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Abstract

We establish a generic reduction from nonlinear spectral gaps of metric spaces to data-
dependent Locality-Sensitive Hashing, yielding a new approach to the high-dimensional Ap-
proximate Near Neighbor Search problem (ANN) under various distance functions. Using this
reduction, we obtain the following results:

e For general d-dimensional normed spaces and n-point datasets, we obtain a cell-probe ANN
data structure with approximation O(loggzd), space d°Wnlte and d°Mns cell probes per
query, for any £ > 0. No non-trivial approximation was known before in this generality

other than the O(v/d) bound which follows from embedding a general norm into /s.

e For /, and Schatten-p norms, we improve the data structure further, to obtain approximation
O(p) and sublinear query time. For £, this improves upon the previous best approximation
20(») (which required polynomial as opposed to near-linear in n space). For the Schatten-p
norm, no non-trivial ANN data structure was known before this work.

Previous approaches to the ANN problem either exploit the low dimensionality of a metric,
requiring space exponential in the dimension, or circumvent the curse of dimensionality by
embedding a metric into a “tractable” space, such as ¢;. Our new generic reduction proceeds
differently from both of these approaches using a novel partitioning method.
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1 Introduction

The c-Approzimate Near Neighbor Search (c-ANN) problem is defined as follows. Given an n-point
dataset P C X lying in a metric space (X,dx), we want to preprocess P to answer approzrimate
near neighbor queries quickly. Namely, given a query point ¢ € X such that there is a data point
p* € P with dx(q,p*) < r, the algorithm should return a data point p € X with dx(¢,p) < cr.
We refer to ¢ > 1 as the approximation and r > 0 as the distance scale; both parameters are
known during the preprocessing. The main quantities to optimize are the space the data structure
occupies and the time it takes to answer a query. In addition to being an indispensable tool for
data analysis, ANN data structures have spawned two decades of theoretical developments (see,
e.g., the surveys [AI17, AIR18] and the thesis [Raz17] for an overview).

1.1 ANN for general distance functions

The best-studied metrics in the context of ANN are the Hamming/Manhattan (¢1) and the Euclidean
(¢2) distances. Both ¢; and ¢5 are very common in applications and admit efficient algorithms based
on hashing: in particular, Locality-Sensitive Hashing (LSH) [IM98, AI06] and its data-dependent
counterparts [AINR14, AR15, ALRW17]. Hashing-based algorithms for ANN over ¢; and ¢ have
now been the subject of a long line of work, leading to a comprehensive understanding of the
respective time—space trade-offs.

Beyond ¢ and ¢5, the ANN landscape is much more mysterious despite having received significant
attention (see Section 1.4 for an overview). In summary, we are still very far from having a general
recipe for ANN data structures for general metrics with a non-trivial approximation. This state of

affairs motivates the following broad question.
Problem 1.1. For a given approximation ¢ > 1, which metric spaces allow efficient ANN algorithms?

An algorithm for general metrics is highly desirable both in theory and in practice. From the
theoretical perspective, we are interested in a theory of ANN algorithms for a wide class of distance
functions. Such a theory would yield data structures (or impossibility results) for a variety of
important distances for which we still do not know efficient ANN algorithms (e.g. the Earth Mover’s
Distance (EMD), the edit distance, generalized versions of the Hamming distance', etc). Perhaps
even more tantalizing is the question of understanding what geometric properties of a metric space
govern the hardness of ANN. In addition to the theoretical interest, in practice, one often needs to
tune the distance function to the specifics of the application, and hence generic ANN algorithms are
also preferred.

In this paper, we focus on the following important case of Problem 1.1, which was first raised in
2010 [And10].

Problem 1.2. Solve Problem 1.1 for d-dimensional normed spaces.

'E.g., a metric of interest in applications is (X<, pxa), where X is a metric itself, with the distance between vectors
z,y € X? defined as pya(x,y) = ijl dx (zi,yi)-



Most metrics arising in applications are actually norms (e.g., the ¢, distances, matrix norms, the
Earth Mover’s Distance, etc.). Besides that, norms are geometrically nicer than general metrics, so
there is more hope for a coherent theory (e.g., for the problems of sketching and streaming norms,
see the general results of [AKR15, BBCT17], for ANN over general symmetric norms, see a recent
result [ANNT17]).

1.2 Main results

In this paper, we make progress towards resolving Problem 1.2. Our main contribution is a data
structure for the O(log d)-ANN problem over a general d-dimensional norm in the cell-probe model
introduced by Yao [Yao81]. Prior to this work, the only other ANN data structure for general norms
achieved approximation O(v/d) (see Section 1.4).

Theorem 1.3. Let 0 < ¢ < 1. Suppose that (R, || -||) is a d-dimensional normed space. Then there
losggd)

exists a randomized data structure for O -ANN over || - || with the following parameters:

o The space used by the data structure is n'*e . d°0)

o The query procedure probes nf - d°1) words in memory, where words consist of O(logn) bits®.

Let us emphasize that we do not claim any t¢me bound on the query procedure. We only restrict
the number of memory locations the data structure is allowed to probe (see Section 4 for a further
discussion of the model). Nonetheless, we conjecture that one can in fact obtain a data structure
for O(log d)-ANN with sublinear time query complexity (as opposed to cell probe complexity only),
provided a suitable oracle access to the norm.

Irrespective of the conjecture, our theorem can be thought of as a barrier for proving impossibility
of efficient ANN data structures with approximation O(logd) for general norms. This is because all
known unconditional data structure lower bounds proceed by proving a cell-probe lower bound [Mil99].
Thus, a potential strong lower bound for the ANN problem would require a completely new approach
to data structure lower bounds.

The main tool behind Theorem 1.3 is a new random partition for sets of points in a general
normed space, and is of independent interest. In particular, we show how to convert an estimate
on the nonlinear spectral gap of a metric space into a data-dependent Locality-Sensitive Hashing
(LSH) family (see Section 1.3 for an overview).

Finally, our technique also gives a natural approach to designing data structures for specific metric
spaces with better parameters, including sublinear time. Indeed, we instantiate our technique with
the £, and Schatten-p norms, for which, with additional work, we obtain data structures with better
approximations and sublinear time. For the ¢, norms, we obtain approximation ¢ = O(p), which

improves exponentially over the approximation factor of 20() from [NR06, BG15] (see Section 1.4).

Theorem 1.4. Let 0 < e < 1 and 2 < p < co. There exists a randomized data structure for
O (p/e)-ANN owver the £, norm with the following parameters:

*We assume that all the coordinates of the dataset and query points as well as r can be stored in O(logn) bits.



o The space used by the data structure is n*+< . 4O

o The query procedure takes time nf - d°(1).

Generalizing the theorem from above to Schatten-p norms, we obtain the first ANN data
structures with a non-trivial approximation factor. Recall that the Schatten-p norm || - |/s, of a
matrix is the £, norm of the vector of its singular values®. The challenge of designing ANN under
Schatten norms was posed in [And10].

We state our Schatten-p results for regimes 1 < p < 2 and 2 < p < oo separately.

Theorem 1.5. Let 0 <e <1 and 1 < p < 2. There exists a randomized data structure for c-ANN

over the Schatten-p norm, where ¢ = O (52%) with the following parameters:

o The space used by the data structure is n'**+e . dOW);
o The query procedure takes time nf - d°W).

We now state the data structure for Schatten-p norms with p > 2. Compared to the ¢, algorithm
from Theorem 1.4, the result for Schatten-p has worse dependence on the dimension for the space
and query time. We note that for p > logd, the norm |[|z||s, is a constant factor from ||z, ,; thus,

it suffices to consider the cases when 2 < p < logd.

Theorem 1.6. Let 0 <e <1 and 2 < p < oco. There exists a randomized data structure for c-ANN

over the Schatten-p norm, where ¢ = O (p/e) with the following parameters:

o The space used by the data structure is n'*+e . dO®);

o The query procedure takes time nf - dOW®).

See Section 1.4 for a more detailed exposition of how Theorem 1.5 and Theorem 1.6 relate to
previously known results.
Let us note that the preprocessing procedures in all the new data structures are inefficient.

Improving the preprocessing time is left as an interesting open problem.
1.3 Techniques

Nonlinear spectral gaps. At the conceptual level, the main contribution of the paper is a
reduction from bounds on the nonlinear spectral gap to a data-dependent Locality-Sensitive Hashing
(LSH) family for a general metric space. Let A = (a;;) € R™*™ be a symmetric doubly stochastic
m x m matrix. Then, for a metric space (X, dx) and ¢ > 1 the nonlinear spectral gap (4, d%) is

the smallest number for which the following holds. For every set of points x1,zs,..., Ty € X,

ZZ (i, 5)T < v(A,d%) ZZ aij - dx (4, 25)7.

3The Schatten-1 norm is known under the names of the nuclear or trace norm, the Schatten-2 norm is simply the
Frobenius norm, and Schatten-oco is known as the spectral or the operator norm.
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For the f5 norm, (A4, | - ||3) = ﬁQ(*A), where A\2(A) is the second largest eigenvalue of A; i.e. in
this case y(A, || - ||3) is the inverse of the usual spectral gap of A. A systematic study of nonlinear
spectral gaps of metric spaces was initiated in [MN14]. Similar inequalities can be found in earlier
works (see, e.g., the introduction of [MN15] for a thorough literature review); we single out the
reference [Mat97] which is instrumental for our results. In the above-mentioned works, bounds on
the nonlinear spectral gap were primarily used to show strong non-embeddability results.

We use the following recent result from [Naol7] in order to build a cell-probe data structure for

ANN over a general norm, as claimed in Theorem 1.3.

Theorem 1.7 ([Naol7]). For every norm || - || defined on R%, one has:

log? d
A B =0 (MW) -

We present a simplified proof of this theorem with a slight generalization to a weighted setting
(which we need for the actual reduction) in Section 6.

At a high level, a strong enough upper bound on (-, d%) in terms of y(-, || - ||3) gives a cell-probe
data structure for ANN over a given metric space (X, dx) using the reduction given in this paper.
For the time-efficient data structures over ¢, and Schatten-p spaces (Theorem 1.4 and Theorem 1.6),
we need the nonlinear spectral gap inequality in a strong Rayleigh quotient form. For the ¢, norms,
such a stronger inequality was shown by Matousek [Mat97]. We adapt Matousek’s inequality to the
weighted setting in Section 7. For Schatten-p, the corresponding inequality is stated and proved in
Section 8. The new inequality is an extension of the Matousek’s inequality to the matrix setting
using estimates from [Ric15]. An additional twist compared to [Mat97] is the need for a fixed-point

statement similar to the Brouwer’s theorem.

Data-dependent LSH. We now briefly describe how to utilize Theorem 1.7 to obtain a data-
dependent LSH family for a general norm. Informally, for a given dataset, we would like to design a
random partition of R¢ that separates a query point from far data points often, while not separating
a query point from close data points too often. With such a random partition, we can build the data
structure as simply a collection of random decision trees. In each node, we sample a partition from
the family, split the dataset among child nodes accordingly, and recurse on each child node. This
connection has already been used in [Ind01, AR15, ALRW17] (however, let us note that in [Ind01]
space partitions are used in a fundamentally different way; see the discussion in Section 1.5).

The construction of the data-dependent LSH incorporates three main ideas.

e We use the multiplicative weights update algorithm (MWU) [AHK12] to reduce the problem
of constructing a random partition to the problem of finding a deterministic partition that
works on average with respect to a given distribution over points. This step is non-trivial since
the resulting random partition must depend on the dataset fairly weakly so that a sample from
it can be stored in poly(d) space. We end up using two levels of MWU, where the “outer” part

is responsible for “guessing” the dataset iteratively, while the “inner” part finds a required



random partition for a current guess.

e The problem of finding a deterministic partition can be seen as finding a sparse cut in an
undirected graph embedded in (R%, ||-||) so that the following conditions hold. First, we assume
that the distance between the endpoints of every edge is at most 1. Additionally, suppose that
the distance between a typical pair of vertices is > logd. It suffices to prove that this graph
cannot be a spectral expander, since we may then employ Cheeger’s inequality [Che69, Chu96]

to obtain a sparse cut.

e Finally, Theorem 1.7 directly implies that expanders do not embed into (R%,| - ), so the
above graph cannot be a spectral expander. In fact, if A € R™*™ is a normalized adjacency
matrix of a graph and x1, s, ..., x, € R? are the points the vertices are mapped to, then the

following holds. Since every edge has length at most 1,

m m m m
Sl — gl < 30D ay = m. 0

i=1j=1 i=1j=1

Since a typical pair of vertices is at distance > log d apart,

1 m m
—-ZZ||:B¢—:L‘j\|2>>m-log2d. (2)
m 4
i=17j=1
Combining (1) and (2) with Theorem 1.7, we get that 1 — A2(A) < 1, which implies that the

graph is not an expander.

Algorithmically, we construct a randomized space partition by combining the two-level MWU
algorithm together with a spectral partitioning procedure. The new data-dependent LSH construction
gives a generic approach to ANN, which departs substantially from the commonly-used embeddings

technique.

Partitions of normed spaces. As mentioned briefly, Theorems 1.3, 1.4, 1.5, and 1.6 follow from
new partitioning results for sets of points lying in normed spaces. The specific partitioning results
are given in Sections 6, 7 and 8, respectively. Let us now state the partitioning results for £, spaces
and for general normed spaces.

A boz in R is an intersection of sets of the form {z € R? | ; < u} or {z € R? |}, > u}, where

1 <k <danduecR. In Section 7, we obtain the following partitioning result for ¢, spaces.

Theorem 1.8. Let 0 < e < 1,2 < p < oo and R > 0. Consider any dataset P C R% of n points
lying in B,(0,R) = {z € R? | ||z||, < R}. Either there is an £,-ball of radius O(p/e) containing

Q(n) points from P, or there exists a distribution D over boxes such that:

1. For every u,v € By(0,R) with ||lu —v||, <1, a random box S ~ D separates v and v with

probability at most €.



