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Abstract

Geometric proximity problems is a class of problems in computational geometry that involve
estimation of distances between geometric objects. In this work, we focus on two specific prob-
lems of this class, the computation of r-nets and the near neighbor decision problem on high
dimensional spaces under the Euclidean distance, both of which are powerful tools in com-
putational and metric geometry. Specifically, we present a new randomized algorithm which
efficiently computes high dimensional approximate r-nets with respect to Euclidean distance.
For any fixed € > 0, the approximation factor is 1 + ¢ and the complexity is polynomial in the
dimension and subquadratic in the number of points; the algorithm succeeds with high prob-
ability. We improve upon the best previously known (LSH-based) construction of Eppstein et
al. in terms of complexity, by reducing the dependence on ¢, provided that e is sufficiently
small. Moreover, our method does not require LSH but follows Valiant’s approach in designing
a sequence of reductions of our problem to other problems in different spaces, under Euclidean
distance or inner product, for which r-nets are computed efficiently and the error can be con-
trolled. Our result immediately implies efficient solutions to a number of geometric problems
in high dimension, such as finding the (1 + €)-approximate k-th nearest neighbor distance in
time subquadratic in the size of the input. Additionally, we propose a new and simple data
structure for the c-approximate near neighbor decision problem in high-dimensional spaces us-
ing linear space and sublinear query time for any ¢ > 1: given an LSH family of functions for
some metric space, we randomly project points to vertices of the Hamming cube in dimension
< logn, where n is the number of input points. The projected space contains strings which
serve as keys for buckets containing the input points. The query algorithm simply projects the
query point, then examines points which are assigned to the same or nearby vertices on the

Hamming cube. We analyze in detail the query time for some standard LSH families.



IMepirndn

Ta yewpeTtpwd mpoPhiuata eyyldtnTog elvon po xAdon TEOBANUATWY OTNY  UTOAOYLOTIXY
yvewpetpio mou mepthaufdvel TNV EXTUNCT, AMOCTACEWY UETAE)D  YEWUETPIXWV OVTIXEWWEVWV. €
aut TNV epyooia, eotidloude O dVO CUYXEXPWEVA TEOBAAUOTH TNG XAAONS QUTAHS, TOV
UTOAOYLOUO TWV 0-OXTOWY X0 TO TEOBANUO AmOQIUCTC TOU XOVILVOTEPOU YEITOVH OF YWEOUG
uhNAOY SlaoTtdoewy und TNy Euxdeldela andotaon, to onola anoteholv toyvpd epyohela oty
UTIONOYLOTIXY] XOUL TN PETEIXY] YEWUETEIO. LUYXEXEWEVA, Topoualdlovpe €vay VEo TUovoTIXO
ahyoprduo mou unoloy(lel anodotxd mpooeyyloTxd g-dixtua we teoc TV Euxieldia andotao.
[ omolodrnote otadepd e>0, 0 MEOCEYYLOTIXOC ToEdYOVTaS €lvon I+¢& xou 1] TOAUTAOXOTNTA
TOAUWVUUIXT] OTN OldoTaon %ol UTOTETpaywvixy) oTto mARdoc twv onuelwyv. O okyodprduog
EMTUYYAVEL ME UeYIAn mavdtnTo. BeATidvouue w¢ mpog TNV TOAUTAOXOTNTA TNV TEOTYOUUEVT
xaAOTEPN YVWOTH xoataoxeur) Tou Eppstein nou Boacilétav oto LSH, pewdvovtoc tny e&dptnon
and To & dedopévou OTL To ¢ elvan emapxds Wxed. H pédodoc pac dev ypnowwonotel to LSH, ahid
avtl autol axolovdel tnv mpocéyylon tou Valiant, oyeddlovtag pior oelpd amd avoywyYES Tou
TEOBAAUATOS Hog O dANA TEOBAAUATA OE BLIPORETIXOUS YWEouE, UTd TNy Euxieldelo andotaom 1
TO EOWTEPXO YLVOUEVO, Yl To ontolal Tar -0l Tual uTohoyilovton amodOTIXd XoL TO GQIAUA UTOpEL
vao eheyyldel. To anotéheoud poc dueco ouvendyetow omodotxéc Aboelc oe éva Ao
YEOUETEMOY TEOBANUdTwY ot udmiéc Saotdoelg, 6mwe 1N elpeon e andotaone tou (1+¢)-
TPOCEYYIOTIXOU X-XOVTIVOTEPOU YEITOVO GE YPOVO ULTOTETRPAYWVIXO 0T0o péyedoc tne eLoodou.
Emniéov, mpoteivouue wa véo xou omhfy oTtnv xotooxevy) Bdon Oedopévev Yo To TeoBAnuo
anOPACNC  TOU  B-TPOCEYYLOTIXOU XOVTIVOTEPOU  Yeltova o yhpoug UPMA®Y  dlactdoewy,
YENOULOTIOLOVTOS  YROUUWXO YPO Xl UTOYRAUUUIXO YEOVO EpOTNONG Ylo onolodrrote 6>1:
dedopévne pog owoyévewong LSH ouvapthcewy vyl évav PeETEXd Y0Opo, TeodAouue tuyodo To
onueta oe xouBoug tou xVBou Hamming ddotaong < logy, émou v elvon o aprduds Twv onueiwy
elo660u. O mpofBarlouevos ykeog Teptéyel oUUBONOCELREC TOU AELTOURYOUY WS AEWBLE YLt TOUG
«x0ouPddec» mou TmEpEyoLy T onuelan TN eloddou. O alydpriuog eptnong amhd meoldiel To
onuelo-eptNon xt €netta e&etdlel Tar onuelo mou €youv avtioTolyniel otov (Blo 1 Bithavéd x6uBo
tou x0Bou Hamming. Avollouye AETTOUEP®C TN YEOVIXY TOAUTAOXOTATA NG EQOTNONG YLot

xdmoteg Baouxéc owoyéveleg LSH.
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An unexamined life is not worth living.
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Chapter 1

Background & State-of-the-Art

1.1 Introduction

Geometric proximity problems is a class of problems in computational geometry that involve
estimation of distances between geometric objects. The computation of geometric and graph
structures based on proximity, such as the Voronoi diagram and the neighborhood graph, as
well as retrieval problems such as the nearest neighbor search and the concept of range search,
are typical problems in this area. Other important geometric proximity problems are the
the Euclidean minimum spanning tree, the computation of the diameter of a set of points in
the Euclidean space and the Euclidean k-center problem. All these problems have various
applications in diverse areas of computer science such as data mining, information retrieval,
statistical data analysis, computer vision and machine learning. Therefore, it is very important
to provide algorithms with strong theoretical guarantees as well as space and time efficiency in

practice.

