n) be the maximum query depth of a data structure
for n point datasets satisfying condition Then, for

any Le L(pP,&ﬁv&)v

To(n)

<14+T((1-n)+T(¢n)

< fa(d)n® (1/(fa(d) - n%) + (1 = )% + (%)

< fa(d) - n%,
where in the last inequality, we use (4.16)). In order
to bound the width of the data structure, let W(m)

be the maximum width of DAG-like data structure for
datasets of size m, and let Wy (n) be the maximum width
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Figure 1: Composition of data structures after one
application of the list-decomposition £ ~ H to search
through r1,...,7¢41, and then search through ro.

of a DAG-like data structure for datasets P of n points
satisfying condition |1} Then, for any £ € L(pp, ¥, 3,£),

Wo(n) <
max{W(n . p(Rz+1 U Mg+171 U MZJFLQ))

041
+ Z W(n-p(L; UM; 1 UDM;5)), W(Cn)}

=1
< fl(d) : n1+6 maX{]-)Ca} < fl(d) : n1+57

where we used the fact that every £ € L(pp,¥¢,[5,€)
has B-bounded overlap and the fact that fi(d) > 5d.
Finally, suppose ¢ € X4 and « € P where |¢ —z|[, < 1.
If x € P\ Py, then the probability of success is at
least ({n)~2 > n~2, since the query will (if not already
succeeded), query ¢q on rg, and there, we consider the
event that Dy succeeds. On the other hand, if z € Py,
then the data structure succeeds when x and ¢ are not
split by £ ~ H, and for Qz(¢q) = ¢, the data structure
D; succeeds. This occurs with probability at least

(1-9-(1-9 7 nezn,

by the setting of ¢ in (4.17)). This concludes the proof.
0

LEMMA 4.3. (Sufficiency of Failure of o-Projection-
Resilient (A, n)-Separation) Fiz d,Cy € N, a monotone
function f: N x N — N, and o,n,a,6 € (0,1), A €
R>o. Suppose that

(4.18) (1—0)" +(1—n* <1,
and let

1/p
(4.19) od) = (A+1)- | o84

Figure 2:
Lemma [£.3]

Composing D; and Do for the proof of

Letn € N, and consider a dataset P C X4 of sizen, and
denote by pp the empirical distribution of P. Suppose
the following three conditions hold:

1. (pp fails o-projection-resilient (A,n)-separation)
There exists a subset S C [d] with |S| > od, as
well as a subset A C RIS of diam,s| (A) < A such

that
ﬁ =
{pe P:Tis(p) € A}
> nn.

satisfies |P|

2. (Inductive assumption for smaller dimension) Sup-
pose that for any dy < (1 — o)d and any dataset of
m < n points, there exists a DAG-like data struc-
ture for (1,c(dp))-ANN over Zgo that has width at
most f(m,dy) and has query-depth at most m® -
(do)®*, and fails with probability at most J.

3. (Inductive assumption for smaller datasets) Sup-
pose that for any m < (1 — n)n and any dataset
of m points, there exists a DAG-like data structure
for (1,¢(d))-ANN over £% that has width f(m,d),
has query-depth m® - d€t, and fails with probability
at most 6.

Then, there exists a DAG-like data structure for
(1,¢(d))-ANN over €% with the dataset P of width at
most f(n,d) and query-depth at most n® - d°t which
fails with probability at most 6.

Proof. [Proof of Theorem The proof proceeds by
induction on n,d € N. We notice that for any d € N,
the case n = 1 is trivial, by storing a single point.
Suppose we assume the theorem for all n < ng by
inductive assumption, and since for d = 1, the theorem
holds trivially by a binary search tree, we consider
do € N such that for all d < dg, the theorem statement
is true with ng and d. Let P C X4, be a dataset of ng
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points. We consider setting:
1 1 1/o
—_— = — e 2
. oY)
and c=1—a-n
so that for every n > 1/(2¢a)'/®, we satisfy (4.16)), and
for Cy > 1, we satisfy (4.18). Furthermore, we let
a-C
€= ——>,
1000

. log (1—1106/C) <

0= 71\ = &
log (1—_5)
Consider A € R>¢ as set in , and suppose that the
empirical distribution pp satisfies o-projection-resilient
(A, n)-separation. Then, we apply Theorem to
obtain a distribution H supported on L(pp, 4d, 8,£) and
a subset Py C P be a subset of size at least (1—{)n such
that for any x € Py and y € Xg4, with ||z —y||, <1,

’]7:

so that

. <e
ﬁlit;{ [C splits (z,y)] <€

We may apply Lemma where we notice that the
inductive assumption is satisfied since (1 — {)n < nyg.
Thus, we obtain a data structure with the specified
guarantees for P.