2. For every box S from the support of D, the number of points in P lying in S is between Q(n)
and (1 —Q(1)) - n.

Now let us state the partitioning result for general normed spaces, proved in Section 6.

Theorem 1.9. Let 0 < e < 1, X = (R%, || - | x) be a normed space and 0 < R < 2P°Y()_ There
exists a collection C of measurable subsets of Bx (0, R) = {x € RY | ||z||x < R} with log|C| < poly(d)
such that the following holds. Consider any dataset P C R? of n points lying in Bx (0, R). Either
there is an X -ball of radius O (losgzd> containing Q(n) points from P, or there exists a distribution

D over the elements of C such that:

1. For every u,v € Bx (0, R) with ||lu —v||x <1, a random set S ~ D separates u and v with

probability at most €.

2. For every set S from the support of D, the number of points in P lying in S is between Q(n)
and (1 —Q(1)) - n.

1.4 Related work

Prior to our work, the quest for efficient ANN data structures in high-dimensional spaces beyond ¢1
and /o has proceeded via embeddings. The idea is to embed the original space into an algorithmically
tractable target space, for which one then builds a data structure. The common targets are ¢; and
¢ which can be handled with O(1)-approximation by [ALRW17], {s which can be handled with
O(loglog d)-approximation with [Ind01], and ¢,-direct sums of these spaces, which can be handled
with approximation poly(loglogn) by [Ind02, Ind04, ATK09, And09]. This approach gives the best
known ANN data structure for a general norm with approximation O(v/d) [Joh48, Bal97]. It has
also been successful for a poly(loglog d)-approximation for the Ulam metric [AIK09], a O(log d)-
approximation for EMD [Cha02, IT03], a 25(\/@)—approximation for edit distance [OR07], and a
poly(log d)-approximation for Frechét distance [Ind02].

In a similar vein, the recent work [ANNT17] gives an ANN data structure for general symmetric
norms with poly(loglogn)-approximation. It proceeds via a linear embedding of a d-dimensional
symmetric norm into a d°(M-dimensional tractable universal space. However, the same paper shows
that this approach fails for general norms.

For ANN under ¢, norms, constant factor approximations were known for 1 < p < 2 for near-
linear space and sub-linear time [Ngul4]. The case when p > 2 is less clear. Prior to this work, the
best algorithm for ¢, norms of [NR0O6, BG15] achieved approximation 20() with polynomial space
(as opposed to near-linear space) and poly-logarithmic query time. For large p, there is a better
algorithm with approximation O(loglogd) [ATK09, And09].

For ANN under Schatten-p norm, the previous best algorithm has polynomial in d approximation
and follows from the relation between Schatten-p and £ norms. An approximation 2°%®) using
polynomial space follows implicitly from a combination of the results from [NR0O6, BG15] with the

estimate from [Ricl5]. The related questions of streaming, sketching and dimension reduction of



Schatten-p norms have been actively studied over the past few years [LNW14, AKR15, LW16a,
LW16b, LW17, NPS18].

For metrics with low intrinsic dimension, efficient ANN algorithms are known for any metric
space [Cla99, KR02, KL04, BKLO6]. These results depend exponentially on the intrinsic dimension,
and therefore the latter is assumed to be low. This is in contrast to this paper, where we do not
make such assumptions, and focus on the high-dimensional regime (when w(logn) < d < n°M),

where we cannot afford to have an exponential dependence on the dimension.

1.5 Lower bounds
We complement our new algorithms with two impossibility results.

Limitation of efficient cuts. The reason that Theorem 1.3 is restricted to the cell-probe model
is due to the inability to bound the time complexity of evaluating the random space partitions from
Theorem 3.6 when working with general norms (even though we bound their space complexity).
In constrast, for ¢, and Schatten-p norms, we manage to bound the time complexity and obtain
time-efficient data structures. To explain this disparity, consider the following general scenario.

Let G = (V, E) be a large graph embedded into an arbitrary normed space (R, || - ||) with edges
between points at distance at most 1, and typical pair of vertices being well-separated. Following
the discussion in Section 1.3, the graph G must have a sparse cut; however, the cut may not be
induced by a “geometrically nice” subset of R%. During the algorithm from the proof of Theorem 1.3,
graphs will have dd) vertices, so we cannot afford to store the cut explicitly. Therefore, the query
procedure re-computes the cuts on the fly. In order to achieve a time-efficient data structure for
general norms, one would need to find geometrically nice cuts which can be evaluated efficiently.

For £, norms, we always find a sparse cut that is realized by a coordinate cut (that is, {v € V|
f(v)r <u} for some 1 <k <dand u € R). In our reduction we need to take intersections of cuts,
which, in the case of coordinate cuts, are boxes, which are the main objects of Theorem 1.8. Thus,
we store the boxes by storing the 2d values (lower and upper limits for each coordinate), and then
we can easily evaluate on which side of a cut a given point lies. For Schatten-p norms, the argument
is more delicate, but we are also able to store and compute cuts in an efficient manner.

In Section 9, we show that it is not enough to consider a fixed family of cuts with small description
complexity for general norms; these include coordinate cuts and hyperplane cuts. More generally,
Theorem 9.1 says that families of cuts used must be tailored to the particular normed space. We use
a random norm construction similar to the one used by Gluskin in [Glu81] to prove Theorem 9.1.
We note that this lower bound does not rule out ball cuts or other families of cuts that depend on

the particular norm.

Optimality of data-dependent LSH. We show that for ¢, spaces, any data-dependent LSH family

with sufficiently good parameters requires approximation Q(min{p,logd}),* thus our construction is

“Note that when p > logd, £, is O(1)-close to fiog 4, 50 an Q(p) lower bound when 1 < p < log d covers all interesting
values of p.



optimal within the data-dependent LSH framework. To show this, we embed a large expander into
¢, using a result from [Mat97]. We apply a similar argument to [AR16] to the embedded expander
to show the desired lower bound. Thus, at least in some cases, embeddability of expanders captures
the complexity of LSH precisely.

This result should be contrasted with the O(loglog d)-ANN data structure for ¢ from [Ind01].
It also proceeds by certain® space partitions; the difference is that a dataset point is duplicated when
inside some parts. This duplication allows the result of [Ind01] to overcome the above-mentioned
Q(log d) lower bound.

1.6 Open problems

We state several natural open problems which seem approachable in light of the techniques developed

in this paper.

e Can we get a time-efficient O(log d)-ANN data structure for general norms? As mentioned in
Section 1.5, randomized partitions from a family of “geometrically nice” cuts must be tailored

to the norm of interest.

e Can we improve the approximation for general norms to O(loglogd) (even in the cell-probe
model)? To accomplish this, we need to step out of the data-dependent LSH framework (see
Section 1.5) to resemble the techniques from [Ind01]. A related (perhaps easier) question is to
obtain an O(log p)-ANN data structure over the ¢, or Schatten-p norm.

e Can we make the preprocessing time polynomial in n and d, even for the ¢, case?

e For the edit distance defined on {0,1}?, can we obtain a (logd)°-ANN data structure by
bounding the nonlinear spectral gap? The best known ANN data structure proceeds by
embedding the metric into ¢; with distortion 20(vV1°84) [OR07].

e For the Earth Mover’s Distance on [d]?, can we obtain a o(logd)-ANN data structure by
bounding the nonlinear spectral gap? The best known ANN data structure (aside from the

cell-probe data structure from Theorem 1.3) proceeds by embedding into ¢; with distortion
O(logd) [Cha02, IT03, NSO7].

1.7 Organization of the paper

In Section 3, we show how to construct a data-dependent LSH family for a general finite metric
space assuming a good enough bound on the spectral gap. We state this result in terms of a cutting
modulus of a metric space, a quantity we introduce in Section 3.1. In Section 4, we show how to use
this LSH family to construct a cell-probe ANN data structure for a finite metric. In order to handle
general normed spaces defined over R? (and not just finite metrics), we discretize the ambient space;

the corresponding argument is standard and appears in Section 5. In Section 6, we show a minor

5Deterministic.
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generalization of Theorem 1.7, which bounds the spectral gap of a general norm. This allows us to
give an upper bound on the cutting modulus of a normed space.

Using the results from Sections 4 and 5, we obtain a cell-probe data structure for O(logd)-ANN,
as claimed in Theorem 1.3. In Section 7, we address the case of £, norms and prove Theorem 1.4. In
Section 8, we show a new spectral gap inequality for Schatten-p norms which implies Theorems 1.5
and 1.6.

Finally, in Section 9, we show the two impossibility results discussed in Section 1.5.

2 Preliminaries

We write yp as the indicator variable of event E. For any m > 0, we denote by A(m) C R™*™
the space of symmetric matrices G'= (g;;) with non-negative entries such that 7%, >0 g;; = 1.
For G € A(m), we denote the row sums as pg(i) = 372 gij. The Laplacian of G is given by the
m X m matrix

Lo=D-G,

and the normalized Laplacian of G is given by the m x m matrix
Lo =1,—D?GD'/?,

where D = diag(pg(1), pG(2),...,pa(m)) and I, is the m x m identity matrix. We denote
0= M(Lsg) < ML) < ... < AMu(Lg) the eigenvalues of the normalized Laplacian of G, and
v (LG), .-, vm(Lg) € R™ be the corresponding eigenvectors. For a subset S C [m], we write
S =[m]\ S and pg(S) = X ,cqpc(i). We will frequently refer to sequences of m points in X,
x=(r1,...,Tm) € X™. We will associate a subset S C [m] with the corresponding subset of points
Se C X with Sy = {z; : i € S}; and we often drop the subscript and refer to S; as S when the
sequence x is clear. In addition, for S C X, we write S: X — {0,1} for the map S(z) = x{zes}-
For some finite subset P C X and z € X, we let S(z,P) ={p € P:S(z) = S(p)}.
For a fixed matrix G € A(m) and S C [m], the conductance of S with matrix G is given by:

Z;Eg 9ij
D(S) = J .
ot min {p(S). pe(3)}

Definition 2.1. For any G € A(m), any metric space (X,dx), and any € = (x1,...,zy) € X™,
we define the Rayleigh quotient of & and G with respect to d5 by

sy 2200 gigdx (zi, 25)P

R(z,G,d%) = —— =L e :
(@G dX) = S S e pa ) ()P

Via a straight-forward calculation, we have that when the metric space is R with dx(z;,z;) =

11



x; — x|, if v € R™ and >°;" pg(i)z; =0,

i1 ZTzl ijlTi — -%'j‘2 _ zT Lgx

> pa(i)pa(f)|e; — ay?  xTda

R(l’,G,‘ ’ ’2) =

Le. in this case R(z, G, | - |?) is the Rayleigh quotient % for y = D'/2z. Using this observation,
we may state Cheeger’s inequality with respect to R(x, G, | - |?).

Theorem 2.2 (Cheeger’s Inequality, [Che69, Chu96], see also [Spil5]). Forx € R™ with Y 1", pg(i)x; =
0, there exists t € R for which the set Sy = {i € [m] : x; <t} satisfies:

Rz, G, )

P (Sy) < 5

Letting x = D™Y2u5(Lg), there exists a subset S C [m] which satisfies:

Pa(S) <1/2- Xa(La)-

Remark 2.3 (Oracle access to a norm). When working with a general normed space (R, || - ||x), we
assume oracle access to the function || -||: R? — RZ0. We also assume John’s ellipsoid of (R?, || - || x),
i.e. the mazimum volume centered ellipsoid in R? contained in the unit ball of || - ||x, is given by the

d vectors in R specifying the ellipsoid.

3 Partitioning general metrics

In this section, we give a general approach for constructing LSH schemes for general metric spaces.
Section 3.1 defines the cutting modulus of a metric space. At a high level, the cutting modulus
captures the following property of a metric space (X, dx): for any probability distribution on pairs
of close points in X, either X contains a small ball with most of the mass (with respect to the
marginal distribution), or there is a balanced partition of X which separates a small fraction of
neighboring pairs.

The cutting modulus determines the approximation of the data structure and is an interface
between the data structure description and nonlinear spectral gaps. We describe the data structure
with cutting modulus as a parameter of the metric space, and we bound the cutting modulus of

various metric spaces with bounds on the non-linear spectral gap.

3.1 Cutting modulus of a metric space

We consider a metric space (X, dx). The goal of this section is to define the cutting modulus of a

metric space.

Definition 3.1. Fixz some G € A(m). We say x = (z1,...,Tm) € X™ has a -dense ball of radius
R if there exists a point ¢ € X such that pg ({i € [m]: x; € Bx(c,R)}) > f.
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Definition 3.2. Let & be family of subsets of the metric space X. We say that G € A(m) has the
(R, e)-ball-or-cut property with respect to & if for every m points € = (x1,...,%m) € X™ where
dx(x;,x5) <1 if gij > 0, one of the two properties hold:

e FEither = has a %—dense ball of radius R, or
o There exists a subset S € & such that Sy = {i : x; € S} satisfies P (Sz) < €.

If & contains all finite subsets of X, then we say that G has the (R, e)-ball-or-cut property.
We may now formally define the notion of cutting modulus of a metric space.

Definition 3.3. We say that the e-cutting modulus of a metric space (X,dx) with respect to a
family & of subsets of X, Eg(X,¢), is given by:

Es(X,e) =inf{R € R:V¥m € N,VG € A(m), matrix G has (R, e)-ball-or-cut property w.r.t. &}.

If & contains all finite subsets of X, we denote Zg(X,¢) simply by Z(X, €).

At a high level, the e-cutting modulus of a metric space will govern the approximation ratio

0@, In particular, suppose

one may achieve with space poly(d) - n'*9() and query time poly(d) - n
(X,dx) has 2(X,e) = R. Consider any sequence of points z1,...,z, € X, and form a graph by
connecting points lying at distance at most 1. The graph defines a normalized adjacency matrix
G € A(m) which has the (R, ¢)-ball-or-cut property. If there exists a dense ball, then we know that
a constant fraction of the points lie close to each other (within distance 2R). Otherwise, there is a
sparse cut of the points which does not cut many edges of G. Roughly speaking, the data-dependent
LSH will be built by recursively applying this procedure, and using the multiplicative weights
update rule in order to handle any possible distribution over datasets and queries. For our cell-probe
algorithms we will allow & to contain all finite subsets of X. However, our efficient data structures
will use a restricted family & which allows us to quickly determine which side of a cut a point lies

on.