Despite the extensive research towards providing efficient algorithms for proximity problems,
the curse of dimensionality when dealing with high dimensional data imposes a great barrier
to overcome. In an attempt to overcome this exponential explosion that constitutes the low
dimensional algorithms inefficient and useless in practice, we relax the accuracy of the solution
and aim for more efficient approximation schemes. The most common way to handle high
dimensional data sets is dimension reduction techniques. An important tool towards this direc-

tion is the JohnsonLindenstrauss lemma, which states that for any given pointset there exists a



low-distortion embedding of the points from high-dimensional into low-dimensional Euclidean

space. Formally,

Definition 1.1 Given a pointset X C R%, | X| = n, there exists a distribution over linear maps

f R4 = RY with d = O(logn/€®) s.t., for any p,q € R?,

(I=ollp—dl <Ifp) = f@l <A +€)lp—qll-

This lemma is the cornerstone of dimensionality reduction, since it guarantees that a set of
point in a high-dimensional space can be embedded into a space of much lower dimension while

the distances between the points are nearly preserved.

Another important tool in high dimensional geometry is Locality-Sensitive Hashing (LSH).
LSH is a hash function that aims to maximize the probability of collision for two similar items.
Specifically, LSH hashes input items so that similar items map to the same buckets with high
probability, where the number of the buckets is much lower than the universe of possible input

items. We give the formal definition,

Definition 1.2 Let reals r > 0 (threshold), ¢ > 0 (approzimation factor), 1 > p; > 0 and
1 > py > 0 (probabilities). We call a family F of hash functions an LSH family for a metric
space M if, for any x,y € M, and h distributed uniformly in F, it holds:

o dy(z,y) <r = Pr[h(z) = h(y)] > p1,

o dy(z,y) > cr = Prlh(z) = h(y)] < po.

We are usually interested in a family where p; > po. This family F' is called (r,cr, p1, p2)-
sensitive. There are many renown LSH families, such as the projection on random lines [16]

and the projection with hyperplanes [I3] which we will present later in Chapter .

In this work, we focus on two specific proximity problems, the computation of r-nets and the
near neighbor decision problem, both of which are powerful tools in computational and metric
geometry. We study these problems on high dimensional spaces under the Euclidean distance
and we present a novel approach for each one of them. On Chapter |2, we focus on nearest

neighbor search problem and we propose a simple and efficient in practice LSH-based approach,
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which we analyze for specific LSH families. On Chapter [3| we examine the efficient computation
of r-nets and we present a new approach to this problem introduced by Valiant [34], not LSH-
based, that actually takes advantage of phenomena that occur when the dimension is high. In
Chapter [4] we conclude with a summary of our contribution and discussion concerning future

research direction.

1.2 Nearest Neighbor Search

The search for a nearest neighbor among points on a specific database is a fundamental com-
putational task that arises in a variety of application areas, such as information retrieval, data
mining, pattern recognition, machine learning, computer vision, and statistical data analysis.
In many of these cases the database points are represented as vectors in some high dimensional
space. Although, dimension reduction techniques are commonly used in these applications,
vector spaces of several hundred dimensions are typical. Due to the curse of dimensionality
that appears in this problem when the dimension is high, we usually aim for an efficient ap-

proximation search, which is often as good as an exact search regarding practical applications.

1.2.1 Problem definition

In this subsection we focus on the problem of Approximate Nearest Neighbor search in Euclidean
or other metric spaces, when the dimension is high; Typically one assumes for dimension
d > logn, where n denotes the number of input data points; in fact, dimension is an input
parameter, so we need to address the curse of dimensionality. Due to known reductions, e.g. [20],
it is apparent that one may focus on designing an efficient data structure for the Approximate
Near Neighbor (ANN) problem instead of directly solving the Approximate Nearest Neighbor
problem. The former is a decision problem, whose output may contain a witness point (as in
Definition below), whereas the latter is an optimization question. Here we trade exactness
for efficiency in order to tackle the case of general dimension, where dimension is an input

parameter. The (1 + ¢,7)-ANN problem, where ¢ = 1 + ¢, is defined as follows.

Definition 1.3 (Approximate Near Neighbor problem) Let (M,dn) be a metric space.

11



Given P C M, and reals r > 0 and € > 0, build a data structure s.t. for any query q € M,

there is an algorithm performing as follows:

e if Ip* € P s.t. dyp(p*,q) < r, then return any point p' € P s.t. dp(p',q) < (1+4€) - r,

o ifVpe P, dum(p,q) > (1 +¢)-r, then report “no”.

An important approach for such problems today is Locality Sensitive Hashing (LSH). It has
been designed precisely for problems in general dimension. The LSH method is based on the
idea of using hash functions enhanced with the property that it is more probable to map nearby

points to the same bucket.

Definition 1.4 Let reals r1 < ro and p1 > ps > 0. We call a family F of hash functions
(p1,p2, 11, 12)-sensitive for a metric space M if, for any x,y € M, and h distributed uniformly
m F, it holds:

o du(z,y) < = Pr[h(z) = h(y)] > p1,

o dy(w,y) > 10 = Pr{h(z) = h(y)] < po.

1.2.2 Previous work

Let us survey previous work, focusing on methods whose complexity has polynomial, often even
linear, dependence on the dimension. LSH was introduced in [23], 20] and yields data structures
with query time O(dn”) and space O(n'™ + dn). Since then, the optimal value of the LSH
exponent, p < 1, has been extensively studied for several interesting metrics, such as ¢, and /5.
In a series of papers [23, [16], 29, [6l, [30], it has been established that the optimal value for the

Euclidean metric is p = 1/¢? & 0(1), and that for the Hamming distance is p = 1/c + o(1).

In contrast to the definition above, which concerns data-independent LSH, quite recently the
focus has been shifted to data-dependent LSH. In the latter case, the algorithms exploit the
fact that every dataset has some structure and consequently this approach yields better bounds
for the LSH exponent. Specifically, in [I0]they showed that p = 1/(2¢ — 1) for the ¢; distance
and p = 1/(2¢* — 1) for the ¢, distance.

12



The data-dependent algorithms, though better in theory, are quite challenging in practice. In
[7], they present an efficient implementation of one part of [I0]. Another attempt towards
practicality for a data-dependent algorithm was recently made in [9], where they presented a
new approach based on LSH forests. Typically though, data-independent algorithms, such as

the one proposed in this work, yield better results in practice than data-dependent algorithms.

For practical applications, an equally important parameter is memory usage. Most of the
previous work in the (near) linear space regime focuses on the case that c¢ is greater than 1 by
a constant term. When ¢ approaches 1, these methods become trivial in the sense that query
time becomes linear in n. One such LSH-based approach [31] offers query time proportional
to dn®1/9) which is sublinear in n only for large enough ¢ > 1. Improvements on practical
aspects of the above result leaded to the novel multi-probe scheme for LSH [27]. Two noteworthy
exceptions are the recently accepted papers [8] and [24], where they achieve near-linear space

and sublinear query time, even for ¢ — 17.