On the other hand, suppose P fails to satisfy o-
projection-resilient (A,n)-separation. Then, we notice
again, that the inductive hypothesis with d < dy and
n < ng holds, so that we may apply Lemma 4.3 a

5 Random List Decompositions for (¢(Z)

We now present the random list decompositions for
¢4(Z). The main theorem in this section is stated next,
but we defer the proof until some necessary lemmas
are set in place. We notice that unlike the case of £,
norms, the (r, cr)-ANN problem may not be equivalent,
in terms of complexity, for all » € R>g, since the metric
space (Z,dz) does not necessarily scale. For a metric
space (Z,dz) of diameter R € R>¢, the random list
decompositions for ¢¢(Z) presented next are especially
tailored to the setting of ¢r = O(dR), corresponding
to the maximum scale in £{(Z). When cr < dR, we
will introduce one more ingredient to reduce to the case
where the list decompositions will apply.

THEOREM 5.1. Let (Z,dyz) be a finite metric space of
diameter R € R>qg, and d € N, as well as f > 0,

€€ (0,1/16), c € (0,1) and set

161n|Z| 128(7 + 1)%1In(1/e)
T = ’710g1+5 <02>-‘ ,m = 02 s

1
5.20 n < ——.
(5.20) ondn < jro

Let n € N and P C Z¢ be any subset of n points, and
denote pp as the empirical probability distribution of P.
Suppose that for any A C Z* where

diamy, (z)(A) = sup dya(z(2,y) <c-d- R,
z,yeA

we have |ANP| < nn. Then, there exists a distribution
H supported on L(pp,|Z|™,B,1/16) such that for any
x,y € Z¢ with

c-d-R
T+1

d
1
(5.21)  dpa(z(z,y) = E dz(zi,y:i) < 6"
i=1

we have
EI:I?'_[ (L splits (z,y)] < 2e.

For the remainder of the section, we fix n,d €
N, and a finite metric space (Z,dz) of diameter at
most B € R>9. We will show L exists by analyzing
an algorithm which attempts to construct £. For a
parameter m € N, consider the procedure BuildList
which takes as input P, a (multi-)set S C [d] of size
m, as well as additional parameters, and either outputs
a list-decomposition £ € L(pp,|Z|™, 3,§) or outputs
fail. (see Figure ).
Subroutine BuildList (P, S, 5,&, 7, A)

Input: A dataset P C Z% of size n, as well as a
multi-set S C [d] of size m, and parameters § > 0,
€€ (0,1), 7€ Nand A € R>o.

Output: either a list-decomposition

L e L(pp,|ZI™, B,€), or “fail.”

e Initialize an index j = 1 which increases as we
build £ = {(Lj, M]’J, ]\4}')27 R])}] Initialize
P+ P and RO U Mj_LQ U Mj_Lg = Zd, and
proceed as follows until we break out of the
following loop, or we output “fail”:

1. If |P;| < (1 —&)n, break out of the loop.
2. Pick the first point z € P; satisfying

1Bl
1Z|m

Hy € Pj: Ts(y) = s(2)}| >

3. For k=1,...,7, consider the subsets of Z™
given by

L® =115t (Bep(z) (s (x), kA))
MK

= 15" (Bup(z) (Ws (@), (k+1)2) \ LV))

R™ = 113! (Zm \ (M® L(k))) .
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4. If there exists ko € [7] such that

pp; (L(ko) U M(ko))1+ﬁ
+ pp, (M ko) y Rlko))1H5
<1, and

(5:22)  pp, (L) < pp, (RO)

then, we set
L]‘ = L(ko) N (Rj_l U Mj_l,l U Mj—1,2)7
R;j = R%) N (R;_y UM,_1, UM, ;) and

M, =
5" (MY 0 By (s (@), (k +1/2)4))

N(Rj_1 UM;_11UM;_12),
M]72 ==

gt (M(k) \Mj,l)
N(Rj_1UM;_11UM; 13).