3.2 Partitioning theorems

The goal of this section is to prove the main partitioning theorem. We consider a metric space
(X, dx) which consists of N points. Let 0 < ¢ < ¢ be a small positive parameter and R = Z(X,¢).

We first define the notion of balanced collections of balls and cuts.

Definition 3.4. Let S be a collection of subsets Si,...,5n C X. We say S is e-sparse if for every

two points x,y € X with dx(x,y) <1, at most an e-fraction of subsets from S split x and y, i.e.,

Pr [Si(x) # Si(y)] <e.

i~ [m)]
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Definition 3.5. Consider a dataset P C X ofn points. Let S be a collection of subsets Si,..., S, C
X. We say that S is «y-balanced under P if for any S € S we have

(I=y)n < |SNP|<yn.

These two notions of sparsity and balancedness will measure the quality of the data-dependent
LSH. Intuitively, the data-dependent LSH is constructed by recursively partitioning the space with
a random subset from a particular collection. We want the collection to be balanced, to ensure
the algorithm makes progress, and sparse, to maintain a low probability of error. Lastly, we want
collections of subsets which can be written succinctly; such a condition will ensure the querying
algorithm can utilize the data-dependent LSH. We ensure our collection can be written succinctly
by requiring there are not too many of them, and that the collections do not have too many sets.

We may now state the main partitioning theorem for general metric spaces.

Theorem 3.6. Let R ==(X,¢) for some € € (0, %), and fix any n € N. There exists a collection C
of subsets of X with log |C| = O(log(N)log(log(N)/e)) such that for any dataset P C X of n points,

e FEither there exists a point xy € X with |P N Bx(xo, R)| >

507 or

o There exists a subcollection S C C of subsets of X such that:

— 8§ is 50e-sparse,

— S is %—balanced under P.

Theorem 3.6 suggests a very natural data-dependent LSH. At each step of the algorithm, either
we have a dense ball, or we have a collection of subsets with a distribution which decreases the
size of the dataset and does not split the query from its dataset point too often. Note that the
set C does not depend on P. This means the querying algorithm will know C, and needs to read
O(log(N) log(log(N)/e)/e) many bits from the data-structure in order to specify any particular set
SecC.

We now turn to proving Theorem 3.6. The proof is algorithmic and requires a few lemmas,

which correspond to particular subroutines.

3.2.1 Partitioning with the (R,¢)-ball-or-cut property

Let X = {z1,...,2n} be the points of the metric space of size N. For the remainder of the section,
let G € A(N) be a fixed matrix with g;; > 0 only if dx (x;, ;) < 1. We will frequently interchange
between subsets S C X and S C [N] by associating x; € X with ¢ € [N]. In addition, we frequently
write S = [N]\ S. The goal of this section is to use the (R,e)-ball-or-cut property to give a
subroutine which when given a matrix G € A(N), outputs a dense ball with respect to G, or a

particular subset of vertices which cuts few edges with respect to G.

14



Lemma 3.7. Let R = E(X,¢) for some ¢ € (0, %) Then there either exists a %—dense ball of radius

R with respect to G, or there exists a subset S C X where

< pa(S) < and > gy < 2.

i€S,j&S

Lo =
=~ w

Proof. We give an iterative procedure which begins with a set S := (), and at each step, either finds
a dense ball of radius R, or adds some points to S while keeping pg(S) < 2 and Yie sj¢s 9ij < 2¢.
At the beginning of an iteration, assume pg(S) < % We repeat the following procedure:

1. Consider the matrix G € A([S|) obtained by restricting G on the rows and columns corre-
sponding to S and scaling the entries so they sum to 1. Note that we still have g;; > 0 only if
dX(azi,xj) S 1.

2. The matrix G has the (R, e)-ball-or-cut property, so either there exists a %—dense ball of radius
R in S with respect to G, or there exists a subset S C S with @5(5) <e.

(a) Suppose S has a %-dense ball of radius R with respect to G. Then, that ball is %-dense

with respect to G, since G was rescaled by at least 1 — pg(S) — 2epa(S) > 3.
(b) Suppose S C S is a subset with @ 5(5 ) < e, and assume, without loss of generality, that
S has 0 < pé(g) < 3, since otherwise, we can switch S and S\ S. Then, let S+ SUS.

The quantity pg(S) is monotonically increasing with the iterations, and the procedure terminates
when pg(S) > % Thus, we just need to show that, as long as we do not return a %—dense ball with
respect to G, we always have pi(S) < 3 and ®¢(S) < 2e.

Consider the final iteration of the algorithm before S is returned; we have that S C [N] satisfies
pc(S) < & and pa(g) < 3. Additionally, assume ®¢(S) < 2 and @5(5) < ¢e. Then,

S g <> g+ > 05 <2 palS) +epg(S) < 2 (palS) + pa(S)) =2 - pa(S U S),
ieSus Z;g ieS _
j¢SUS J j¢SUS
where we used the fact that '05(5) < 2p(9), because the matrix G was normalized by a factor of
at least 3. Therefore, we have ®¢(S U S) < 2. Finally, note that:

[SVRIR )
Wl ™
VAN
=]

pa(S US) < pa(S) + pa(S) < pa(S) + 5 (1 - pa(S) — Be(S)) + Ba(S) <

3.2.2 Inner multiplicative weights update

The goal of this subsection is to use the partitioning procedure from Lemma 3.7 in order to either

find a dense ball (with respect to a given distribution over X ), or build a sparse collection of subsets.
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For the rest of the section, we let E be the set of unordered pairs of close points in X (at distance

at most 1).

Lemma 3.8. Let R =Z(X,¢) for some € € (0, %), and let v be a probability measure over points in
X. Then, either there exists a ball B of radius R such that v(B) > %, or there exists a collection S
of O (logN) subsets S C X such that:

£

e S is 50e-sparse, and

o Fvery S € S satisfies % <v(9) <

[SN[S4]

Proof. We prove the lemma by giving an algorithm which produces the collection S via the
multiplicative weights update algorithm. More specifically, we give an iterative procedure where
fort=0,...,0 (loiN)’ maintains at most N? weights, wy: E — RZ%. At each step, the procedure

produces a matrix G € A(N), checks the conditions of Lemma 3.7, and either outputs a dense ball

or updates the weights w;41. Fix § = %0' The procedure does the following:

1. Fort=0,...,T = POg?N-‘, maintain weights wy: E — RZY, where initially, wo(z,y) = 1 for

3
all (z,y) € E, and ¥y = 3", \ycpwi(z,y). Start with S = 0.

z,Y

2. Let G € A(N) be given by:

o | R itima)eE
gy = 0 i# 4, (20,2 € E
(1—98)v(z;) 1=J

and consider the possible outcomes of Lemma 3.7 with matrix G®):

(a) If there exists a j-dense ball B of radius R with respect to G® then % < paw (B) =
Yien(l = Ov(i) + Yiep Yy 05 ®) < (1 - §)u(B) + 3. Return B, since v(B) > L.

(b) If there exists a subset S®) ¢ X with % < paw (SW) < % and > ;e jest ggf) < 2e,
then let S < SU{S®} and for all (z,y) € E, we let:

w1 (2, y) = we(@, y) (1 + X{s(t)(x)¢s<t>(y)}> :

3. After T iterations, if the procedure has not returned a ball, return S.

It remains to show that if the procedure does not return a ball B, then the collection S is 50e-sparse,
and every S®) e S satisfies 1 < v(SW) < %. Note that |S| = O (@) since T'= O (@) In

order to show that i <v(9) < % for all S® € S, note that, similarly to the case with B,

| >

<paw(SD) < S+ @ =0p(SY)  and  (1-8)r(SY) < pen (SY) < Z

W=
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where the claim follows since § = %. We now turn to showing that S is 50e-sparse. On the one

hand, we have:

U= ) w(z,y) = Y wi(z,y) (1 + X{S(t>(x)7é5(t>(y)}>

(z,y)€E (z,y)€EE
2 iy T 4
S+ < Z 5'71%(1:“%) < Uy (1‘1‘8)7 (3)
‘ , 20, )
i€S jgS
since ¢ - %thj) = g;; for every close pair (x;,z;), and Zi65<t)7j¢s(t> gij < 2¢. Thus,
4e\T 4e\T
Uriy < W (H;) < N? <1+;> .
On the other hand, for each pair (z,y) € E,
Upyy > )T (4)

where p(z,y) = Prycip) [S®)(z) # S®(y)]. Combining (3) and (4), and taking logarithms, we have:

2logy N

T

(@) < 45) < 2logy N 4e

= — < < .
+log2<1+ 5)S 71 + 5 < 2e + 40e < 50¢e

3.2.3 Outer multiplicative weights update: proof of Theorem 3.6

The goal of this subsection is to prove Theorem 3.6. Similarly to Lemma 3.8, we use the multiplicative
weights update rule to design an algorithm which incorporates (limited) information about the
dataset P; in each update round, we call Lemma 3.8. We analyze this outer multiplicative weights
update process using KL-divergence as a potential function. In particular, we use the following
lemma, which is well known (see Theorem 2.4. in [AHK12]), and has been used, for example, in
the literature on differential privacy (Lemma IV.1. in [HR10]). We give the short proof here for
completeness. Below, KL divergence will be defined with respect to the natural logarithm, i.e. for

two measures 4 and v on X we have

Dicr(ll) = 3 ) n 242,
reX I/(ZL‘)

Lemma 3.9. Let pu and v be probability measures over X. For a subset S C X, let o = sign(u(S) —

v(S)), and define a new probability measure v over X by

V(:L,)enUS(J:)
ZyGX I/(y)enas(y) .

V(z) =
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Then,
Dir(ullv") = Drer(ullv) < —nlp(S) = v(S) +n*.

Proof. By the definition of KL-divergence we have

$
Disul) = Drcslply) = 3 o tn 232
rzeX SL’

::E:;dxMHELEXVQDdWﬂw

rex et
=—mM$+m£;WwWﬂ”
g—mwwy+mZ;mwu+ndWD+WS@D
:_WM$+mé+WW$+fW$)

< —no(u(S) —v(S)) + 7

—n|u(S) — v(S)| +n°.

The first inequality above follows from e* < 1+ z + 22 for all |z| < 1. The second inequality follows
from In(1+ 2) < z. O

In particular, notice that Lemma 3.9 implies that if [1(S) — v(S)| > «, and we set n = §, then

the KL-divergence dicreases by at least O‘TZ.

Proof of Theorem 3.6. Similarly to Lemma 3.8, we give an iterative procedure where at each time
stept =0,...,7 = O(log N), we maintain N weights, w;: X — R=%. At each step, the procedure
produces a probability measure v supported on points in X and uses Lemma 3.8 to get a collection

of subsets of X. The procedure is defined as follows:

1. For t =0,...,T = 4001n N, maintain weights w;: X — RZ%, where initially, wo(x) = 1 for all
reX.

2. Let v® be the probability measure supported on X given by v(*)(z) = 2@ Consider

yeX ’ll)t(fb)

the possible outcomes of Lemma 3.8 with measure v):

(a) If there exists a ball B®) of radius R such that v (B) > é and |[PN B| > g, then return
B=BWY.

(b) If there exists a ball B® of radius R such that v®(B) > % but [P N B| < g, then set

wer (@) = wy(x)e BO@/20,

and continue with the next iteration.

(c) If there exists a collection S®) of subsets of X satisfying the conditions of Lemma 3.8,
and £ < |[SNP| < Z2 forall S € S® . then return S = S,
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(d) If there exists a collection S® of subsets of X satisfying the conditions of Lemma 3.8,
and for some S € S® we have |S N P| < 3 or [SNn Pl > 224—5", then set o =
sign (@ — V(t)(S)), update the weights as

wip1(w) = wt(l‘)egs(w)/%a

and continue with the next iteration.

Note that the procedure returns B = B®) only if it is a ball of radius R that contains at least 20
points, and it returns the collection S = S® only if it is 50e-sparse and %—balanced. So, if the
procedure returns B or S, then we know it satisfies the condition of the theorem. Therefore, we
just need to show that the procedure will return B or S in the first T iterations, and that S is a
subcollection of a sufficiently small collection C. Since in each iteration we either return B or S, or
we update wy, for the first claim it is enough to show that wy is updated fewer than 7" times. We do
so using KL-divergence as a potential function.

Let p be the empirical distribution induced by the dataset, i.e. u(z) = % for every z € P and

wu(x) =0 for every xz € X \ P. At step 0, we have
Drp(p|/”) =In N — H(u) <In N, (5)

where H () is the Shannon entropy of i, which is always non-negative. If we update w; because there

exists a ball B® with v (B®) > & but w(BW) = @ < &5, then we have lu(B®) —v®(BO)| >

11 1 .
5~ 50 > 10 S0, by Lemma 3.9

1

Drer(ul|v") < Diep (u)|v®) — 100"

(6)

|SNP|
n

Similarly, if we update w; because there exists a set S € S® with u(S) =
then, by Lemma 3.8 we know that i <) < %, and, therefore,

<%orM(S)>%,

So, by Lemma 3.9, the inequality (6) holds in this case, too. By (5) and (6), and because KL-
divergence is always non-negative, we have that w; can be updated at most 400Iln N < T times.
Therefore, after one of the T iterations the procedure will return either a ball B or a collection &
satisfying the conditions of the theorem.