Another line of work that achieves linear space and sublinear query time for the Approximate
Nearest Neighbor problem is based on random projections to drastically lower-dimensional
spaces, where one can simply search using tree-based methods, such as BBD-trees [3, [4]. This
method relies on a projection extending the type of projections typically based on the Johnson-
Lindenstrauss lemma. The new projection only ensures that an approximate nearest neighbor
in the original space can be found among the preimages of k approximate nearest neighbors
in the projection. From the practical perspective, similar ideas have been employed in [32].
Random projections which preserve the relative order of points have been also considered in

126).

1.2.3 Contribution

Towards practicality, we present a new data structure for the c-approximate near neighbor
decision problem in high-dimensional spaces for any ¢ > 1. This problem has been mainly
addressed by Locality Sensitive Hashing (LSH), which offers polynomial dependence on the
dimension, query time sublinear in the size of the dataset, and subquadratic space requirement.
While, in practice, it is important to ensure linear space usage, most previous work in this

regime focuses on the case that ¢ exceeds 1 by a constant term. In this work, we propose a
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a simple data structure using linear space and sublinear query time for any ¢ > 1: given an
LSH family of functions for some metric space, we randomly project points to vertices of the
Hamming cube in dimension < logn, where n is the number of input points. The projected
space contains strings which serve as keys for buckets containing the input points. The query
algorithm simply projects the query point, then examines points which are assigned to the

same or nearby vertices on the Hamming cube. We analyze in detail the query time for some

standard LSH families.

1.3 R-nets

1.3.1 Problem definition

We study r-nets, a powerful tool in computational and metric geometry, with several appli-
cations in approximation algorithms. An r-net for a metric space (X, ||-||), |X| = n and for
numerical parameter r is a subset R C X such that the closed r/2-balls centered at the points
of R are disjoint, and the closed r-balls around the same points cover all of X. Thus, the
construction of r-nets provides a sketch of the point set for distances that are r or larger. Nets
are a useful tool in presenting point sets hierarchically. In particular, computing nets of differ-
ent resolutions and linking between different levels, leads to a tree like data-structure that can
be used to facilitate many tasks. Nets can be defined in any metric space, but in Euclidean
space a grid can sometimes provide an equivalent representation. Furthermore, the problem of

computing an r-net is closely related to the very well-studied k-center problem.

We define approximate r-nets analogously. Formally,

Definition 1.5 Given a pointset X C R%, a distance parameter r € R and an approzimation

parameter € > 0, a (1 + €)r-net of X is a subset R C X s.t. the following properties hold:
1. (packing) For every p,q € R, p # q, we have that |[p — q||, > r.

2. (covering) For every p € X, there exists a ¢ € R s.t. ||p—qll, < (1 +€)r.

The only difference between the definition of exact r-nets and approximate r-nets is that we

relax the covering property. This allows us to compute approximate r-nets in high dimensional

14
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Figure 1.1: The construction of r-nets depicted in 4 steps. Left-top: The input point set.
Right-top: All initial points are considered unmarked with balls of radius r centered at them.
Left-bottom: Net points are marked red and every net point covers points in distance at most
r. Any point may be covered by more than one net point. Right-bottom: The set of net points
representing the initial pointset in resolution r.

Euclidean space with time complexity subquadratic in the number of points and polynomial
in the dimension. Our algorithm outperforms the best known algorithm in this setting, by
reducing the dependence on € and thus, allowing better tradeoff between solution quality and

running time.

1.3.2 Previous Work.

Finding r-nets can be addressed naively by considering initially all points of X unmarked: while
there remains an unmarked point p, the algorithm adds it to R and marks all other points within
distance r from p.(Figure 1) The performance of this algorithm can be improved by using grids
and hashing [19]. However, the complexity remains too large when dealing with big data in
high dimension. The naive algorithm is quadratic in n and the grid approach is in O(d%?n),

hence it is relevant only for constant dimension d [22]. In [21], they show that an approximate
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net hierarchy for an arbitrary finite metric can be computed in O(24%™n logn), where ddim is
the doubling dimension. This is satisfactory when doubling dimension is constant, but requires

a vast amount of resources when it is high.

When the dimension is high, there is need for algorithms with time complexity polynomial in d
and subquadratic in n. One approach, which computes (1 4 €)r-nets in high dimension, is that
of [I7], which uses Locality Sensitive Hashing (LSH), see, e.g. [6]. For sufficiently small € > 0,
the resulting time complexity is O(dn?*=©(9)), where O hides polylogarithmic factors.

In general, high dimensional analogues of classical geometric problems have been mainly ad-
dressed by LSH. For instance, the approximate closest pair problem can be trivially solved by
performing n approximate nearest neighbor (ANN) queries. For sufficiently small ¢, this costs
O~(dn2_9(€)) time, due to the complexity factor of an LSH query. Several other problems have
been reduced to ANN queries [I8]. Recently, Valiant [33], [34] presented an algorithm for the
approximate closest pair problem in time O(dn%@(\/a). This is a different approach in the
sense that while LSH exploits dimension reduction through random projections, the algorithm
of [34] is inspired by high dimensional phenomena. One main step of the algorithm is that of
lifting the pointset up to a higher dimension. Moreover, [2] improved on Valiant’s algorithm
for the approximate closest pair problem by presenting an algorithm with randomized time

2-6(c"/?/log1/) - This approach employs probabilistic polynomial threshold function

near dn +n
representations and improves the exponential dependence on the error € from square root of €

to cubic root of e.

1.3.3 Contribution

In this work, we present a new randomized algorithm which efficiently computes high dimen-
sional approximate r-nets with respect to Euclidean distance. For any fixed ¢ > 0, the approx-
imation factor is 1 + € and the complexity is polynomial in the dimension and subquadratic in
the number of points; the algorithm succeeds with high probability. Specifically, we improve
upon the best previously known (LSH-based) construction of Eppstein et al. [I7] in terms of
complexity, by reducing the dependence on €, provided that e is sufficiently small. Moreover,
our method does not require LSH but follows Valiant’s [34] approach in designing a sequence

of reductions of our problem to other problems in different spaces, under Euclidean distance

16



or inner product, for which r-nets are computed efficiently and the error can be controlled.
Our result immediately implies efficient solutions to a number of geometric problems in high
dimension, such as finding the (1 + ¢)-approximate k-th nearest neighbor distance in time

subquadratic in the size of the input.
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Chapter 2

Practical linear-space approximate

near neighbors in high dimensions

2.1 Introduction

In this section, we address the problem of designing a data structure that allows efficient search
for approximate near neighbors. More specifically, given a database consisting of a set of vectors
in some high dimensional Euclidean space and a specific search radius, we construct a space-
efficient (linear to the input) data structure that, given a query vector, allows us to search for

a close or nearly close vector in the database with time complexity sublinear to the input.