Increment 7, and let
Pj+1 = PJ n RJ U Mj71 UMj’g.

5. Otherwise, if there is no kg € [7] satisfying

(5.22), output “fail”.

e If we have not yet output “fail”, then output
L = {(Li, M; 1, M; 2, R;) }icpj

LEMMA 5.1. Consider m € N, a multi-set S of [d], and
parameters £ € (0,1), 8 > 0, 7 € N, and A € R>.
Let P C Z% be any subset of Z% of size n, and let pp be
the empirical probability distribution of P. Suppose that
BuildList(P, S, 5,&,7,A) does not output “fail”; then
it outputs a list-decomposition L € L(pp,|Z|™, B,E).

Proof. First, we notice that BuildList(P, S, 3,&,7,A)
outputs £ when the inner loop terminates due to |P;| <
(1 — &n. In particular, until the last iteration of
the loop, the algorithm generates a nested sequence
P=P ODPFP D> ~DPjandLiUMi71UMi72URiC
R,_1U Mi_1,1 U Mi_l,g. Notice that for all ¢ € []],

P, LRI -9 (19

no |z Rl T2

which upper bounds j < |Z]™. Note by (5.22)),
pp,(L;) < pp,(R;). The fact that £ has S-bounded
overlap follows from (5.22)), as well as an induction. In

particular, we have

J
pp(R; UM; 1 UM, )" P+ pp(Li UMy UM, )+
i1

= pp(Rj_1 UM;j_11 UM 1)

(PPj (RJ U Mj71 U Mj,2)1+’8

+ pp,(Lj U Mj1 U M;2)'*P)
j-1

+Y pp(L
i=1

<pp(Rj_1 UM;_11UM,;_1 )7
j—1

S
i=1

d

JUM; UM, o) P

iU M; 1 UM, ) P

LEMMA 5.2. Let m € N, a multi-set S of [d], param-
eters £ € (0,1), 8 >0, 7 € N, A € R>o, a subset
P C Z4 of sizen. If BuildList(P, S, 3,&,7,A) outputs
“fail”, then there exists a subset Py C P of size at least

(5.23)  n(l-¢) -min {eXp (‘M) ;}

such that every x,y € Py satisfies

(5.24) > dz(ziy) <207 +1)- A
icS

Proof. Suppose first that BuildList(P, S, 3,£,7) out-
puts “fail” because on the final iteration of the loop, we
violate the second condition of , Le., pp, (Lko)) >
pp,(R%¥0)). Notice that this means pp, (L) UM ko)) >
1/2. Thus, let Py = P; N (L) 0 M *0)). Notice that
|Po] > (1 —€&)n/2, and therefore we satisfy (5.23)). Fi-
nally, by virtue of being a ball in Z™ of radius at most

(ko + 1)A < (7 +1)A, satisfies (5.24).

On the other hand, suppose that
BuildList(P, S,,£,7) outputs “fail” because the
on final iteration of the loop, we violate the first

condition of (5.22) always, i.e., for all kg € [7],
ij(L(ko) U MFo))I+p 4 ij(M(ko) U Rko))1+6 > 1,
Then, since L(Fot+1) Lko) 'y M) and
pp,(RF) U MKy =1 — pp (LK), we have,

148
1< pp, (Lot D)1+5 4 (1 — pp, (L(ko))>

= pp.(L(k(H_l))

> pp, (Lk0)) w7
Therefore, pp (L u M(T)) > pp (L(l))<1+ﬁ>’, which

implies (5 The bound (5.24)) is immediate from the
definition of L(T UM,
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LEMMA 5.3. Let m € N, parameters £,n,¢ € (0,1),
8>0, and let T € N and A € R>q be

161n|Z|
T = 1Og1+ﬁ 62 )

cmR 1-¢
A= d <
irry " =g

Let P C Z% be a subset of n points. Suppose that any
A C Z% where

diamztli(z) (A) S c-d- R,

must satisfy |P N A| < nn. Letting S, be the uniform
distribution over multi-sets S from [d] of size m. Then,