To finish the proof, we need to argue that S is a subcollection of a small collection C of subsets of
X. Let M be the number of distinct collections & that the iterative procedure can return. Lemma 3.8
guarantees that, for any such collection, |S| = O(log N/¢), and if we define C to be the union of all
possible S, then we have the bound |C| = O(M log(N/e)). To bound M, observe that S depends
on the dataset P only to determine, for each ¢ = 1,...,T, whether the procedure has returned
B or S, or, otherwise, to determine the identity of a set S € S® such that w(S) = |SQ—P| < %
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or u(S) > %, and the sign of u(S) — v®(S). Since |S®| = O(log N/e), any set S € S can
be specified in O(log(log(N)/e)) bits. Overall, S depends only on O(T(1 + log(log(N)/e))) =
O(log N log(log(N)/e)) bits from P, which gives the desired bound on M, and, therefore, on
log |C|. O

4 Cell-probe data structure for general metrics

Here, we describe a cell-probe data structure solving c-ANN for (X, dx), where | X| = N. Along the
way, we use Theorem 3.6 as the main tool.

We first define the cell-probe model (as used in Theorem 1.3). Given a dataset, the cell-probe
algorithm is allowed unbounded preprocessing time and eventually stores some memory as a sequence
of cells of O(logn) bits each. Then, given a query point, a cell-probe algorithm is allowed to probe
some cells (possibly adaptively) to read the contents of a cell. The algorithm performs unbounded
auxiliary computations and uses unbounded auxiliary memory. The complexity of a cell-probe
algorithm is measured by the number of cells, or the space, the data structure uses, and the number
of probes the algorithm makes during a query. We will assume that loglog N = O(logn) and that
any point in X can be specified using O(log N) cells.

The main theorem in this section is:

Theorem 4.1. For any metric space X of size N, and a € (0, %), there exists a cell-probe data
structure for (2-Z(X, ©(a))+1)-ANN that uses O(n'T%-log N) words of space and O(n®-logn-log N)

cell probes per query.

While we do not measure time complexity in this section, we note the cell-probe algorithm
described may be implemented with preprocessing time and query time which depend exponentially
on the dimension.

In the rest of this section we fix R = Z(X, ¢) for a parameter ¢ = O(a), to be determined later.

Preprocessing. Next we describe how to build the data structure (for the pseudocode, see Figure 1).
Let P C X be a dataset of n points. The data structure is a collection of independently generated

random decision trees. Each node v of a tree stores the following fields:
e v.type: the type of the node;
e v.P: a subset of the dataset points;

e v.center: a point in X;

v.5: O(log(N)log(log(NN)/e)) bits used to indicate a set S in the collection C guaranteed by

Theorem 3.6, defining a cut node;

v.left and v.right: pointers to child nodes.
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function PROCESS(P, ¢, v) function PROCESSBALL(P, z, ¢, v)

if £ =1t or |P| <100 then v.type < “ball”
v.type + “leaf.” v.center < x.
v.P « P. v.P < PN Bx(z, R).

else if 3o such that |P N Bx(zo, R)| > % then PROCESS(P \ Bx (zo, R), ¢+ 1,v.left).
call PROCESSBALL(P, xo, ¢, v)

else function PROCESSCUT(P, S, £, v)
S« MWU(P). v.type < “cut.”
V.MWU < mMWUu P,=PNS;, P.=P\S.
sample S uniformly from S PROCESS(P;, £ + 1, v.left).
store bits necessary to identify S € C in v.S PROCESS(P,, £ + 1,v.right).
PROCESSCUT(P, S, £, v). v.P « 0.

function MWU(P)
S C C obtained from Theorem 3.6 with P.
return S.

Figure 1: Pseudocode for constructing the data-structure

We keep a counter £, which denotes the current level of the tree we are processing. Initially, £ = 0,
and it is incremented on each recursive call. Once ¢ reaches some threshold ¢ (to be specified shortly),
we store a leaf node v and save the points of the dataset which reached v in v.P. Thus the depth of

the tree is bounded by t a priori.

1. If there exists a point xg € X such that |P N Bx(zo, R)| > g, we build a ball node. In this
case, the ball node saves xg in v.center and PN Bx (zg, R) in v.P. We then recurse by building

a data structure on P\ Bx(zo, R). (See PROCESSBALL in Figure 1).

2. Otherwise, the second condition of Theorem 3.6 holds, and the set C guaranteed by the theorem
contains a subcollection S C C of subsets of X which is 50e sparse and %—balanced. We sample
a uniformly random S € S, and we build a cut node v. We store the O(log(V)log(log(N)/e))
bits necessary to identify S in v.5, and recursively create two child nodes, holding the points

PnSand P\ S. (See PROCESSCUT in Figure 1).

The final data structure consists of k = O(n®) independent trees, rooted at the nodes vy, ..., vy,
where the i-th tree was built by a call to PROCESS(P, 0, v;).

Querying the Data Structure. We now specify how to query the data structure; the pseudocode
is given in Figure 2. For each of the k trees in the data structure, we start the query procedure at

the root of the tree, and proceed by cases, according to the type of node, as follows:

e Leaf nodes: If a query ¢ € X queries a leaf node v, then the query scans v.P and returns the

first point which lies within distance 2R + 1. If no such point is found, return L.

e Ball nodes: If a query q € X queries a ball node v, we test whether our query is close to the
ball centered at v.center of radius R. In particular, if dx (¢, v.center) < R+ 1 and v.P # 0,

we return an arbitrary p € v.P. Otherwise, we recurse on the child node of v.

e Clut nodes: If a query g € X queries a cut node v, the querying algorithm runs the multiplicative

weights algorithm, accessing the values stored in v.mwu. Once it determines the collection S,
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function QUERY(q,v) function QUERYBALL(q, v)

if v.type = “leaf” then To + v.center.

for p € v.P do if dx(zo,q) < R+ 1 then
return p if dx(q,p) < 2R+ 1. return any p € v.P.

return L. return QUERY (g, v.left).

if v.type = “ball” then
p < QUERYBALL(g, v). function QUERYCUT(q,v)
return p if p # L. Identify S € C from v.S

if v.type = “cut” then if g € S then
p < QUERYCUT(q,v). return QUERY(q, v.left).
return p if p # L. return QUERY (g, v.right).

Figure 2: Pseudocode for querying the data-structure

the querying algorithm checks the index of the set S; € S, which is stored in v.5. If ¢ € S;,
then the querying algorithm recurses on the left child, otherwise, it recurses on the right child

of v.
We collect some simple facts about the data structure which we use later in the analysis.
Claim 4.2. The following statements are true:
o The sets v.P for nodes v partition the dataset P.

e If QUERY(q,v) returns a point p € P, then dx(p,q) < 2R+ 1.

Analysis.

It remains to set the parameters ¢t and . We let t = ngl(%%w and € = {%J in order
to have (1 — 50e)t > n™°.

Consider a fixed dataset P, and let ¢ € X be any query, which is promised to have a point
p € P with dx(p,q) < 1. If there are multiple such points for ¢, we fix one arbitrarily. Let v
be a node of the data structure built by a call to PROCESS(P,, ¢, v) for some P, C P and ¢ < t.
We let U = C(v, q) be the random variable (over the random choice of S; € S if v is a cut node)
which specifies the child node followed by QUERY(q,v), and L if QUERY (g, v) does not recurse down
a child. We also consider the random variable Py consisting of the dataset involved in the call
PROCESS(Py, ¢ + 1,U) which builds the node U when U # L.

We first claim that for any node v of the data structure, if p € P,, then,

Prlpe Py | U # 1] > 1 — 50e. (7)

To see this, first consider the case in which PROCESS(P,, ¢, v) calls PROCESSBALL, and let x be the
center of the ball. If U # L, then QUERYBALL(g, v) did not return any point and dx(z,q) > R+ 1,
sop ¢ Bx(xz,R). Then p € P, \ Bx(z, R) = Py with probability 1. For the remaining case, when
PROCESS calls PROCESSCuUT, we have:

[p € Pyl = Pr[S(p) = S(q)] > 1 — 50¢,

Pr Pr
S~S S~S
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since § is guaranteed to be 50e-sparse by Theorem 3.6.

By Claim 4.2, any point p’ returned by QUERY(q,v;), where v; is the root of one of the data
structure trees, satisfies dx (p’,q) < 2R + 1. To prove correctness, it remains to argue that, with
sufficiently high probability, at least one of the QUERY(q, v;) calls, for i = 1,...,k, does in fact
return a point. Fix some i between 1 and k, and define a random sequence Uy, Uy, ..., Us of nodes
of the tree rooted at v; by Uy = v; and Uy = C(Uy_1,q); Us is the first node in this sequence for
which C(Us,q) = L. Notice that s < ¢t. Clearly, QUERY(q, v;) will return a point if p € Py,. By
(7) and the choice of t, this happens with probability at least (1 — 50¢)% > (1 — 50¢)! > n~%. By
picking the number k of trees in the data structure to be a sufficiently large multiple of n%, we
can guarantee that with large constant probability the data structure returns a point p’ such that
dx(p',q) <2R+1.

To finish the analysis, we need to bound the number of cells stored by the data structure, and the
number of cell probes made by the query procedure. Each of the points stored in the leaves of each
tree form a partition of the point set P, so each tree has at most n internal nodes. Each internal
node stores O(log(NV)) cells, and all the leaves together use O(nlog N) cells of space (O(log N) per
point in P). Therefore, the total space used by the data structure is O(n'*®log N) cells.

The query procedure probes O(log N) cells at each internal node of a tree. The number of
cells probed at a leaf node v is proportional to O(|v.P| -log N). We claim that v.P is bounded
by a constant. Suppose that u is a child of a node v, and also that v was created by a call to
PROCESS(P,, ¢,v) and u by a call to PROCESS(P,, ¢+ 1,u). Then, by the guarantees of Theorem 3.6,
|P,| < %\PU\, so the number of points that can reach a leaf of a tree is bounded by n (%)t. By the
choice of t, this number is bounded by a constant, as we claimed. Therefore, the total number of
cells probed by the query procedure is O(ktlog N) = O(n®lognlog N). This completes the proof of
Theorem 4.1.

5 Discretizing the space

Let || || be a norm on R? with unit ball K. Let € be the John Ellipsoid of K, i.e. the largest volume
ellipsoid contained inside K. By John’s theorem [Joh4§],

ECKcCWVd-E.

We let C D € be the smallest rotated box (with side-length 2 in || - ||) containing £. More formally,
consider the affine transform F: R? — R? which maps B¢ (the unit ball of || - ||2) to &. Then
C = F(BY,). Note that the collection

He={F(2s-2)+s-CCR¥:2c 7%,

partitions R¢ into disjoint translated copies of C with side-length 2s.
In this section, we reduce the problem of c-ANN for || - || over R? to the problem of c-ANN for

23



|| - || over a finite set of points. We first reduce to the case when the dataset and query are bounded
by a high-dimensional box, then we will show how to discretize the boxes in order to reduce to a

finite set of points.

Lemma 5.1. Let A be a data structure solving c-ANN for ||-|| over s-C where s = O(d) with success
probability 2, query time T(n) and space S(n) = Q(dn). Then there exists a data structure A’
solving c-ANN for || - || over RY which solves the problem with probability <, query time T(n)+ O(d)
and space S(n) + O(dn).

Proof. The data structure A’, upon receiving the dataset P, proceeds in the following way:

e Partition the space by a randomly shifted s-C where s = 5d (with respect to || - ||). More

formally, we sample 3 ~ [0, 2s]¢ and consider the collection:

Hey={F(y) + HCR?: H € H}.

e For each H € H,,, we take the dataset PN H falling inside this location, translate the dataset
by the center of H and invoke the data structure A on the translated points of PN H.

On a query ¢, we identify the location ¢ € H € H,,. We translate the query by the center of H,
and query the corresponding data structure holding PN H.

We say that two points p, ¢ € R? are split if they lie in different cells of the partition Hs,y. For
any p and ¢ with |[p — ¢|| < 1, we have

d-lp—dl o 1

P lit] <
r[p and ¢ split] < P .

where we used the fact that after the affine transform F' which maps ey, ..., eq to the major axes of

&, we have the probability that we split points p and ¢ is at most

;i (o=l = L |F e - @), < Y r e - )
i=1

Vd Ip —qf

= p—ql <
55 lp—dqll¢ < 7%

Thus, with probability %, the query point and the dataset point fall in the same grid location.
The query time of T'(n) + O(d) is immediate, and the space S(n) + O(dn) follows from the fact that
we must store a hash of the non-empty values of P N H where H € H, 4, as well as y, as well as the
fact that S(n) = Q(n). O

We now proceed to the second step where we reduce to the case the dataset and query lie within
a fixed set of points. We let X be a greedily constructed y-net of s-C (where distances are measured
with respect to || - ||). Let (X, || - ||) be the metric space obtained by restricting the norm to 7.

A standard volume argument gives the following fact.
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Fact 5.2. We have that | X| < exp (O(dlog(d/7))).

Since X is a y-net, we may identify points with their closest neighbor in X. The following

lemma is immediate, and finishes the reduction.

Lemma 5.3. Let A be a data structure solving c-ANN for (X, | - ||) with success probability <5,

time T'(n) and space S(n). There exists a data structure A’ solving c - (ﬁgl)-ANN for || - || over

s - C with success probability 5% in time T(n) 4+ O(d) and space S(n).

6 Bounding the cutting modulus of a normed space

For G = (gi5) € A(m), we denote D = diag(pg(1), pc(2),...,pa(m)). We set A = (a;5) =
D=12GD=1/2 so that aj; = ——9%3___ and Lg = I — A. For a metric space (M, dy,) and g > 0,

G (i)pa(7)
we define (the inverse of) the nonlinear spectral gap (G, d%,) to be the infimum over v > 0 such

that for every wq,uo,...,u, € M, one has:

Z PG(i)PG(j) : d./\/l(ui)uj)q <7z Z Gij dM(ui,uj)q.
i,j=1 i,j=1

Note that this definition agrees with the one from the Introduction if G is (a multiple of) a
doubly-stochastic matrix.