Towards this end, we specify a random projection from any space endowed with an LSH-able
metric, to the vertices of the Hamming hypercube of dimension logn, {0, 1}1°" where n is
the number of input points. Random projections which map points from a high dimensional
Hamming space to lower dimensional Hamming space have been already used in the ANN
context [25]. The projected space contains strings which serve as keys for buckets containing
the input points. The query algorithm simply projects the query point, then examines points

which are assigned to the same or nearby vertices on the Hamming cube.

Our strategy resembles the multi-probe approach in the sense that after locating the query, we
start searching in "nearby” buckets. However, in our case, nearby buckets are simply the ones

which are close to each other with respect to the Hamming distance of their keys, whereas in

18



the multi-probe case, the nearby buckets are the ones with high probability of success for a
given query. Computing which are the right buckets to explore in the multi-probe approach is

potentially harder than in our case.

The random projection in our algorithm relies on the existence of an LSH family for the input
metric. We study standard LSH families for ¢, and ¢y, for which we achieve query time O(dn'~°)
where 6 = O(e?), € € (0,1]. The constants appearing in § vary with the LSH family, but it
holds that 0 > 0 for any € > 0. The space and preprocessing time are both linear for constant

probability of success, which is important in practical applications.

This approach is illustrated with an open-source implementation [12], that reports on a series
of experiments with n up to 10° and d up to 1000, where results are very encouraging. It is
evident that the proposed algorithm is 8.5-80 times faster than brute force search, depending
on the difficulty of the dataset. Furthermore, the experimental results suggest our algorithm
either is comparable or outperforms the LSH-based library [7] FALCONN in terms of memory

usage and query time.

The rest of the chapter is structured as follows. The next section states our main algorithmic
and complexity results for the (¢, 7)-ANN problem, assuming an LSH family. We conclude
this section with a discussion on the parameters of the algorithms. In section we state our
results for the the Euclidean and Manhattan metrics. We conclude with section [2.4] where we

mention our implementation [I2] and discuss the experimental results.

2.2 Data structures

This section introduces our main data structure, and the corresponding algorithmic tools.
We start our presentation with an idea applicable to any metric admitting an LSH-based

construction, aka LSH-able metric.

The algorithmic idea is to apply a random projection from any LSH-able metric to the Hamming
hypercube, as shown in the figure 2.1} Given an LSH family of functions for some metric space,
we uniformly select d’ hash functions, where d’ is specified later. The nonempty buckets defined
by any hash function are randomly mapped to {0, 1}, with equal probability for each bit. Thus,

points are projected to the Hamming cube of dimension d’. Thus, we obtain binary strings
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Euclidean Space

JLLSH

Non-empty Buckets ” | | | | | | '| . |

JLrandomized Repeat d' times

mapping /

Hamming Cube

Figure 2.1: In this figure we illustrate the algorithmic idea of the proposed data structure. At
first, we partition the pointset into buckets using an LSH family and then we randomly project
them to the Hamming hypercube.

serving as keys for buckets containing the input points. The query algorithm projects a given
point, and tests points assigned to the same or nearby vertices on the hypercube. To achieve

the desired complexities, it suffices to choose d' = logn.
In Algorithms[I] and [2| we present the preprocessing and query algorithms.

The main lemma below describes the general ANN data structure whose complexity and per-
formance depends on the LSH family that we assume is available. The proof details the data

structure construction.

Lemma 2.1 (Main) Given a (p1,ps,r,cr)-sensitive hash family F for some metric (M, d)
and input dataset P C M, there exists a data structure for the (c,r)-ANN problem with space
O(dn), time preprocessing O(dn), and query time O(dn'=% 4+ nf((1=P1)/2)) " yhere

2
— |
5 (5(]?1,]?2) (pl p2) . ge

(1 —p2) 4”7
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where e denotes the basis of the natural logarithm, and H(-) is the binary entropy function. The
bounds hold assuming that computing da(.) and computing the hash function cost O(d). Given

some query q € M, the building process succeeds with constant probability.

Proof. The first step is a random projection to the Hamming space of dimension d’, for d’ to
be specified in the sequel. We first sample hy € F. We denote by hy(P) the image of P under
hi, which is a set of nonempty buckets. Now each nonempty bucket = € hy(P) is mapped to
{0,1}: with probability 1/2, set fi(z) = 0, otherwise set fi(z) = 1.

This is repeated d’ times, and eventually for p € M, we compute the function

f(p) = (fi(h1(p)), ..., fa(ha (D))

, where f: P — {0,1}%. Now, observe that

dm(pq) <r = E[l|fi(hi(p)) — fi(hi(q))[1] <

<05(1—py), i=1,...,d =
— E[lf(p) = f(@l:] <05-d"- (1 —p),
dm(p, @) = er = K[| fi(hi(p) — fi(hi(q))]1] =
>05(1—py),i=1,....d =
— E[l[f(p) = F(@)lh] 205-d"- (1 —pa).

We distinguish two cases.

First, consider the case da(p,q) < r. Let u = E[||f(p) — f(q)|l1]. Then,

Prlf) ~ F@lh > ] < 5

since ||f(p) — f(q)||1 follows the binomial distribution.

Second, consider the case da(p,q) > cr. By typical Chernoff bounds, Pr|||f(p) — f(q)]1 <

tz; cp] <exp(—0.5-p- (pr — p2)?/(1 — p2)?) < exp(—d - (p1 — p2)?/4(1 — p)).
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After mapping the query ¢ € M to f(gq) in the d’-dimensional Hamming space we search for
all “near” Hamming vectors f(p) s.t. || f(p) — f(q)]1 < 0.5-d" - (1 — p1). This search costs
(Cf) + (Cg) +- (Ld'-(lil)/zj) < O(d'-24-H((=p1)/2)y "where H(-) is the binary entropy function.
The inequality is obtained from standard bounds on binomial coefficients, e.g. [28]. Now,

the expected number of points p € P, for which da(p,q) > ¢r but are mapped "near” ¢ is

<n-exp(—d - (p1 — p2)?/4(1 — po))). If we set d’ = logn, we obtain expected query time
O(nH((=p1)/2) 4 nt=9)

where

(1 —p2) 4

If we stop searching after having seen, say 10n'~% points for which da(p,q) > cr , then we

5 — (pl —p2)2 lge

obtain the same time with constant probability of success. Notice that ”success” translates to

successful preprocessing for a fixed query ¢ € M. The space required is O(dn). O

The value of § could be somewhat larger, but we have used simplified Chernoff bounds to keep

our exposition simple.