Pr [BuildList(P,S,,¢, 7, A) outputs “fail”]

S~S,,

< 4 ctm
=1 P\ e )

Proof. Consider the following random process:

1. Sample & ~ P uniformly, and then sample y ~ P
conditioned on dys(z) (@, y) = c-d- R/2.

2. Sample S ~ &,,, which may be equivalently
sampled as i1,...,4, ~ [d] and writing S =
{%1,...,%m}, output

dep(z)(Us(@), s(y))-

On the one hand, we have
(5.25)

mPEP [dem 2y (s (x),Ts(y)) < 2(7 4+ 1)A]
sYs.,

(5.26)
> SPI“g [BuildList(P, S, 5,&, 7) outputs “fail”]

(o0 (2.1} )"

To justify , consider the event, when
BuildList(P,S,,&,7) outputs “fail,” and by
Lemma let Py C P be the low-diameter sub-
set of sufficiently many points. Consider the event
x ~ Py and that y ~ Py with distance at least ¢-d- R/2
from . Since |P N Bya(z (@, cdR/2)| < nn, the number
of points in P, with distance at least cdR/2 from «x is
at least [Py| — nn. This shows (5.25)).

On the other hand, since 2(7 + 1)A < emR/4, and
dgm(z)(Ils(z), s (y)) is a sum of i.i.d random variables
bounded between 0 and R, we may apply McDiarmid’s

inequality to any two points z,y € P at distance at least
cdR/2. Specifically, using the fact that 2(7 + 1)A <
emR/4, we have

Pr [y z)(s(2). Is(y) < 2(r + 1)A]

T, Yy~
S~S~[d]
2(cmR/4)? c-m
(5.27) <exp (_mRQ =exp | —— .
Combining (5.27) and (5.25)), and minding the bounds
on 7 and 7 finishes the lemma. O
Proof. [Proof of Theorem We let A = JTL_:%I) and

& =1/16, so that we may apply Lemma and let ‘H
be the distribution over L(pp, |Z|™, 8, €) given by letting
L ~ H be given by BuildList(P,S, ,¢,7,A) where
S ~ &), conditioned on the procedure not outputting
“fail.” Notice that for these settings of parameters &, ¢
and m,

Pr [BuildList(P,S,(,¢,7,A) outputs “fail”] <

4 m < 1

1—¢ P <_16) =2
For any z,y € Z% satisfying , the list-
decomposition £ = {(L;, M;1, M; 2, R;)}ic[;) gener-
ated from BuildList(P,S,(,&, 7, A) splits (z,y) only
if dem(zy (Is(z),Is(y)) > A/2. In particular, consider
i € [j], and let M, and M, s be two shells around a
point z € ¢7*(Z) of width A/2. Then, if z € L; and

Yy € M;sUR;,

dym 2y (s (), s (y))
> |dep(2)(Ts(y), 2) — dep (2 (M (), 2)|

>77
- 2

and a similar calculation shows z € R; and y € L;UM; 1
only when dym (z)(Ils(x),s(y)) > A/2. Since

m

>

% ~ B dg 2 @s(2), Ts(y)] =

A m A
5 4 dya(z)(@,y) 2 VE

and dgm(z) (s (), Is(y)) is a sum of m ii.d random
variables bounded between 0 and R, we apply McDi-
armid’s inequality to conclude

A
P [depin(1s(o).11s0) > 5 | <

. AZ? . Am
Xp| ——= | =exp| ——F+——
P\ " 8mR? P\Tos 1+ n)2

<e€

— )
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for the setting of m. Notice that conditioning of
BuildList(P,S,5,£,7,A) not outputting “fail” in-
creases the above probability by at most a factor of 2,
which concludes the theorem. 0

6 ANN for ({(Z) from Theorem

6.1 ANN for /¢(Z) in the maximal scale We give
the main theorem for ANN over £¢(Z) at the maximal
scale. In particular, if the finite metric space (Z, dz) has
diameter R € R>(, we give a data structure for (r, cr)-
ANN problem over £¢(Z) which achieves approximation
O(loglog |Z]) in the case c¢r = ©(dR) with query time
| Z|pely(loglog|Z]) . ppo() and space O(dlog|Z|n'tP).