In this section, we show that for every d-dimensional normed space X = (R%,|| - || x) and every
0 <e<1/2, one has E(X,e) = O (losigd). This bound easily follows (see Theorem 6.6) from a slight
extension of Theorem 1.7 to the case when A is not necessarily doubly stochastic. This extension
can be obtained by examining the proof from [Naol7], but instead we present a new, shorter and
more elementary argument, which constitutes the bulk of the present section (for a slightly different
exposition of the same argument, see [Naol8]).

Recall that for normed spaces X = (R%, ||| x) and Y = (R?, ||-||y) and a linear map T': RY — R4,
the operator norm ||T'[| x—y is defined as follows: ||T||x—y = supjy =1 |T%|ly. The Banach-Mazur
distance dpy(X,Y) between X and Y is defined as follows: dpy(X,Y) = infr. ga_pa || T||x =y -
|7~ |ly—x. By John’s theorem, one always has: dgy(X, %) < V/d.

Theorem 6.1. For every normed space X = (R4, || - || x) and every G = (gi;) € A(m), one

2
has v(G, | - |%) = O <(i\j(lzggo)l) ), where d = dpy(X,04) < Vd. In particular, one always has:

2
G| [%) =0 ((ij(lzga@ )

Let V C (R%)™ be the following codimension-1 subspace:

i\/pg(i) cvp = 0}.
i=1

We denote by Vx = (V.| - |[vy) the normed space where for v = (v1,v2,...,vn) € V, the norm

V = {(Ul,U27---aUm) € (Rd)m

is given by [[v|lvy = /> [|lvil|%. Denote by A: V — V the following linear map: (Av); =
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m _ m 9ij Vi
J I J G ()pc (7)

as A = D~Y2GD~1/2 acts on a tuple of scalars. It is immediate to check that the image of A indeed

lies in V'; this follows from the fact that (\/pg(l), Vra(2),..., \/pg(m)) is an eigenvector of A.
Let Z: V — V be the identity map.

We show that Theorem 6.1 readily follows from the following lemma.

. In words, A acts on a tuple of d-dimensional vectors the same way

Lemma 6.2. One has: ||(Z — A)_1HVX%VX =0 (ij(lzgs).

Proof of the implication “Lemma 6.2 = Theorem 6.17. Indeed, an immediate reformulation of Lemma 6.2
is that for every v1,va, ..., v, € R? such that 7, /pc(i) - v; = 0, one has:

YT 1+ logd\?
izluvzuxso«Mm )) > |

=1

2

Z Gij UJ
Vpc(i)pa(j

Our goal is to show that for every uj,us, ..., u, € R?% one has:

Zpa<z'>pe<j>~|ui—uj||%(=0<(1g<bg")) > g+ s — sl Q

,j=1 1,j=1

Without loss of generality, we can assume that > 1", pa(i) - u; = 0. We set v; = \/pa(7) - u;. Hence,
pc(i) - v; = 0 and (8) applies. On the one hand, one has:

m m 2
> pa(ipa() - ui —wlk < Y pa@pal) - (lullx + luslix)
i,j=1 i,j=1
m
<23 pa@pa(i) - (lwillk + llwl%)
i,j=1
m m
=4 pali) - Juillk = 43 Juillk- (10)
=1 =1

On the other hand, one has:

2 2
m o m gijVj _ m m Gij ‘ V; B Vj
; Z jz_:l pa(ipa(i) || ; jz_:l\/pe(i) (\/PG(i) %pc(j)) .
2 2
RE(Erzo )X<Z(Z ol ﬂ“x)
<Y gy fw—wly (11)

where the third step is due to the triangle inequality, and the fourth step is due to Jensen’s inequality.
Combining (8), (10) and (11), we obtain (9). O

Now let us show the proof of Lemma 6.2. For this we will need to relate the geometry of X
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and the Euclidean geometry. Let H = (R%, || - ||zr) be a Hilbert space such that for every v € R?,
one has ||v]lg < |[v||x < d-||v||g. The existence of such a space follows immediately from the
definition of Banach-Mazur distance. In particular, if 7" is a linear map such that ||T']| g < 1and
||T_1”eg_>x <d, we can define H by ||z||g = ||T'z||2. We define the normed space Vi = (V.|| - ||vy,)

analogously to Vx: the norm ||v||y,, for v = (v1,v2,...,vy,) € V is defined by ||v||v,, = /> 1% [lvill%-
Clearly, for every v € V, one has:

[ollvey < l[vllvy < d-[[oflv- (12)

Finally, we deﬁne A= ﬁ and A = ﬂ. Let us observe that 7 — A = (I —A), so (T -

1||VX*>VX sz - .A 1||V v, thus it is enough to show that
~ 1+ logd
1
1= o =0 (i) (13)

One can see that (13) is an immediate corollary of the following three statements together with (12).

Let us note that Lemma 6.5 is the place where the logarithmic dependence on d shows up.
Claim 6.3. One has | Allvy vy < 1.

. T A2 (L
Claim 6.4. One has || Allv, v, <1— %

Lemma 6.5. Let || - ||p and || - |lg be two norms on RY such that for some ® > 1 and for every
u € RY one has ||lullg < |ullp < @ - ||lullg. Suppose that T: R — RY is a linear map such that
IT||psp <1 and |T||gq < 1—¢ for some 0 <& < 1. Then, (I —T) Y||pop =O (M)

Proof of Claim 6.5. For every v = (v1,v2,...,0y) € V one has
|| 9ijVj gi pa (i)
| Av]F; 1(Av); e ”
=2 =22 e =2\ 256 |V e

pa i
pa

gi
Z ” HJHX ZIIUJIIX—HvHvX,

1=1 7= 1P

where the third step is by the triangle inequality, and the fourth step is by Jensen’s inequality.
Hence, ||Allvy vy < 1. But this implies that || Allvy vy < 1 as well. O

Proof of Claim 6.4. Let us first observe that for every u € R™ such that >/, \/pg(i) - u; = 0, one

has Mo(L0)
ufa < (1= 225E0) ul (14)

since A is positive semidefinite, the largest eigenvalue is 1, the corresponding eigenvector is
(Vpa(i))™y, and the second largest eigenvalue is 1 — A2 (L) /2.
The desired inequality reduces to (14) as follows. Since H is a Hilbert space, there exists an

orthogonal basis e1, e, . . ., eq € R? such that for every u € R™, one has |[u||% = 7 (u, e;)?. For
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1<i<dand v=(v1,v2,...,0p) €V, define m;(v) = ((v1,€;), (V2,€i), ..., {(Um,e;)) € R™. Then,
o)1}, = S5y [I7:(v)[3. One has:

| Av|2, = Zuwv Hz—ZHAm )2 < ( )an )2

= (1 2ED) o,

O

Proof of Lemma 6.5. For every k > 1, one has

IT*(lpp < @T"[lgsq < @ (1 —2)".
Thus, we can choose k* = O((log 2®)/e) such that || T*"||p_,p < 1/2. Finally, we have:
_ = . O ikt I , . 1+ log ®
=) o < 3 T <+ 3T g < 1 3(1/2) = 2% = 0 (222
k=0 i=0 i=0 <
as desired. ]

Theorem 6.6. For every normed space X = (R%,|| - ||x) with dgm(X,£3) = d < V/d, and every
0<e<1/2, one has: E(X,e) = O (H;#d) In particular, one always has: Z(X,e) = O (gigd).

Proof. Let R > 0 be a parameter to be fixed later. Let G € A(m) and let & = (x1,x2,...,2Tmy) € X™
be such that ||z; — z||x <1 if g;; > 0. Suppose that & has no 1/2-dense ball of radius R. Then,

Z pc(Dpc(i) - o — ;% = -5 (15)
i,j=1
On the other hand, we have:
m
> gij - llw—allk <1, (16)
i,j=1

since ||z; — zj||% < 1 whenever g;; > 0. Thus, combining (15), (16) and Theorem 6.1, we get:
X (Lg) =0 (%). Thus, by setting R to a large enough multiple of 1+logd and using Cheeger’s

inequality (Theorem 2.2), we conclude that G has a cut with conductance at most ¢. O

Note that Theorems 3.6 and 6.6, together with a standard discretization argument imply
Theorem 1.9. Indeed, given a norm || - ||x on R? and a radius R so that log R is polynomial in d,
we can greedily find N points x1,...zy so that the balls Bx(z1,7),...,Bx(znN,7) cover Bx (0, R),
and log N = O(dlog(R/~)). We can then use Theorem 3.6 with the metric space of size N induced
on {x1,...,xy} and the cutting modulus bound given in Theorem 6.6. We identify any set .S in
the collection C guaranteed by Theorem 3.6 with the union of the balls Bx(z;,7) that cover the
elements of S. It is easy to verify that any two points u,v € Bx (0, R) that lie at a distance at most
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1 — 2+ apart are separated by a uniformly random set in the subcollection § with probability at

most 50e. The guarantee of Theorem 1.9 then follows by a simple rescaling.

7 Algorithm for ¢,

In this section, we give an O(p)-ANN algorithm for ¢, norms when 2 < p < co. We use the framework
of Section 4 and a more refined bound on the cutting modulus of ¢, in order to achieve an improved
approximation. The improved bound on the cutting modulus for £, norms will follow from a slight
generalization of an argument due to Matousek [Mat97]. We note that this improved bound on the
cutting modulus can also be proved by generalizing the interpolation-based argument in [Naol4].
However, Matousek’s argument is more explicit, and allows us to relate Rayleigh quotients in the £,
and ¢ norms. Using this observation, we can show that in the case of £, norms, we can also bound
the cutting modulus with respect to just balls and complements of boxes, rather than arbitrary finite
sets of points. Because both are efficiently describable, we can derive an efficient data structure for
O(p)-ANN over £),.

The algorithm presented achieves efficient query time and near-linear space. As in the case of
the cell-probe algorithm of Section 4, the time for preprocessing is exponential in the dimension.
During preprocessing, we consider a finite metric space of exp(O(dlogd)) points discretizing the
space, so executing the partitioning theorems takes exp(O(dlogd)) time.

The goal of this section is to prove the following theorem.

Theorem 7.1. For any 0 < o < 1, there ewists a data structure solving c-ANN for £, with success

probability 1% with the following guarantees:

e the approxzimation is ¢ = O(p/«),

«

e the query time of the data structure is poly(d) - n®, and

e the space of the data structure is poly(d) - nt+e.

It suffices to give a data structure over some finite metric space of N = exp (O(dlogd)) points,
where pairwise distances are given by the £, norm. In particular, let X be a set of N points
r1,...,ox € R? formed by suitably discretizing the cube [—s, s]¢ where s = O(d) (see Lemma 5.3);

we consider the metric space (X, | - ||,). Theorem 7.1 follows from the following lemma.

Lemma 7.2. For any 0 < o < 1, there exists a data structure solving c-ANN for (X, || - ||,) with
success probability 1%, approzimation O(p/a), query time poly(d) - n® and space poly(d) - n'+e.

In order to prove Lemma 7.2, we follow the framework from Section 4, which requires two tasks:

1. Show that the metric space (X, || - ||,) described above has Zg(X,e) = O(p/¢) for ¢ = O(a),
and an efficiently representable, or succinct (see the following definition) collection ) of subsets
of X.
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2. Give an analogous, efficient version of Theorem 3.6. In particular, the collection of subsets

S1,...,8m C X in Theorem 3.6 will belong to a succinct collection &.

Definition 7.3 (Succinct Collections). We say that a collection & of subsets of X is b-succinct if
there exists a function E: & — {0,1}°, as well as an algorithm D running in time poly(b) taking
inputs in {0,1}° x X satisfying

1 ge8
D(E(S),q) = 1 VS € 6.
0 g¢S
We proceed to state the lemmas accomplishing steps 1 and 2 described above. Let $ be the
collection of subsets of X induces by coordinate halfspaces. l.e. $ consists of sets of the type
{reX:z >thor {xr e X :x <t} for somei € [d] and t € R. We let P C X be any set of n

points in X. We aim to prove the following two lemmas.
Lemma 7.4 (Cutting Modulus for £,). We have Z4(X,e) = O(p/e).

By a quick inspection of the proof of Theorem 3.6, an efficient version of Theorem 3.6 would

follow from the following efficient version of Lemma 3.7.

Lemma 7.5 (Efficient Lemma 3.7). There exists an a collection of subsets & of X which is b-
succinct for b = poly(d) such that for any matrizc G € A(N) where gi; > 0 only if ||z; — x|, <1,

either there exists a %-dense ball of radius R = Z¢(X, €), or there exists a subset S € & where:

and Z gij < 2e.
i€S,j¢8

=~

< pc(S) <

L =

Lemma 7.5 implies Theorem 1.8 by an argument analogous to the proof of Theorem 3.6.

Proof of Theorem 7.1 given Lemmas 7./ and 7.5. The data structure proceeds in a similar fashion
to the cell-probe data structure in Section 4. The one modification is that the output S from
sub-routine MW U (P) satisfies S C & for a b-succinct collection & with b = poly(d). Therefore,
PROCESSCUT(P, S, ¢, v) stores the b bits, F(S), in v.S. In QUERYCUT(q,v), the algorithm executes
D(v.S,q) to evaluate the “if” statement in QUERYCUT(q, v). O

Lemma 7.4 and Lemma 7.5 follow from a Rayleigh quotient inequality for £, norms, which we

prove in the next subsection.

7.1 Rayleigh quotient inequality for ¢, spaces and proof of Lemma 7.4

Let ¢ = (z1,...,7m) € (R)™ and G € A(m). As in Section 3, let pg(i) = > o741 9ij, and for

simplicity in notation, we will write p(i) = pg(i) since the matrix G will be fixed.
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For k € [d], consider d functions Fy: R — R. We define a function F: (R%)™ — (R%)™ by

applying to all m points the functions Fi, ..., Fy coordinate-wise. In particular, foreach j =1,...,m,
(F(x)); = (Fi(zj1), Fa(wg2), - -, Fa(wja)) € RY. (17)

Additionally, for any k € [d], let m,: R? — R be the projection onto the kth coordinate. We also
think of 73 as acting on a sequence of points by letting 7z : (RY)™ — R™ be given by:

Wk(d:) = (:Ulk,xgk,...,xmk) e R™. (18)

Note that 7 (F(x)) = Fi(mr(x)).