Discussion on parameters. We set the dimension d’ = logn (which denotes the binary
logarithm), since it minimizes the expected number of candidates under the linear space re-
striction. We note that it is possible to set d’ < logn and still have sublinear query time. This
choice of d’ is interesting in practical applications since it improves space requirement. The
number of candidate points is set to n'~® for the purposes of Lemma and under worst case
assumptions on the input. In practice, this should be a user-defined parameter and hence it is

denoted by the parameter StopSearch in Algorithm

2.3 The ANN under Euclidean and Manhattan metrics

In this section, we study some classical LSH families which are also simple to implement. At
first, we examine the case were the distance is the Euclidean metric and we consider two LSH

families, the projection on random lines [16] and the hyperplane LSH [13]. Then, we study
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Algorithm 1 Dolphinn: Preprocessing (data structure)

Input: Metric (M, dy,), radius r > 0, approximation factor ¢ > 1, LSH family F' = F(c,r),
data set P C M, parameter d'.
Initialize empty hashtable T
for i =1tod do

Sample h; € F u.a.r.

for each x € h;(P) do

Flip a fair coin and assign the result to f;(x).

end for

end for

For all p € P, f(p) = (fi(h1(p)), ..., fa(ha(p))).
For all p € P, add p to the bucket of T" with key f(p).

the approximate near neighbor problem under the [; metric, where we consider an LSH family

whose buckets correspond to cells of a randomly shifted grid [5].

2.3.1 The /5 case

In this subsection, we consider the (c,7)-ANN problem when the dataset consists of n points

P C RY, the query is ¢ € R%, and the distance is the Euclidean metric.

We may assume, without loss of generality, that r = 1, since we can uniformly scale (R?, || - ||2).
We shall consider two LSH families, for which we obtain slightly different results. The first is
based on projecting points to random lines, and it is the algorithm used in our implementation,
see Section 2.4 The second family relies on reducing the Euclidean problem to points on the

sphere, and then partitioning the sphere with random hyperplanes.

Project on random lines

Let p, ¢ two points in R? and 1 the distance between them. Let w > 0 be a real parameter,
and let ¢ be a random number distributed uniformly in the interval [0, w]. In [I6], they present

the following LSH family. For p € R?, consider the random function

h(p) = {WJ , pvERY (2.1)

23



Algorithm 2 Dolphinn: Query Algorithm

Input: Metric (M, dy), LSH family F, data set P C M, parameter d’, integer StopSearch,
query g. (We assume that this algorithm has access to the ANN data structure created in
Algorithm
Output: Point p € P or "no”
for i =1tod do
if f;(hi(q)) is not defined in Algorithm [1] then
Flip a fair coin and assign the result to f;(h;(q)).
else
Compute f;(hi(q))-
end if
end for
i=0
for each z in f(P) s.t. ||z — f(¢)|L <05-d - (1 —p;) do
for each point p inside the bucket with key  do
if dyp(p,q) < c-r then
return p.
end if
11+ 1
if © > StopSearch then
return "no”.
end if
end for
end for
return "no”

where v is a vector randomly distributed with the d-dimensional normal distribution. This
function describes the projection on a random line, where the parameter t represents the random
shift and the parameter w the discretization of the line. For this LSH family, the probability

of collision is

a(n,w) = /z:o \/22_7”7 exp ( — ;—;) <1 — %)dt.

Lemma 2.2 Given a set of n points P C RY, there exists a data structure for the (c,7)-ANN
problem under the Euclidean metric, requiring space O(dn), time preprocessing O(dn), and

query time O(dn'~° +n®9), where
§>0.03(c—1)

Given some query point ¢ € R?, the building process succeeds with constant probability.
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Proof. In the sequel we use the standard Gauss error function, denoted by erf(-). For

probabilities py, po, it holds that

ot = [[ oo (<)1)
() V(e - 5)

w9 12 t
pm=acw) = [ ——eo(-55)(1-1

— et () 2L (1 e (1)),

The LSH scheme is parameterized by w. One possible value is w = 3, as we have checked on a

and also that

computer algebra system. On the other hand, w = ¢ gives similar results, and they are simpler

to obtain. In particular, we have
p1— p2€7’f<%> —\/E%(l_eXp(_%QD_
) Vi (e ()

We shall prove that, given w = ¢, for ¢ € (1,2], it holds that p; — py > ( ) Let us define

g(c) :pl—p2—¥ :erf<%> —erf<%>_

[rH- o D) (e ) - 15

¢ € (1,2]. Using elementary calculus, it is easy to show that g(c) is concave over ¢ € (1,2].

Also, ¢g(1) = 0 and ¢(2) > 0, thus Vc € (1,2], g(c) > 0 and Consequently p1L— pa > M. In
addition, w = ¢ implies 1 —py =1 —erf \/Ai —{—\/» 1—exp - <O64 andH( _p1)<0.9.
Hence, for w = ¢ and ¢ € (1,2], § > 0.03(c — 0
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Hyperplane LSH

This section reduces the Euclidean ANN to an instance of ANN for which the points lie on a
unit sphere. The latter admits an LSH scheme based on partitioning the space by randomly

selected halfspaces.

In Euclidean space RY, let us assume that the dimension is d = O(logn - loglogn), since
one can project points a la Johnson-Lindenstrauss [I5], and preserve pairwise distances up to
multiplicative factors of 140(1). Then, we partition R? using a randomly shifted grid, with cell
edge of length O(v/d) = O((logn - loglog n)*/?). Any two points p, ¢ € R for which ||[p—g|l. < 1
lie in the same cell with constant probability. Let us focus on the set of points lying inside one
cell. This set of points has diameter bounded by O((logn - loglogn)'/?). Now, a reduction of
[34], reduces the problem to an instance of ANN for which all points lie on a unit sphere S9!,
and the search radius is roughly " = O((logn - loglogn)~'/2). These steps have been also used

in [§], as a data-independent reduction to the spherical instance.

Let us now consider the LSH family introduced in [I3]. Given n unit vectors P C S%1, we
define, for each ¢ € S9!, hash function h(q) = sign{q,v), where v is a random unit vector.
Obviously, Pr[h(p) = h(q)] =1 — @, where 0(p, q) denotes the angle formed by the vectors
p # q € S¥1. Instead of directly using the family of [13], we employ its amplified version,
obtained by concatenating k ~ 1/r’ functions h(:), each chosen independently and uniformly

at random from the underlying family. The amplified function g(-) shall be fully defined in the

proof below. This procedure leads to the following.