THEOREM 6.1. Fiz n,d € N, a finite metric space
(Z,dz) of diameter R € Rx>q, as well as parameters
B,0>0 and co € (0,1). Let

161n|Z
c=16 ({logHB (G;Hﬂ +1> +1 and
0

_¢-d-R
(6.28) r=—

There exists a data structure for (r,cr)-ANN over
04(Z) wusing space O(dlog|Zn'*?) and query time
|Z|O(C2 In(1/0)/¢5) . log n which succeeds with probability
n-e.

Proof. The data structure proceeds similarly to that
of [18] and recursively builds a randomized decision
tree. We let v € (0,1) be a sufficiently small universal
constant and e = yp, £ =1/16, 7 € N, m € N according

to (5.20)), n =1/(4]Z|™), and

log (1—125)

We check whether there exists a subset A C Z¢
satisfying

(6.29) diamyaz)(A4) < (¢ — 1)r.

containing at least nn points from P. Suppose that such
a set exists. Then, let x € PN A and P’ = P\ A. We
store the point  and recursively build a data structure
for the points in P’. On a query q € Z™, we first check
whether dya(z)(q,2) < cr. If this is the case, we return
x. Otherwise, we notice that implies that if p € P
satisfies detf(z)(p, q) <r, that p ¢ A, so that p € P’.
Suppose, on the other hand, that no such A C Z¢
exists. In this case, we apply Theorem [5.1] and obtain
a distribution H supported on L(pp,|Z|™, 3,1/16) for
which any two points within distance at most r are split

with probability less than 2¢. We sample £ ~ H and
use L to decompose the dataset into at most |Z|™ parts,
each of which contains less than 15n/16 points. Then,
we recursively build a data structure for points falling
in each non-empty part.

By virtue of £ having S-bounded overlap, and the
fact that we recurse only on non-empty parts, an ar-
gument analogous to the width bound of Lemma [4.2
shows that the total space usage of the data structure
is O(dlog|Z|n'*T#). We notice that on any execution
of a query, the number of nodes where we find a low-
diameter set of nn points is at most O(]Z|™ logn) and
processing each one takes O(d) time. Furthermore, on
any execution of a query, the number of nodes which ap-
ply a list decomposition is at most log; /(1—¢) M, since on
each such application, the number of points considered
decreases by a factor of 1 —¢, and the total time needed
to process each such application is at most O(m|Z|™),
since these correspond to computing distances to points
in Z™. Thus, the time complexity of one execution
of the data structure is O(m|Z|™logn). For a query
q € Z% such that p € P satisfies dya(zy(p,q) <, the
probability of success of the data structure is at least
the probability that we never sample £ ~ H which splits
(p, q). This probability is at least

(1 —2¢)l8/a-9m =p~e,
0

6.2 Densification for éil(Z)

DEFINITION 6.1. Let (Z,dz) be a finite metric space
and k € N. We say the pair (v,y) € ZF x Z* is an
edge of Z¥ if there exists a unique i € [k] where x; # y;;
in this case, we say the edge of Z* is in direction i.
Notice that

dor(z)(2,y) = dz (@i, y5)-

LEMMA 6.2. Let (Z,dz) be a finite metric space whose
distances are between 1 and R € R>o. For k € N,
there exists a finite metric space (Y,dy) with distances
between 1 and R of size |Y| < |Z|°U), as well as an
embedding f: ZF — Y such that every edge of Z*,
(z,y) € ZFx Z¥, satisfies dge (5 (x,y) = dy (f(2), f(y))-
Furthermore, givenx € Z*, the embedding f(x) proceeds
by computing intersections of O(Rlog|Z|) many subsets
of |Z| with the set {x1,...,xx}.