We will use the Mazur map [Maz29] (see also [BLO00]) between ¢, and f» defined on RY by
M, o(z); = sign(x;) - |o;|P/? for every i € [d]. Note that for any x € R, we have || M,2(2)|3 = ][5
The following inequality gives a well-known estimate on the modulus of uniform continuity of the

the Mazur map: for any z,y € R%, we have

2
p 1-2

[ Mp2(x) = Mpa ()3 < —llz =yl - (lzl5 + llyllk) (19)
4

See Section 5.1 of [Naol4] for a proof of this inequality with the explicit constants above.
We state the following result of Matousek [Mat97], generalized slightly to the case of non-negative

symmetric matrices, and stated in terms of Rayleigh quotients.

Lemma 7.6. For any x € (RY)™ there exist d monotone functions Fy,...,Fg: R — R such that:
R(F(2),G, |- 3" <R(@,G.| - |}) - (vV2p)".

Proof. For k € [d], we define the function Fj(x) = sign(z — z) - |z — 2x|?/? for some numbers
21,...,2q € R which we specify later. Note that each F} is monotone. Let y = (y1,...,%m) € (RH)™
be given by y = F(x); we will show the bound relating R(z, G, || - [[5) and R(y, G, || - [3).

For any coordinate k € [d], let z; € R be a real number such that

m m

> i)y =Y p(i) Fr(ziz) = 0.

i=1 i=1

The existence of such a number follows by the continuity of S>7, p(i)sign(xy — 2x) - |Tik — 21 [P/?
in z, and the fact that this function goes to +00 as z; tends to —oo, and to —oo as z; tends to
+o00o. Let us denote then, for notational convenience, &; = z; — z, where z is the vector (z1,...,2q).

We have y; = M, 2(Z), so, [lysl|3 = [|Z|| for all i € [m]. It follows from the triangle inequality and
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Cauchy-Schwarz that
2

m m
> p@)llzll} = Zp SZZ ) llyi = w3
: et

Z P(j)yj
7=1

= (yG—HH) Z Zgwllyz yill3.

i=1j=1

Applying inequality (19) to each term on the right hand side, we have
m pg m m L
Z p()||Zill; < WZZZ%IIL - i“jH;% 1z + [12505) >
i=1 ’

1=17=1

By Hoélder’s inequality, we may write

NE
N

<
Il
—

m m ) 12
> 0T = 35l (allh + 12515) > <

i=1j=1 1

1
m m 2/p m 1_%
= (DD gijllzi — z5lh <2Zp(i)llﬂfi!\£)
i=1j=1 i=1

Combining the inequalities, and using Z; — T; = x; — x;, we get

2
P

m 2/p m 1—
leu)\finpsR(%Gf“.ng) o (Zzgulm xjup) (meufiup)

i=1j=1 =1
Thus, we obtain:

m
1

S ()P ' ZZ P

; p(l)HxZ” = R(vav H ) H%)P/2 2 P+2 Gij |.732 x]H ’

i=1j5=1

Finally, we have that:

m m
ZZ chz—%llp—zzp sz_%”p <2p+1zp Mz:][P,
i=1j—=1

i=17=1 =1

and combining (20) and (21), we obtain the desired result.

With the Rayleigh quotient inequality from Lemma 7.6, we can easily prove Lemma 7.4.

Corollary 7.7. Let x = (21, ...,%m) € (RY)™ be any set of m points, where:

e gij >0 only if |x; — ||, <1, and

(V2p)?

gp/2

o > Y p(@)p(h)l|wi — zj|Ib >

7
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(20)

(21)
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Proof. We simply note that R(z,G, || - ||b) < (\8& T so R(F(z),G,] - ||3) < e by Lemma 7.6. O
P
Lemma 7.8. Let x = (x1,...,%m,) € (RY)™ be any sequence of m points where gij > 0 only if

|lzi — x|, < 1. Then,
o cither x has a 1-dense £,-ball of radius R = O(p/\/<), or

o R(F(z),G, |- ]3) <e.

L V2p)P
Proof. 16 ity Xy p(i)p () — a1l > Y20
otherwise. Consider the distribution D supported on [m] given by sampling ¢ with probability p(z).

Then,

, then we have R(F(z),G, | - [|3) < ¢, so assume

P = No( iz — 2:11P <
Eolles )= 5 ol sl < O
Then, there exists a fixed index i € [m] where
(V2p)?
E [l - ol < 2,
and by Markov’s inequality,
(vV2p)P| _ 1
By [t eutpz 2 L2 <
91/2+1/p),
Thus, we conclude that there exists an ¢p-ball of radius R = 7 = O(p/+/e) around x;,
€
Bp(.Ti,R), such that ijGBp(xi,R)ﬁP p(]) > % O

Proof of Lemma 7./. By Lemma 7.8 applied with 2¢2, if  does not have a %—dense ball of radius
R = O(p/e), then R(F(z),G, || - |3) < 2¢2. Then there must exist some coordinate k € [d] for which

R(Fx(mi(2)), G, |- [*) = Rk (F(2)), G, | - [*) < 2¢°.

We can apply Cheeger’s inequality (Theorem 2.2) to Fy(mi(x)) and we get that there exists a real
number ¢ such that the set S = {j € [m] : Fj(z;;) < t} satisfies ®5(S) < e. Observe that, since Fj,
is a monotone function, we can equivalently write S = {j € [m] : 25 < F}, *(¢)}, which is the set
induced on z by H = {z € X : 2, < F~1(t)} € $. Thus, we have Z4(X,e) = O(p/¢). O

7.2 Proof of Lemma 7.5

For the metric space (X, | -||p), we let V C R be the set of values the coordinates of X take. In

particular, V contains all real numbers [—O(d), O(d)] with poly(d) bits of precision. Note that
V| < exp (O(dlogd)).
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Definition 7.9. Consider d tuples of values in V, V = {(vp0,vr.1)}¢_; € (V x V) where vy 0, vp1 €
V. Then we say Box(V) C X is the set given by:

Box(V)={ye X :Vk € [d],vk0 < yr < Vp1}-

We make the following observation.

Fact 7.10. For any Vi € (V x V)? and H € 9, there exists V3 € (V x V)* such that:
Box(V1) N H = Box(V3).
Consider the collection & composed of all complements of boxes in X, i.e.,
& = {Box(V) c X :Ve(VxV)}.

Lemma 7.11. The collection & is b-succinct for b < O(d?logd).

Proof. For each set S € &, we can write the 2d values of V which form the values of vy ¢ and vy 1

for each k € [d] so S = Box(V). In order to determine whether a point ¢ € S, we simply check all d

coordinates and compare them to v and vy 1 to determine if ¢ ¢ Box (V). O

Proof of Lemma 7.5. We closely follow the proof of Lemma 3.7. The proof gives an iterative
procedure which maintains a set S which is initially empty. At each iteration, points are added to
the set S. In any particular iteration, we consider a matrix G, which is the submatrix of G given by
the rows and columns of points in S, and rescaled so that G € A([S|). Consider one iteration of the
procedure of Lemma 3.7, and let © = (21,...,2,) € (RY)™ be the points remaining in S. Suppose
there exists some V € (V x V)¢ with § = Box(V); initially, this is true, and we will maintain this
invariant throughout the procedure.

By Lemma 7.4, either there exists an ¢, ball of radius O(p/e) which is 1-dense with respect to G,

or there exists a set H € $) such that Hy = {j € [m] : z; € H} satisfies ®5(Hg) < e. Similarly to

Lemma 7.8, if there exists a %-dense ball with respect to C:’, then that ball is %—dense with respect to

G, and we are done. Assume then that this is not the case. Without loss of generality, Pg(Hx) < %,
or, otherwise, we can replace H with its complement, which is also an element of ). The set S\ Hy
is the intersection of Box(V) and the complement H of H, which is also induced by a box. The
proof of Lemma 3.7 then considers letting S + S U H,, so by the above observation, S is still

represented as a box. ]

8 Algorithm for Schatten-p

We will first consider the case of p > 2, since we obtain slightly better dependence on a. We then
discuss the case p € [1,2]. Let (R¥? || - ||s,) be the normed space over matrices z € R**¢ with

1
norm ||z||s, = (Z‘,le |/\k(:1:)]p) /p, where |A1(x)] > [Aa](xz) > -+ > |N\y| are the d eigenvalues of x.
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. . 2 . s .
Note that ||z||s, = ||z||2, where we consider x as a vector in R? . For this reason, in this section we

will identify S5 (as a norm on R%*9) and £5 (as a norm on R%").

Theorem 8.1. Fiz some 0 < o <1 and p > 2. There exists a data structure solving c-ANN for S,

with success probability 1% with the following guarantees:
e the approximation is ¢ = O(p/a).
e the query time of the data structure is poly(dP) - n®, and
e the space of the data structure is poly(dP) - nt+e.

Theorem 8.1 for the case of p = O(1) actually implies Theorem 7.1, with weaker space and
query time bounds, by embedding points = € £, into diagonal matrices in S,. However, we divide
the presentation since Theorem 8.1 presents its unique set of obstacles to overcome. At a high
level, we follow a similar structure to Section 7. We consider the metric space (X, dg,) given by
N = exp(O(dlogd)) points (matrices) taken by rounding all entries of matrices with [|z||s, < O(d)

to poly(d) many bits (see Lemma 5.3). In particular, Theorem 8.1 follows from the following lemma.

Lemma 8.2. Fiz any 0 < a < 1, there exists a data structure solving c-ANN for (X,ds,) with

success probability 19—0, approximation O(p/a), query time poly(dP) - n® and space poly(dP) - nt+e,

Similarly to Section 7, we show Zg(X,e) = O(p/e) for a succinct collection §), and give an
efficient version of Lemma 3.7. We set R = Z(X,e). We state the efficient version of Lemma 3.7,
whose statement is similar to the statement of Lemma 7.5; however, we will follow with a brief

discussion of the difficulties encountered in S,,.

Lemma 8.3. There exists a collection of subsets & of X which is b-succinct for b = poly(dP) such
that for any matriz G € A(N) where g;; > 0 only if ||x; — xj||s, < 1, either there exist a 3-dense

ball of radius R with respect to G, or there exists a subset S € & where:

and Z gij < 2e.
1€5,5¢S

=]

< pc(9) <

W =

At the heart of the algorithm for ¢, lies a Rayleigh quotient inequality for ¢, spaces (Lemma 7.6)
showing that for any = € (R4)™, there exist d monotone functions Fy, ..., Fy: R — R which are

applied coordinate-wise to every point so:
Rz, G, || -|[5) < R(F(z),G, | - 113) - (vV2p)".

Since the functions F1, ..., Fy acted on the points coordinate-wise and were monotone, the proof of
Lemma 7.5 claimed that coordinate-cuts of F'(x) corresponded to coordinate cuts of the original
points x. This has two advantages: 1) the querying algorithm requires no knowledge of the map
F used, and 2) the possibly unbounded unions of coordinate cuts form the complement of boxes,

which are efficiently described.
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For the case of S}, we give a similar inequality to Lemma 7.6. At a high level, we say that for
any x € (R™*4)™ and any matrix G € A(m), there exists a map F': R4 — R4*¢ (which depends

on x, is not applied coordinate-wise, and is not monotone) such that:
R(@, G, I15,) < (OW) R(F (@), G, | - 13" +n,

where 7 is a small error term which depends on x, G, and F'. Similarly to the case of £, the data
structure divides the points in & according to a coordinate cut S after applying the map F. This
means that the succinct collection & must encode F' in the description of the cut. In particular, the
algorithm D(E(S), q) will first evaluate F'(q) (which it decodes from E(5)), and then checks some
coordinate of F(¢q) to determine if g € S.

One issue that arises is that Lemma 3.7 may produce sets S which are given by an unbounded
union of S (one for each iteration in the proof of Lemma 3.7). In the case of Lemma 7.5, these
unions formed complements of boxes, so we simply stored the box; however, storing the description
of each map F' in each iteration becomes too expensive.

Therefore, the data structure must balance the number of functions F' to store with the error
term 7. More specifically, the data structure begins the partitioning procedure by storing the first
map F' found, and continues using the same map F' until the error term 7 becomes too large. When
the error term becomes too large, we re-compute and store a new map F'. With this procedure, we

show that it suffices to store (O(d))? many maps for each set, which gives us the succinct collection.

8.1 Rayleigh quotient inequality for S,, p > 2

Let z € R be a matrix. We write |z| = (z72)"/? € R¥?. The map used is the natural
generalization of F from Lemma 7.6 to the setting of matrices. For z € R%*? the map F, applies
the (non-commutative) Mazur map from S, into Sy, or, equivalently, /5, after re-centering by the
matrix z, i.e.,

Fi(z) = Mpa(z — 2),

where M, ,(z) = z|z|P/9~!. Here we are overloading the notation for the Mazur map from the
previous section. Note that applying the (non-commutative map) just defined to a diagonal matrix
is equivalent to applying the (commutative) map from the previous section to the vector of diagonal
entries.

We will use the following lemma of Ricard [Ricl5], generalizing (19), for the specific case of

mapping S, into /s.

Lemma 8.4 (Lemma 2.6 in [Ricl15]). If1 < p <2 and x,y € R¥? are matrices, then:
2
| Mpa(2) = Mya(y)ll, < O1) - [l — yl|e?,

and
2/p—1 2/p—1
[Map(2) = Moy (@), <O - llz = yll2 - (I3 + il "),

36



and if 2 < p and x,y € R¥™4 are matrices, then:

|Mp.2(2) = Mp2@)lly < O) -l = ylls, (o1& +11wlE ).

and
1Mo () — Moy, < OL) - [l — yl2".