Lemma 2.3 Given a set of n points P C RY, there exists a data structure for the (c,7)-ANN
problem under the Euclidean metric, requiring space O(dn), time preprocessing O(dn), and

query time O(dn'= 4+ n%%Y), where

— 172
§>0.05- (C ) .
c
Given some query q € R?, the building process succeeds with constant probability.

Proof. We exploit the reduction described above that translates the Euclidean ANN to a

spherical instance of ANN with search radius ' = O((logn - loglogn)~/2). The latter is
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handled by a hyperplane LSH scheme based on [13] as detailed immediately below.

Let us denote by F the aforementioned LSH family of [13]. We build a new (amplified) family
of functions Gy = {g(z) = (h1(x),...,hx(z)) : i =1...k, h; € F')}. Now, obviously, for any

two unit vectors p # ¢, we have

0(p, Q)>k_

Prycalg(p) = 9(q)] = (1 -

Hence, |[p—qlls <" = 2sin <@> <r" = 0(p,q) < 2arcsin <%) = 0,., which defines 6,..
Moreover, [[p —qlls > ¢’ = 2sin <@) > cr' = 6(p,q) > 2arcsin (%"’)
By using elementary calculus, it is easy to prove that 2arcsin (%) > 2c - arcsin (%’) —

0(p,q) > c-0,. Hence, for k = |7/6,] and since ' = O((logn - loglogn)~/?) = 6, = o(1),

6\ k
p1="Priglp) =g(a) [ llp —qll2< 7] = (1 - ?> >
T 1
2 eXp(_( N 07")) €1+0(1)7
c-0,.\*
p2=Prlgp) = 9(a) | Ip—all: = c-1] < (1- ) <
cl, 7 1
<exp(=——- (g~ ) = o
Now applying Lemma [2.1] yields
1 () 2 1 log(e)
>_ - (1= . : >
02 e2+o(1) (1 c > 1—(c-e)t 4 =

1\2
> 0.059 - (1——) . force (1,2).
C

The space required is O(dn + n(d’ + k)) where d' is defined in Lemma 2.1 Since k < d, and
d' < d the total space is O(dn). Notice also that H(*52) < 0.91. O

The data structure of Lemma provides slightly better query time than that of Lemma [2.2]

when c is small enough.
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2.3.2 The /¢, case

In this section, we study the (¢,7)-ANN problem under the ¢; metric. The dataset consists
again of n points P C R¢ and the query point is ¢ € R%.

For this case, let us consider the following LSH family, introduced in [5]. A point p is hashed

as follows:
h(p) = ( Vh%—tlJ ’ {pQ—l-tzJ o {pdﬂLth )7
w w w
where p = (p1,pe,...,pq) is a point in P, w = ar, and the ¢; are drawn uniformly at random
from [0, ..., w). Buckets correspond to cells of a randomly shifted grid.

Now, in order to obtain a better lower bound, we employ an amplified hash function, defined

by concatenation of k = a functions h(-) chosen uniformly at random from the above family.

Lemma 2.4 Given a set of n points P C RY, there exists a data structure for the (c,7)-ANN
problem under the {1 metric, requiring space O(dn), time preprocessing O(dn), and query time

O(dn'=% 4+ n%), where

§>0.05- (C_ 1)2.

C

Given some query point ¢ € R?, the building process succeeds with constant probability.

Proof. We denote by F' the previously introduced LSH family of [5], which is (1 — é, 1 -
— 1, ¢)-sensitive. We build the amplified family of functions Gy, = {g(z) = (h1(x), ..., he(z)) :

cta? )

i=1,...,k h; € F)}. Setting o = k = log n, we have:

1 k 1 logn
= (-2 = -5
« logn

1 logn 1
> - > -
- <exp< logn—1>> — elto())’

=(- o) =)
P2 = a+c/ logn + ¢ ‘

p expl—c¢ E eE——
2= _e-(20—1)7

Hence,
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and

& C
< R — e - <
b2 —eXp( 1+L) eXp( 1+0(1)) =

logn

gexp(—c—i-o(l)) < S

Therefore, for n large enough, it holds that

— )2 _ 1)
5:(]01 p2) .loge> 1 (1-2) _loge

. >
-_ o 1 -
(1 - pQ) 4 etoll) 1 — e(2¢—1) 4

1
> 0.055- (1 —=)?, force (1,2
C

Notice that H((1 — p;)/2) < 0.91. O

2.4 Implementation and experimental results

The algorithm presented has been implemented. Our C++ library, named Dolphinn is available

online [] The project is open source, under the BSD 2-clause license.

Our implementation is based on the algorithm from Subsection and supports similarity
search under the Euclidean metric. We compare Dolphinn with the state-of-the-art LSH-based
FALCONI\E] library, and the straightforward brute force approach. More information about the
parameters of the implementation are available in [12], where important implementation issues

focusing on efficiency are discussed and the experimental results are thoroughly analyzed.

Lets summarize the experimental results in order to illustrate the contribution of our imple-
mentation. We examine build and search times, as well as memory consumption. Dolphinn
and FALCONN, both, have equal memory consumption. The preprocessing time of Dolphinn has
a linear dependence in n and d, as expected. Moreover, Dolphinn is observed to be competitive
with FALCONN when employing a specific LSH family. In general, our algorithm is significantly
faster than brute force as expected, and scales well, namely sublinearly in n and linearly in
d. Last but not least, Dolphinn either outperforms or has comparable performance with the

implementation of FALCONN, regarding query times.

"https://github.com/Anonymous-ICML/Dolphinn
’https://falconn-1ib.org/

29


https://github.com/Anonymous-ICML/Dolphinn
https://falconn-lib.org/

Chapter 3

High-dimensional approximate r-nets

3.1 Introduction

In this section, we present a new randomized algorithm that computes approximate r-nets in
time subquadratic in n and polynomial in D, and improves upon the complexity of the best
known algorithm. Our method does not employ LSH and, with probability 1 — o(1), returns
R C X, which is a (1 + €)r-net of X.

We reduce the problem of an approximate r-net for arbitrary vectors (points) under Euclidean
distance to the same problem for vectors on the unit sphere. Then, depending on the magnitude
of distance r, either an algorithm handling “small” distances or an algorithm handling “large”
distances is called. These algorithms reduce the Euclidean problem of r-nets on unit vectors to
finding an r-net for unit vectors under inner product (Section . This step requires that the
multiplicative 1 + € approximation of the distance corresponds to an additive ce approximation

of the inner product, for suitable constant ¢ > 0.

We convert the vectors having unit norm into vectors with entries {—1,+1} (Section [3.2). This
transformation is necessary in order to apply the Chebyshev embedding of [34], an embedding
that damps the magnitude of the inner product of “far” vectors, while preserving the magnitude
of the inner product of “close” vectors. For the final step of the algorithm, we first apply a
procedure that allows us to efficiently compute (14-€)-nets when the number of “small” distances

is large. Then, we apply a modified version of the Vector Aggregation algorithm of [34] that
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exploits fast matrix multiplication in order to achieve the desired running time.