The proof of Lemma follows from the proba-
bilistic method, where we describe a probability dis-
tribution over finite metric spaces (Y, dy) and embed-

dings f: Z*¥ — Y and show in Claims and
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that the necessary guarantees are satisfied with non-
zero probability. Consider a parameter m € IN which we
will specify in Claim to O(Rlog|Z|), and consider
the following distribution D over metric spaces (Y, dy ),
whose object set is associated with {0,1}", and embed-
dings f: ZF =Y

1. Independently sample a collection of m uniform
sets A = (A4,...,A,,), where each A; C Z.
and let G4 = ({0,1}™, E4,w4) be the weighted
graph (parameterized by .4) which includes an edge
(a,b) € E 4 if and only if there exists a unique pair
of distinct points x,y € Z such that for all j € [m],
a; ®b; = |A; N{x,y}| mod 2, and if so, assigns
the weight w(a,b) = dz(z,y).

2. We let the metric space (Y4,dy,) be the met-
ric completion of the weighted graph G4 =
({0,1}™, E4,w4). In other words, for any two
a,b € {0,1}™, dy,(a,b) is the sum of the weights in
the shortest path between a and b in G4 (if there
exists a path between a and b), or D if a and b are
disconnected.

3. We consider the g4: Z* — {0,1}™, defined by
letting, for each z = (21,...,2/) € Z* and j € [m]

4
2);=> |A;N{z}| mod 2.

=1

The embedding f4: Z¥ — {0,1}™ is given by the
restriction of g to Z*.

4. We output the metric space (Y4,dy,) and the
embedding fa: ZF — Y4.

CrAM 6.3. Consider a fixzed collection A =
(Ay,..., Ap) for which every 1 < £ < 2(R — 1) and
every z € Z* where some z; € Z appears an odd number
of times satisfies ga(z) # 0. Then, for any edge of Z*,
('x?y) € ZF x Zk7 dYA(fA(x)afA(y)) 2 dé’f(Z)(x’y)'

Proof. We first show that dy,(fa(x),fa(y)) >
de(z)(2,y).  Let (z,y) € Z* x ZF be an edge of
Z* in direction i, such that letting a = f4(z) and

= fa(y), there is a lowest-weight path in G4 be-
tween a and b which we denote ¢ = (c1,¢2,...,¢.) €
({0,1}™)" where ¢; = a and ¢, = b. For each t €
[r—1], let (2®,y®) € Z x Z denote the unique dis-
tinct pair satisfying (c;); @ (ci41); = |4; N {z®,y O}
mod 2, and notice that the total weight of the path is
ey wa(z®,y®), and that since ¢ is the lowest-
weight path, the weight is exactly dy,(fa(z), fa(y)).
Suppose first that » > R, since the weight of every edge
(ct,ceq1) is at least 1, the path would have weight at

least B > dyi(z)(2,y). Hence, we may assume r < R.
Consider the point p € Z* iteratively defined as follows:

e Initially, we let p; = (y;, ;) € Z2.

e For t € [1,r — 1], consider the edge (c¢t,ci41) €
{0,1}™x{0,1}™, and let p; 1 be the concatenation
of py and (z®,y®).

o Welet p=p, € Z%".

We claim that for all j € [m], we ga(p); = 0. The

reason is that

(6.30)
ga(p)j = [A; 0 {zi, i}

r—1
+ Z |A; N {® 4y} mod 2,
t=1

r—1

(6.31) = 145N {zi,pi}| + > (co); @

(ct41); mod 2,

by definition of (2®,y®), and since the sum in the
right-hand side of (6.31)) telescopes, ga(p); = |4; N
{xi,yi}| + (c1); + (¢r); mod 2. Notice that ¢; and ¢,
are exactly ga(z) and ga(y), respectively, so we may
re-write

ga(p) = |A N A{xi, yi}
+ (94(2)); + (9a(y)); mod 2
| m{muyz}‘

k
Z (14 N {@i } + 145 N {yi })  mod 2,

and the above sum is 0 since z;, = y;, for all ¢ # ig.
Since r < R, p € Z* for some £ < 2(R — 1) and since
ga(p) = 0, we must have every p; € Z appears an
even number of times. As a result, the collection of
edges {(:L“(t),y(t))}te[r_l] C (g) can be partitioned into
a disjoint collection of cycles and a path from z; to ylﬂ
Therefore,

dy (fa(x), faly))

Z dz(z®,y®) >

te[r—1]
Z dz(z®,y®)
te[r—1]
form path z; — y;
> dz (v, y:)
0
YHere, we view the path and cycles as a subset of the complete

graph on Z.
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CrAM 6.4. Consider a fixzed collection A =
(A1,...,Ap) for which every 1 < ¢ < 4 and ev-
ery z € Z' where some z; € Z appears an odd number
of times satisfies ga(z) # 0. Then, for any edge of Z*,
(2.9) € 2% x Z¥, dy, (fa(@), fa()) < dgs ) (x.9).