For the remainder of the subsection, we consider any sequence of matrices = (x1,...,Zy) €
(RIXD)m a5 well as any matrix G € A(m). For simplicity, we again write p(i) = pg(i). We first
prove a general statement on how the values of R(x, G, || - ng) and R(F,(z),G, || - ||3) relate in
terms of the value of z. The proof follows by adapting the argument of Matousek [Mat97] given
in Lemma 7.6 with the estimates from Ricard [Ricl5] in Lemma 8.4. We state a somewhat more

general version which we need in our algorithm.

Lemma 8.5. For any z € R4 let § € R be the matriz given by 6 = S p(i)Fo(x;). Then,
we have:

2P~ 1|l

(S p(@) s — 21, )"

R(E:(2), G, |- 1377 [ 1 - < (0)"-R@,G, |- Is,)-

Proof. For simplicity in the notation, we let & = 2 — z. So § € R?*? is the matrix given b
g Y

= ip(j)M

Jj=1

Note that ||:i||§p = || Mp2(%)||3, so we write:

Z DI, —Zp 1Mp,2(2) 15

=1

Z ) || M 2(5:) — 6 + 312

- 2
Z + 2163 (22)

2

m
ZP My o 1’3

Jj=1

We now focus on the first term of the right-hand side, where by the triangle inequality and
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Cauchy-Schwarz, we may write:

j=1

HMPQ(fi) = iP(J)M 2(%.

2 2

2
p(J) | Mp2(Z;) — My 2(Z. )’\2)

INA
~
INGE

<D p() 1My2(85) — Mya())]15 - (23)

Combining the right-hand side of (23) and (22), with the definition of R(F(z), G, || - ||3), we obtain:

U . ~ 1 m m ~ ) ) ,
; | Hsp R(F.(z),G, | - |I?) ZZ i 1 M2 p2(Z5)15 15115 )

2/ j=1j=1

Applying Lemma 8.4 for the case p > 2 to the first term on the right-hand side, as well as Holder’s

inequality,

- _ p/2—1 _1p/2—1\2
33 gl Mpa@) - Myal)IB < 06 S S gl — a5l (127 + 1512/27)
i=1j5=1 i=1j=1
2
P
935l €i — fj”gp)
1

< O(p?) (
— /2-1 /2-1\ 25
5 - ~ — —2
> gii (Il + 1)

J=1

2 p=2
P
gijllzi —xj||§p) (ZP \xz||5p> . (25)

NE
NE

=1

<.
Il

Ms

X

MS/—\

Il
-

i

IRNE

15=1

= 0(p%) (

By combining (24) and (25), and dividing by ( o p(d)]| @)% ) P we have:

hSAIN

= st ) O P 2//52
(izlp(z)|lﬂfi!’sp> S RE ()GH (ZZQUH% x]HSp> i 5 =,

i=1=1 ()G, ) 7
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and, therefore, we have:

SIS

i=17=1 N

2
m o O(p 2 m m P 9215112
DITGIIAIA P (ZE%M%—M&)%— I
i=1 y O Zz 1p(l)||fl||g,p) P

(O®)" -\ 201 9]
< ZZQU |zi — xJHp =
R(F-(@), 7| [ ot (S el )"
Rearranging the terms, we get
—L. 1815 Sy Y giglles — w4l
R(F-(). G 137 |1~ Pl 2 | <Oy =S s
(S ()%, =1 P8Il
Additionally, we have:
DD p@p()las — s, —ZZP s = %515, _ZZ ) (Iills, + l175lls,)”
i=17=1 i=17=1 i=1j=1

'ME

Il
—

<20} p(i)il,- (26)

()

Combining the inequalities and recalling the definition of R(z, G, || - ||'s ) gives the desired result. [
p

Given Lemma 8.5, we prove the following lemma which allows us to pick a particular matrix
z € R¥? whose “error term” is small. In the case of ¢, we could show this by an elementary
application of the intermediate value theorem. However, in the case of S}, our map is no longer

applied coordinatewise, and the existence of of a good z is non-trivial.

Lemma 8.6. There exists a matriz zo € R with [|z||s, < 20(p) . maX;c(m) [|7ills, such that

m

5= p(i)Fsy(z;) = 0 € R
=1

Proof. Let R = max;c[y, [|#i]|s,. Define the following map f: R%*4 — R4*:

z) = Map <Z p(i) Mp,2 (2 — %)) .
i=1

Claim 8.7. For every z, one has:
1£() = 2lls, < OQ) - R~ (|lzlls, + R) /.

Proof. We simply follow the computation, applying Lemma 8.4 and the triangle inequality as
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necessary.

m p/2
I f(z) — ZHp/2 HMZP (Z (2 — xz)> — Mz, (Mp2(2))
Sp

2
m
=200 Z (z — i) — Mp2(?))
i=1 2
m
< 20(P) Z ) [[Mp2(z — ;) — MPQ(Z')HQ

m
O 2—1 2—1
< 200037 0(a) - [laills, - (112 — 2l + 120877

= . 2-1
sfmrzmwww&wwm+wwm”
<290 R (zlls, + R)"* 7,
where the second and the fifth step are due to Lemma 8.4. Thus,
1-2
1£() = =lls, < O(1) - B*? - (||zlls, + R)' "

O]

Claim 8.8. Let r be a positive integer and h: R™ — R" be a continuous map such that for some

norm || - || on R" one has:
1A (w) — wl| = o([|w]])

as w — 00. Then h is surjective.

Proof. Let zp € S™ be an arbitrary point. Let 7: R” — S™ \ {z} be a homeomorphism. Consider
h: 8" — S defined as follows: h(xo) = xo, and h =7 ohor ! on 8™\ {zo}. Since h(w) — oo as

w — 00, the function h is continuous. Let us show that h is homotopic to the identity via:
F(t,z) =tz + (1 — t)h(x).

It is enough to check that F' is continuous in (t,z0) for every 0 <t < 1. For this it is sufficient to
check that
F(t,w) =tw+ (1 —t)h(w)

converges to oo as x — oo uniformly in 0 <t < 1. We have:

1Bt w)]| = [lw + (1= ) (h(w) = w))|| 2 [Jw]| = [A(w) = w] = (1 = o(1))[w].
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Thus, his homotopic to the identity. This implies that h is surjective, since any continuous map
S™ — S" homotopic to the identity is surjective (see, e.g., Section 2.2 of [Hat02] for the proof).

Since h(xo) = xo, h is surjective as well. O

Combining Claims 8.7 and 8.8, we conclude that f is surjective. Since My, (t) = 0iff ¢t = 0, we

get the existence of zy such that

m
> p(i)Myp(xi — 20) = 0.
i=1
From Claim 8.7 it follows that |z||s, < 20() . R, as required. O

We may now state a corollary which will be used in the algorithm, which simply follows from

Lemma 8.5 and Lemma 8.6.

Corollary 8.9. There exists a matriz zg € R with ||zo|s, < 20() max;c(m) ||7ills, such that:
R(E:, (@), G, || - 32 < (0()" - R, G, || - 5.

Let $ be the collection of sets of the type z + Ma ,({x € R4 : 2, > t}) or 2+ My p({x € R
z;; < t}) for z € R4 some i, j € [d], and t € R. The bound Zg(X,¢) = O(p/e) now follows from
Corollary 8.9 in the same fashion as in the proof of Lemma 7.4.

Finally, we show that Lemma 8.6 is somewhat robust, and allows for small deviations from zg

when there are no dense balls in .

Lemma 8.10. Suppose x does not contain a %-dense ball of radius 10p with respect to G, and all
points z; have ||z]|s, < O(d). Let zg € R with ||z]|s, < 200) . d be any matriz with

m
o= p(i)Fu(w;)  satisfying [0l < 1,
i=1

and z € R4 be any matriz with ||z — zol]2 < ﬁ. Then we have:
R(F.(2),G, |- [3)"* < (Op))” - R(x, G, || - I5).
Proof. If there is no %—dense ball of radius 10p in & with respect to G, then

> ol — 2[5, = LY (27)

=1
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Let 6 = > p(i)F.(x;), then we have:

3

16 = doll2 < > p(i) [[Mp2(zi — 2) — Mp2(zi — 20)|,

@
Il
—_

p(i) [ Mp,2(zi — 20 + (20 — 2)) = Mpa(xi — 20)ll,

M

=1
2—-1 2—1
OW)llz0 = 2ls, (Il — 2I1E2~ + [lzi — z[2*")

(
< O(p) - [l20 — zlls, (O(d))” < 1,

-
Il

IN

and therefore, [|d]|2 < 2. Combining this fact, along with (27) and Lemma 8.5 gives the desired
inequality. O

The following lemma follows in a similar fashion to Lemma 7.8 using Lemma 8.10.

Lemma 8.11. Let = (21,...,7y) € (R>*)™ be any set of m points where g;; > 0 only if
|z — zjl|ls, < 1, and the conditions of zp € R¥*?, 6y € R™*? and z € R¥? in Lemma 8.10 are
satisfied. Then,

o cither there exists a Sp-ball B of radius R = O(p/e) such that 3=, cp,nqe P(J) = 5, or

e R(E.(2).G.| - [}) < <

8.2 Proof of Lemma 8.3

Let Z be the set of matrices z € R¥? with ||z||g, < 2°(P) . d and each entry of 2 rounded to
precision do%. In particular, we have that for every matrix zg € R¥¢ with ||zg||s, < 20(P) . d there
exists some matrix z € Z with [|z — 2ol[s, < ﬁ. Note that | Z| < exp(poly(dP)). Similarly to
Subsection 7.2, we let V C R be the set of values the entries of matrices F(x) take when z € Z and
x € X, and note |V| < exp(poly(dP)).

Definition 8.12. Let 7 = poly(dP). We consider the collection S of subsets of X given by all sets
S=1JsY,
t=1
where for each t € [1], there is some V € (V x V) such that

SO —{zreX:F,(zx) ¢ Box(V),z € Z}.

Lemma 8.13. The collection & is b-succinct for b < poly(dP).

Proof. The encoding E(S) is given by encoding the 7 values of z() € Z and V) ¢ (V x p)dxd
defining the sets S®). Then, the decoding algorithm D(E(S), q) goes through each t = 1,..., 7, and
checks if ¢ € S® by checking if F,« (q) € Box(V®) in time poly(dP). O
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We have the following analogue of Lemma 7.5.

Lemma 8.14. For the collection & of subsets of X described above, we have that for any matriz
G € A(N) where gij > 0 only if ||z; — zj||s, < 1, either there exists a 3-dense ball of radius
R = O(p/eps), or there exists a subset S € & where:

and Z gij < 2e.
i€S,j¢8

=~

< pc(S) <

L =

Proof. We will prove the lemma via an iterative procedure similar to the one in the proof of
Lemma 7.5. We start with & containing all points in X, and use Lemma 8.6 in order to find some
20 € R with [|z]|s, < 20(P) . d with dp = 0 € R¥*¢ (where &) is defined as in Lemma 8.10).

e If there exists a 3-dense ball in @ of radius O(p/e) with respect to G, we return this dense

ball, and we are done.

e Otherwise, we let z(1) € Z be the matrix zo fixed to bounded precision, and by Lemma 8.11,
R(Fu(x),G,| - ||3) < €2. Thus, by Cheeger’s inequality, we may find a set S = {z € S :

z
Fy(z);; < t} for some i,j € [d] and t € R, so that ®g(S) < V2. If pg(S) > :, we
replace S with its complement. Then we let S + S U S. Note that by a similar argument to
Lemma 7.5, as long as the map F ) is fixed, the union of sets S is the complement of a box

after transforming points by F, .

Claim 8.15. Suppose pa(S) < dom, let G be the normalized matriz restricted on rows and columns
in S, and &y = > i Pa () Fzg (xi). Then, |[dofl2 < 1.

Proof. We simply note that for all i € S, pé(z) < %, since G is given by removing from G

the rows and columns in S. Thus, we have:

H(SOHQ — zo wz ZPG Zo xl + Z pG Z))on(xl)
€S i€S 2
ZPG Foo(zi)|| 4+ pa()[Fa(@i)lla + D (05(0) = pa ()| Fzo (1) |12
2 i€S 165

< pa(8) - d%P) + 2p(8)pg(S) - dOW < 1,

since > 1" pa(i)Fyy(x;) = 0 by Lemma 8.6, pg(S) < ﬁ, and || F., (2;)]2 < d°® from Lemma 8.4,
as well as the fact that ||z;||s, < O(d) and ||2||s, < 90(p) . 4. 0

Thus, whenever pg(S) > ﬁ for the first time, we let S0 « S, and we recompute z, € R**¢
from Lemma 8.6 with « as the points in X \ S We repeat this procedure for S@, ..., S where
each implication of Cheeger’s inequality corresponds to & € X!°| containing the points remaining

in S with the Rayleigh quotient R(F, (), G, || - ||3); thus, the sets in S*) are the complements
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1
of boxes after applying the map F ) to all points. Since each S ®) has pg(S(t)) > 00 and once
pc(S) > & we stop, 7 < dOW). O

Lemma 7.5 implies the following space partitioning result by an argument analogous to the proof
of Theorem 3.6.

Theorem 8.16. Let 0 < e < 1,2 < p < oo and R > 0. Consider any dataset P C R? of n d x d
matrices lying in Bg, (0, R) = {x € R™? | ||z|s, < R}. Either there is an Sy-ball of radius O(p/<)

containing Q(n) points from P, or there exists a distribution D over sets S C R4 such that:

1. For every u,v € Bg,(0, R) with |[u — v||s, <1, a random set S ~ D separates u and v with

probability at most €.

2. For every set S from the support of D, the number of points in P lying in S is between Q(n)
and (1 —Q(1)) - n.

3. Every set S in the support of D is the union of poly(dP) sets of the type {x € R¥>? : F,(z) ¢ B},

where ||z||s, = 200 and B is a box in RT.