In short, we extend Valiant’s framework [34] and compute r-nets in time O(dn?> ), thus
improving on the exponent of the LSH-based construction in [I7], when e is sufficiently small.
This improvement by /€ in the exponent is the same as the complexity improvement obtained

in [34] over the LSH-based algorithm for the approximate closest-pair problem.

Our study is motivated by the observation that computing efficiently an r-net leads to efficient
solutions for several geometric problems, specifically by means of approximation algorithms.
In particular, our extension of r-nets in high dimensional Euclidean space can serve in the
framework of [22]. This framework has many applications, notably to computing the distance
to the k-th nearest neighbor, for which we obtain a 1+ € approximation, in time O(an_e(\/g)).
Other applications may include preprocessing for finding the approximate nearest neighbor to

ANN; see e.g. [3].

This work offers a complete version of our results, initially presented in [I1], including full
proofs and discussion. Section presents an algorithm for computing an approximate net
with respect to the inner product for a set of unit vectors. Section translates the problem of
finding r-nets under Euclidean distance to the same problem under inner product. In Section

3.4) we discuss applications of our construction and possible future work.

Throughout this work, we use ||-|| to denote the Euclidean norm ||-||,.

3.2 Points on a sphere under inner product

In this section, we design an algorithm for constructing an approximate p-net of vectors on the
sphere under inner product. To that end, we reduce the problem to constructing an approximate

net under absolute inner product for vectors that lie on the vertices of a unit hypercube.

Since our ultimate goal is a solution to computing r-nets with respect to Euclidean distance,
we allow additive error in the approximation, which under certain assumptions, translates to
multiplicative error in Euclidean distance. In the following, we define rigorously the notion of

approximate p-nets under inner product.
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Figure 3.1: The red vector is p-correlated with the black vectors, but is not p-correlated with
the blue points on the equator, since it is almost orthogonal to them.

Definition 3.1 For any X C S, an approzimate p-net for (X, (-,-)) , with additive approz-

imation parameter € > 0, is a subset C' C X which satisfies the following properties:

o for any twop # q € C, (p,q) < p, and

o for any x € X, there exists p € C s.t. (x,p) > p—e.

One relevant notion is that of e-kernels [I]. In e-kernels, one is interested in finding a subset
of the input pointset, which approximates its directional width. Such constructions have been

extensively studied when the dimension is low, due to their relatively small size.

3.2.1 Crude approximate nets.

In this subsection we develop our basic tool, which is based on the Vector Aggregation Algorithm
by [34]. This tool aims to compute approximate p-nets with multiplicative error, in contrast
with our final goal for this section, namely to bound additive error. Moreover, in the context of
this subsection, two vectors are close to each other when the magnitude of their inner product
is large, and two vectors are far from each other when the magnitude of their inner product is

small. Let |(-,-)| denote the magnitude of the inner product of two vectors.

Definition 3.2 For any X = [x1,...,2,], X' = [2],..., 2] C R™", a crude approzimate p-net
for (X, X", |(-,)]), with multiplicative approzimation factor ¢ > 1, is a subset C' C [n| which

satisfies the following properties:
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e for any two i # j € C, [(z;,2})| < cp, and

e for any i € [n], there exists j € C s.t. [(x;,77)| > p.

In Figure 3.1} we illustrate the notion of p-correlated vectors. Vector Aggregation follows the
exposition of [34]. The main difference is that, instead of the “compressed” matrix Z7Z, we use
the form X7 Z, where Z derives from vector aggregation. Both forms encode the information
in the Gram matrix X7 X. The matrix X7 Z is better suited for our purposes, since each row
corresponds to an input vector instead of an aggregated subset; this extra information may be

useful in further problems.

Vector Aggregation

Input: X = [zy,...,2,] € R X' = [2},...,2/] € R>*" o € (0,1), 7 > 0.

Output: n x n'~% matrix W and random partition Sy, ..., Syi-a of {x},..., 2.}

e Randomly partition {7/, ...,z } into n'~* disjoint subsets, each of size n® , denoting

the sets S1,...,S,1-a.
e Foreachi=1,2,...,78logn:

— Select n coefficients ¢, ...,q, € {—1,+1} at random.

_ 1-a - e i , /
Form the d x n'~® matrix Z' with entries 2}, = erx;esk q - 2%, where 2’ are

/
j7l’

entries of X'.
—Wi=XTZi,

78logn

e Define the n x n'~* matrix W with w; ; = quartile(Jw},l, ... |w;; **"|) (quartile is the

smallest value greater than the lowest 75% of the entries).

e Output W and Sy,...,S,i-a.

Theorem 3.1 Let X = [zy,...,3,] € R>" X' = [2],...,2/] € R>" « € (0,1), 7 > 0 the

[0}

input of Vector Aggregation. Then, the algorithm returns a matriz W of size n x n'=* and
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a random partition Sy, ..., Spi-a of {2},...,x}, which with probability 1 — O(1/n?) satisfies
the following:

e Forallj € [n] and k € [n'~%], if Vu € S, [(x;,u)] < T then |w;i| < 3-n°T.

e Forallj € [n] and k € [n'~°] if Ju € S, |(x;,u)] > 3nT then |w;;| > 3 - nT.

Moreover, the algorithm runs in time O(dn + n*~* + MatrizMul(n x d,d x n*=®)).

The following anti-concentration Lemma is crucial for the proof of Theorem [3.1], since it argues
that if an entry of W* contains a contribution from a pair of columns with large inner product,
then with reasonable probability over the random choice of ¢, ..., g, this entry will not be too
small. In other words, after applying Vector Aggregation algorithm, we can still distinguish
pairs of vectors which were initially correlated from pairs of vectors which were uncorrelated
in the first place. The proof of the Lemma shows that by randomly flipping the signs of each
vector we can achieve pairwise independence between the inner products of different pairs of
vectors, thus roughly preserving the magnitude of inner products between vectors after the

aggregation step.

Lemma 3.2 (Anti-concentration) Letqy,...,q € {—1,1} be chosen independently and uni-

formly at random, and let ay,...,a; € R s.t. |a1]| = max; |a;|. Then,
¢
Pr( > gi-ail > |aa]] > 1/2.
i=1

Proof. Consider a given assignment for ¢, ..., q. Then if

t t
ZQi'ai =0 = |Zqz'-ai| =l - ai] = |aa.
1=2 i=1

Otherwise,

t
PTHZ%’ ;] > fan|] >
i=1

34



t

> Pr(sign(q: - a1) = sign(z gi-a;=0)] =1/2.

i=2
O
Proof of Theorem [3.1]. Notice that
w;’,k = Z qi - <xj7x;>
x;ESk
and since qi, ..., qs, € {—1,1} are independent and chosen uniformly at random, we obtain

If Yu € Sk, |(z;,u)| <7, then

By Chebyshev’s inequality:

Prijw! | >3-nr] <1/9

With m repetitions, the number of successes N, that is the number of indices ¢ for which

wi | < 3-n%, follows the binomial distribution. Hence,
7.k

Pr[N <3m/4] < exp(—m/26).