Proof. In order to show dy, (fa(z), fa(y)) < dz(xi,yi),
we first notice that the distinct pair x;,y; € Z satisfies
(Fa@@); @ (F4@)5 = |4; N {1, i} mod 2 for every
j € [m]. Thus, the only reason we would fail to satisfy
the claim is if the pair x;, y; € Z was not unique. For the
sake of contradiction, suppose that there was another
distinct pair u,v € Z where (fa(z)); ® (fa(y)); =
|A; N {u,v}| mod 2 for all j € [m], then, the string
(wi,yi,u,v) € Z*, satisfies that every j € [m],

|A; N {z;,y;}| mod 2

= (fa(2)); ® (fa(y)); = |A; N {u,v}] mod 2
= 0= [A; N{u}| +[4; N {v}|

+[A4; N {zi}| +|A; N {y;}| mod 2

which implies that g 4(z;, ys, u,v) = 0, but some element
appears an odd number of times since the distinct pairs
x;,y; and u,v are different; a contradiction. ]

CLAIM 6.5. There exists a large constant C > 0 such
that for m = C' - Rlogy(|Z]), with high probability over
the draw of the collection A = (Aq,...,A,,), every
1 < ¢ < max{2(R — 1),4} and every z € Z* for
which some z; appears an odd number of times satisfies
ga(z) # 0.

Proof. Consider a fixed 1 < £ < max{2(D — 1),4} and
let z € Z* which appears an odd number of times. Then,
we have

¢
1
APCI'Z 1= ; |AN{z} mod2| > T
For some u € Z, let I,, C [£] be all indices where z; = u,
and suppose that |I,,| is odd. Then, u € A occurs with
probability 1/2, and once this happens, > 7, ; [AN{z;}|
mod 2 = 1. Therefore, Zle |A N {z} = 0 only
when 3.7 [A N {z}| mod2 =1, which occurs with
probability at most 1/2. Since we repeat it m times,
the probability that g4(z) = 0 is at most (3/4)™. By
the setting of m, we may take a union bound over all
1 < ¢ < max{2(R — 1),4} and z € Z* for which an
element appears an odd number of times. 0

LEMMA 6.6. Let (Z,dz) be any finite metric space
whose distances are between 1 and R € R>g, d € N,
and r,7 > 1, and let

d

k= —m—.
2-r-7-R

There exists a finite metric space (Y,dy) whose dis-
tances are between 1 and R, and with Y| < |Z|90),
as well as
dy = O(T*R* - dlog|Z|).

and a distribution over embeddings F: 13(Z) — (1(Y),
computable in poly(d, 7, R,|Z|) time and space such
that the following holds. For every a,b € Z% where
dpa(z) (a,b) € [r,Tr],

dl‘lil () (F(a)v F(b))
d

(6.32) >

~dya(z)(a,b).

e
ISHIEN

and for every a,b € Z% with dga(zy(a,b) <,

dﬁ‘fl (V) (F(a)v F(b))
dq

k

Proof. We take the metric space (Y, dy) as well as the
embedding f: Z¥ — Y obtained from Lemmal6.2] Con-
sider the following randomized procedure of building an

embedding:
1. We sample Z = (3, ...,4(4)) uniformly from all
multi-sets of k indices, where i) = (i(lt), .. .,’L'g'))

and 5" € [d].

2. We let Fr: Z¢ — Y% be the map given by
concatenating F),..., F;¢: Z*F =Y, where

Fi(r,) (a) = f(aigt), ey aig)) €Y.

In order to see that the required time and space for the
embedding Fr is poly(d, 7, R,|Z|), notice that in order
to compute the value of Fz(a), we need to evaluate f on
d; many k-tuples of indices in [d], and each evaluation
of f simply checks intersections against d; sets in |Z|.
Therefore, by the parameter settings of d; and k, the
encoding of Fz, as well as the time necessary to compute
Fz(a) is at most poly(d, 7, R,|Z|).