8.3 Thecaseof 1 <p<2

Lemma 8.17. Let 1 < p < 2. For any z € R¥™9, let § € R¥™9 be the matriz given by § =
T p(i)Fy(x;). Then, we have:

293 p>§0(1)-R(m,G,H‘”g )
ie1 pallzi — z[lp '

R(Fz(w)va ” ’ H%) (1 -

Proof. This proof is very similar to the proof of Lemma 8.5. We simply note that we may use
Lemma 8.4 for the case 1 < p < 2. In particular, this means that up to (24), both proofs follow the

same inequalities. Using Lemma 8.4, we conclude:

m m m
> PO, < mrey G 2o D 90 1 Meald) — Mol + 20013
i=1 R(E:(z ) I-112) = j=1
O m m
< 2 +2]19|5,
— R( ( ) G H ;z:: 7] sz .’L‘]H =+ H H2
which by (26), gives the desired inequality after rearranging the terms. O

Lemma 8.18. There exists a matriz 2o € R with ||z|s, < O(1) - maX;g |y ||zills,, such that
m

§=> pli)Fy(x;) =0¢ R4*4,
i=1
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Proof. Similarly to the proof of Lemma 8.6, let f: R¥¢ — R%*? bhe the map given by:

M2,p <ZP Z — I‘Z)> .

We will similarly prove that this map is surjective to conclude that there exists some zy with
Yoy p(i) My 2(z — x;) = 0. We have:

1f(2) = zlls, = HMz,p (Zp (z - xz)) — My p(Mpa(2))

Sp
(z — x;) — Mp2(z) (28)
2
m 2/p—1
) 2/p—1
X ( > p(i)Mya(z — ) + 1My (2) 115 ) (29)
i=1 2
where we used Lemma 8.4. We first bound the term in (28).
> o) Mpa(z = 2i) = Mpa(2)|| < D p(0) [1Mp2(z — 2i) = Mpa(2)]l, (30)
i=1 2 =1
zp il (31)

where we used the triangle inequality in (30) and Lemma 8.4 in (31). We now bound both summands
n (29). The first term of (29) has:

m 2/p 1 m 2/p—1
> (i) Mpa(z — (Zp I Mp2 xi)Hz) (32)
i=1 =1
2/p—1
( (i)ll2 — xzup”) (33)
m p/2 2/p—1
>((Zp<z’>nz—xiusp> ) (34)
=1
< 0() (ll=ll5, " + R772). (35)

In (32), we used the triangle inequality, followed by Lemma 8.4 in (33). Then we used the fact
that 3 < 2 <1 and concavity of tP/2 in (34). Finally, (35) follows from the triangle inequality. The

second term of (29) has:

My (IF7" < (001) - 1212) "

<o) - |l >, (36)



by Lemma 8.4. Putting (28) and (29) together with (31), (35), and (36), we obtain:
1-p/2
1£(z) = 2lls, < O() - R+ 0(1) - B2 [l2]5,”*.

Thus, we may similarly apply Claim 8.8 to conclude the lemma. O

Note that there is a slight difference in the dependence on the powers of the Rayleigh quotients.
Thus, we derive the following lemma, which shows that Zg (X, ) = O(1/£2/?).

Lemma 8.19. Suppose € = (z1,...,2m) € (RY)™ be any set of m points where g;; > 0 only if
|zi — x|, < 1, and the conditions of 2o € R¥™?, 5 € R4 and » € R4 in Lemma 8.10 are
satisfied. Then,

o cither there exists a Sp-ball B of radius R = O(1/¢'/P) such that 22,802 PU) = i, or
o R(F.(2),G, |- 3) <e.

Proof. Suppose > 377 p(i)p(j) ||z —z;|[5 > C/e for a high enough constant, then R(F,(x), G, |-
3) < ¢; so assume otherwise. In the same way as in the proof of Lemma 7.8 and Lemma 8.10, we

may conclude there exists a 3-dense ball with respect to G of radius O(1/e'/P). O
Thus, using the same partitioning procedure as in Lemma 8.3, we obtain the following theorem.

Theorem 8.20. Fiz some 0 < a <1 and p € [1,2]. There exists a data structure solving c-ANN
for Sy, with success probability 1% with the following guarantees:
o the approzimation ¢ = O(1/a?/?).

e

e the query time of the data structure is poly(d) - n®, and

e the space of the data structure is poly(d) - n'*e.

9 Lower bounds

9.1 General norms do not admit succinct collections

The goal of this section is to rule out algorithms for general norms which proceed by a generalization
of the simple algorithm from Section 7. In particular, statements of the form of Lemma 7.5 cannot
be true for general norms unless, the collection & has high description complexity, or the collection
G depends on the norm.

Fix a dimension d to at least a large enough constant. We let X C S%! be a set of points with

the following properties:
e The set |[X| =N =29" and

e For every z1,z9 € X, we have |[(x1,z2)| < dl%'
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The set exists by Lemma 6.2 of [ANNT17]. Our lower bound is captured by the following theorem.

Theorem 9.1 (No succinct collections exist). Let b = 2d0(1), R = %,

For any collection & of subsets of X = {x1,...,xn} of size |S| < 2%, there exists a normed space
R |- ) and a matriz G € A(N) where g;; > 0 only if ||x; — x;|| < 1, satisfying the following:

and some vy > 9-d"

e there is no y-dense ball of radius R with respect to G;
o for any S € &, if & = min{pa(9), pc([N]\ S)} > 27" we have that >ies,jgs 9ij = Ud7).

Proof. We choose the norm (R?, || -||) randomly and prove that any fixed set S € & works only
with extremely low probability. By a union bound, this implies there exists a norm satisfying the
conditions of the theorem.
Consider constructing the norm (R<,|| - ||) as follows: we pick a random subset C' C [N] of size
¥N — 1. For any y € R?, we let:
1/4
= —— - max |[(x;,y)|.
lyll = =5 - mas (@i, y)|
.. . . e . 1/4
Foranyi,j € C, ||x;—x;|| < ||ai]|+||z;|| < 1. Ifi ¢ Cand j € X withi # j, ||x;—z;|| > dT(l—#)-
We let G € A(N) be the matrix given by:

%ﬁ i,j€C
gij = % i=j¢C .
0 0.W

We note that there are no y-dense balls of radius R with respect to G. This is because a ball of
radius R with more than 1 point must contain no points from [N]\ C, and ps(C) < +(yN —1) < .
Now, consider any S € &, and let § = p;(S) < & (otherwise, we consider X \ S). By Chernoff
bound, we have 775 N <|SNnC| < 3%5 - N with probability at least 1 — e~*(N) In that case,
whenever i € SN C and j € C'\ S, the edge (i, ) is cut with g;; = % - |1 . Thus,

a
> u>|5m0|.(|0|—|5n0|)-1.1>75.N(N_1_357-N)1>Q(5)
ieSj%ZSgZJ_ N |C] T 2 ! 2 a2 =R

We can union bound over all S € & to conclude that for all S € &, 3 ;g ¢59ij = 2(76) since
b < vON when ~,§ > 274", O

In order to interpret Theorem 9.1, we compare it to Lemma 7.5. Lemma 7.5 claims that for any
set of points X and G € A(|X]) (with g;; > 0 = ||z; — ]|, < 1), there is a Q(1)-dense ball of radius
O(2), or there exists a balanced set from a collection of 20(dlogd) sets which cuts an e-fraction of
edges with respect to G. In the notation of Theorem 9.1, this corresponds to setting v and § to
constants; in this case, if there are no ©(1)-dense balls of radius R, Q(1)-fraction of edges are cut

with respect to G when R = Q(d'/*). The notable fact is that we cannot tradeoff R and the fraction
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of edges cut, as we do in Lemma 7.5. At a high level, this rules out log®® d-ANN for any norm by
balanced sets or 2(1)-dense balls from a fixed succinct collections. These include hyperplane cuts,
coordinate cuts, and box cuts.

Theorem 9.1 does not apply to partitions which depend on the norm. For example, Theorem 9.1
does not rule out the collection of balls in the norm, i.e., & = {Bx(z,r) : x € X,r € [poly(d)]}. It
also does not rule out succinct cuts after applying a norm-dependent transformation, which occurs

in Lemma 8.3.

9.2 Lower bound for random partitions

Let G = (V, E) be a degree-m spectral expander with |V| = N vertices, and let (V,dg) be the
metric space where i,j € V', dg(i,7) is the length of the shortest path between i and j. Consider
the distributions D supported on datasets, and for a dataset P consider the distribution Q(P)

supported on queries, where:
e P ~ D where P is an n-point dataset, and ¢ ~ Q(P) is a query.
e P={p1,...,pn} ~ D has p; ~ V uniformly for each i € [n],

e ¢ ~ Q(P) is sampled by first picking ¢ ~ [n] and choosing ¢ to be a neighbor of p; uniformly
at random. Let p* = p; € P denote the near-neighbor of q.

Definition 9.2. We say the dataset P C V is c-separated in (V,dg) if

min dg(p1,p2) > c.
p1,p2€
P1£D2

Lemma 9.3. Consider a small constant 0 < y; < and let N > n® and ¢ < v;1log N, then

1
— 2logm’
when P ~ D, P is c-separated with probability at least 0.99.

Proof. For each point v € V, the set Bg(v,c) = {z € V : dg(v,z) < ¢} contains |Bg(v,c)| <
me < N71%8™ points in V. Since n? « N8 with high probability over (P,q) ~ D, P is
c-separated. ]

Lemma 9.4. Let § > n°Y and vo > 0 be any fized constant. Let S be a collection of gn' 2
partitions of V.. With probability 0.99 over P ~ D, every S € S satisfies the following:

o Setting p2(S) = Pry v [S(u) = S(v)], we have:

Pr [S(ps) = S(py)] > pa(S) — 5+ —,

ij~[n] n

e and Pry.gp)[S(p*) = S(q)] <1 - Xa(Lg) (1 —p2(5)) + 6,
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Proof. Consider a fixed S € S which partitions V into ¢ > 2 parts, S1,...,S; C V, where a; = |ST’“

for k € [t]. Note that

t

S)=E| Pr [S(p;) = az.

i) =g | 900 = 3o
i#j

For any fixed dataset P, changing the value of one point p; changes Pr; . ,,)[S(pi) = S(p;)] by at
i)
most % Therefore, letting

p2(S,P) = Pr [S(p;) = S(p;)],
i,j~[n]
i#£]
we obtain by McDiarmid’s inequality that:

52n

Pr [[p2(S, P) — p2(S)| >8] < 2e = .

Note that Pr; j n[S(pi) = S(pj)] = p2(S, P) + %, since with probability 1/n, ¢ = j. Additionally,
since the sparsity of a cut is lowerbounded by A2(Lg),

2005 _ Shy [0S

[S(u) # S(v)] =

(u, U)NE Nm Nm
1 'L/ (a;Nm)(Nm — oa;Nm)
> _—
> ) 3 - )

> X (L) (1 — pa(9)).

For i € [n] and v € V, let X;, be the indicator random variable that p; = v. Then,

Pr [S(p*) # S(q) ] > ZPr 1]+ Pr[X;, = 1])

E
P~Q [a~Q(P) (uv)G@Sz 1

> Xa(La) (1 —pa(9)) -

Finally, letting

p*(S,P) = quzl("P)[S(p*) # S(q)],

since changing a dataset point changes p*(S, P) by at most %, we apply McDiarmid’s inequality
again to obtain:

P [958, P) = 2a(La) (1= pa(8))] 2 8] < 27,

By the setting of § and 72, we may union bound over all S € S. O
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Theorem 9.5. There exists a positive € > 0 such that the following holds. For every positive
integers d, k there exists a distribution D over n-point datasets in Ego, where n = d¥, such that the
following holds for ¢ = Q (log d).

o With probability at least 0.99, a dataset sampled according to D is pairwise (¢ + 1)-separated;

1-9(1)

e Let R to be a collection of partitions of R? of size |R| < 27

at least 0.99 over the dataset P sampled according to D, there is no random partition Rp

Then, with probability

supported on the partitions from R that has the following two properties:

— For every q € R?, for which there exists p € P with ||p — qlee < 1, one has

Pr[a partition sampled from Rp separates p and q] < &;
— For every q € R?, one has:

Pr[a partition sampled from Rp separates p and q, where p € P uniformly] > 1/10.

00 — @100k vertices and embed it into ¢4 with

We take a 3-regular expander G with N = n!
distortion O(k) using the result from [Mat97]. We assume that all the edges have length at most 1,
and the distances are contracted by a factor at most O(k). Then a dataset is obtained by sampling
n independent images of the vertices of G = (V, E).

The diameter of G is O(log N) = O(klogd). If we sample n vertices, then with high probability
they will be Q(klogd)-separated. After the embedding, the corresponding points are (¢ + 1)-
separated, since the distortion is O(k). Consider the following distribution of the queries: we choose
uniformly one of the n datapoints, and choose a random adjacent vertex of G. Clearly, the marginal
distribution of the queries is uniform.

Consider a fixed partition P € R of R%, which induces a partition of the image of G under
the embedding. Define p3(P) = Pry oy [P(z) = P(y)], and pi(P) = Pry v,y ~ neighvor of 2[P(x) =
P(y)]. Then, using that G is an expander, we can show that p; <1 —Q(1 — /pz).

Now consider a subsampled dataset P ~ D. Define p;(P, P) and pa(P, P) similar to pj(P) and
p5(P), but we sample vertices in P, not in the whole V.

By the McDiarmid inequality, p2(P, P) is within additive 0.001 from p%(P) with probability at
least 1 — 27" At the same time, 1 — p; (P, P) is within a factor of three from 1 — p}(P) with
probability at least 1 — 2~ Un) Combining with the above estimate for p} and p5, we have that with
probability at least 1 — 272" we cannot have both py(P, P) < 9/10 and py(P,P) > 1 —¢ for a
sufficiently small € > 0.

Taking union bound over the whole collection R, we get that with high probability for all the
partitions we have the above statement. Thus, by Yao’s min-max principle, we get the required
statement.

To get a lower bound Q(p) for the ¢, space, we do exactly the same as above, but we embed an
log N

expander with distortion O ( ), and thus the diameter we are getting is Q(p).
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