We consider a fixed pair a,b € Z% and notice that

dz‘lil (v) (FI(a)r FI(b))
T dq
(6.34) — Bldy (Fi(a). Fi(8))] = p(a.b)

where ¢ = (41,...,%) is a k-tuple of random in-

dices 4; ~ [d]. Furthermore, the random variable

dedl(y) (Fz(a), Fz(b)) in the expectation on the right-
1

hand side of (6.34) is a sum of independent random
variables, each taking values between 1 and R. We show
that if dya(z)(a,b) € [r, 7r], then we have

1 k
p(a,b) > 5 g dgaz)(a,b).
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If we have established this fact, we have, by McDi-
armid’s inequality

dyir (5 (Fz(a), Fr(b))
Pr 01 (2) < p(a,b)
s dl 2
2
< exp <—M(a2’;)2 d1>

dq
=P T3 2 pa

so that setting d; = 12872R%d - log|Z| and taking
a union bound over at most |Z|?? pairs of points
a,b € Z4 with dga(z)(a,b) € [r,7r], we have that with
probability at least 1/2 over the draw of Z, holds.
Therefore, if we considered sampling F according to the
distribution over Z conditioned on holding, we
have that for every a,b € Z¢,

E} |fi€(111 (Y) (Fd(a)a F(b))

<2u(a,b),

because distances are always non-negative. It remains
to upper and lower bound p(a, b), which we do next.

Consider the indicator random variable X of the
event defined over the randomness in a draw of ¢ =
(41,...,%x) that there exists at most one index j € [K]
where a;; # b;;. In this case, the pair (a;,,...,a;,) and
(biy, - - -, by, ) form an edge of Z* in direction 4;, and by
Lemma 6.2

(635) dy(Fz(a),Fz(b)) == dz(aij,bij).

Notice that conditioned on there being a unique index
J € [k] where a;; # b;;, the index 4; is uniformly
distributed over indices i € [d] where a; # b;. Whenever
X occurs, either a;; = b;; and is 0, or there exists
a unique j € [k] where a;; # b;,, and (/6.35)) is non-zero.
Letting v be the probability, over the draw of ¢, that
X =1,

v : dl‘li(Z) ((I, b) < /J,((l, b)

< 'de(Z)(a7b) + (1 *’y)Rv

m ol

Letting N = |{i

()Y 20 ()

since each coordinate where a; # b; contributes at least
1 to dya(z)(a,b). Consider first the case dya(z)(a,b) €
[r, 7r], and notice that

E\ 22\ k
w2 (1 - <2> : d2> h dpa(z)(a,b)

[d] : a; # b;}|, we have

k
25" 7 dga(zy(a,b).

N =

On the other hand, for every a,b € Z?¢ with
dya(z)(a,b) < r we have
. R>

k k
M(aa b) < d : dé‘li(Z)(avb) (1 + 9

Ul 3

k
< 2- - dyz)(a,b).
0

6.3 ANN for ¢¢(Z) in all scales

LEMMA 6.7. Fiz n,d € N and a finite metric space
(Z,dz) whose distances are between 1 and R, as well
as parameters r € R>o and € € (0,1/2). There exists
a distribution H supported on functions f: Z% — [n?]
computable in time and space poly(d,|Z|) such that for
any dataset P C Z% of size n, the following holds. Let
q € Z% be any point, and suppose there exists p € P
where dlf(z)(p q) < r, then with probability at least

n~=¢/2 over the choice of f ~H,

e f(p) = f(q), and

o Whenever p' € P satisfy f(p') = f(q), then
dya(z)(a,p") < O(rlog|Z|/e).

THEOREM 6.2. Fiz n,d € N, a finite metric space
(Z,dz) of whose distances are between 1 and R € R>,
as well as parameters 3,0 > 0, € € (0,1/2), and r > 1.
Let

(6.36) c=0 ({mgw (Rloegmﬂ + 1> .

There exists a data structure for (r,cr)-ANN over
04(Z) using space poly(d, R,|Z|) - n'**# and query time
poly(d, R) - | Z|poly(Rolog [Z1/€) In(1/e) .1og 1 which succeeds
with probability n=27¢/4.
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