We consider as bad event the event that for some j, k, more than 25% of the repetitions fail,
that is [w},| > 3-n*7. By the union bound, this probability is < n*~* - exp(—m/26), which

for m > 78logn implies a probability of failure < 1/n3.

Now consider z;, and 2] € Sy, s.t. |[(z;,2])] > 3 - n®7, then by Lemma [3.2] with probability
1/2, [wh,| > 3-n%7. We consider as bad event the event that for j,1, more than 75% of the
repetitions fail, that is |w},| < 3-n®7. Hence,

Pr[N <m/4] < exp(—m/8),
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which for m > 78logn implies a probability of failure < 1/n?.

The runtime of the algorithm is dominated, up to polylogarithmic factors, by the computation
of matrix Z, taking time O(dn), the computation of matrix W, taking time n?%, or the

computation of the product W*, taking time MatrizMul(n x d,d x n'~%). U

For the case of pointsets with many “small” distances, we rely crucially on the fact that the
expected number of near neighbors for a randomly chosen point is large. So, if we iteratively
choose random points and delete these and their neighbors, we will end up with a pointset
which satisfies the property of having sufficiently few “small” distances. Then, we apply Vector

Aggregation.

Crude ApprxNet

Input: X = [z1,...,2,) € R X' =[z],...,2)] € R*" «a € (0,1), 7 > 0.

Output: C" C [n], F' C [n].

° C%@, F1 %@,FQF{I‘l,...,ZEn}
e Repeat n’® times:

— Choose a column z; uniformly at random.

— C + CU{z}.

— Delete column i from matrix X and column ¢ from matrix X'.
— Delete each column k from matrix X, X’ s.t. [(z;, )| > 7.

— If there is no column & from matrix X s.t. [(z;, z})| > 7, then Fy < Fy U {x;}
e Run Vector Aggregation with input X, X', o, 7 and output W, Sy,..., Sp1-a.
e For each of the remaining rows ¢ = 1,.. .:

— For any |w; j| > 3n®T:

+ If more than n'7 times in here, output "ERROR”.
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* Compute inner products between z; and vectors in S;. For each vector

x) € S st. k#iand |(z;,z})| > 7, delete row k and Fy < Fy\{z;}.

e Output indices of C' and F < {F; U Fy}.

Theorem 3.3 On input X = [x1,...,7,] € R>" X' =[2],...,2)] e R”" «a € (0,1), 7 >0,
Crude ApprxNet, computes a crude 3n®-approzimate T-net for X, X', following the notation

of Definition[3.3. The algorithm costs time:
O(n*>=® +d - n' ™ + MatrizMul(n x d,d x n'=%)),

and succeeds with probability 1 —O(1/n%?). Additionally, it outputs a set F C {x1,...,z,} with
the following property: {x; | Vj #i [(x},2:)| <7} CF C{w; | Vj # i [(2], 2:)| < 3nr}.

Proof. We perform n’?® iterations and for each, we compare the inner products between the

randomly chosen vector and all other vectors. Hence, the time needed is O(dn'®).

In the following, we denote by X; the number of vectors which have “large” magnitude of the
inner product with the randomly chosen point in the ¢th iteration. Towards proving correctness,
suppose first that E[X;] > 2n%5 for all i = 1,...n°%%. The expected number of vectors we delete
in each iteration of the algorithm is more than 2n%° 4 1. So, after n% iterations, the expected
total number of deleted vectors will be greater than n. This means that if the hypothesis holds

for all iterations we will end up with a proper net.

Now suppose that there is an iteration j where E[X;] < 2n%°. After all iterations, the number

of “small” distances are at most n'> on expectation. By Markov’s inequality, when the Vector

Aggregation algorithm is called, the following is satisfied with probability 1 — n=02 :

@, k) | (2, 2))| > 7,0 # k}| < n'.

By Theorem [3.1 and the above discussion, the number of entries in the matrix W that we need
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to visit is at most n'7. For each entry, we perform brute force which costs dn®.

Now notice that the first iteration stores centers ¢ and deletes all points p for which |(c, p)| > 7.
Hence, any two centers ¢, ¢’ satisfy |(c, )| < 7. In the second iteration, over the columns of W,

notice that by Theorem [3.1], for any two centers ¢, ¢ we have |(c, )| < 3n°T. O

Notice that the constants in the analysis above was chosen to facilitate our purposes. No further

attempts were made towards optimization.

3.2.2 Approximate inner product nets.

In this subsection, we show that the problem of computing p-nets for the inner product of unit
vectors reduces to the less natural problem of Definition which refers to the magnitude of

the inner product.

The first step consists of mapping the unit vectors to vectors in {—1, 1}d/. The mapping is
essentially Charikar’s LSH scheme [I3] and we include it for reasons of completeness (Make
Uniform). Then, we apply the Chebyshev embedding of [34] in order to achieve gap amplifica-
tion, and finally we call algorithm Crude ApprxNet, which will now return a proper p-net with

additive error.

Make Uniform

Input: An d x n matrix X with entries z; ; € R whose columns have unit Euclidean norm

and 0 € (0,1).

Output: An d’ x n matrix Y with entries y; ; € {£1}, where d' = 10}502’5”.

e Foreachi=1,---,d, select a random unit vector v € R%, and let w = «'X. For all

jg=1,--- ,nsety; = sign(w;).

The following theorem describes the performance of the algorithm that converts the set of unit
vectors into the set of vectors with entries in {—1,1}%. This transformation is necessary in

order to apply Chebyshev embedding and ensures that the entries of the vectors returned by the
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embedding have the same magnitudes. Then, we can apply Chernoff bounds to guarantee that

the inner products between the returned vectors are concentrated about their expectations.

Theorem 3.4 [34] There exists an algorithm, Make Uniform, with the following properties.
Let d' = 0(105#) and Y € R¥*" denote its output on input X, and &, where X is a matriz
whose columns have unit norm. Then, with probability 1 — o(1/n?), for all pairs i,j € [n], the
following difference has an absolute value bounded as follows:

V. -1 ) )
<}/;7}/;> _1_1_2. COS (<XZ’XJ>) S(S
d’ T ’

where X;, Y; denote the i-th column of X and Y respectively. Additionally, the runtime of the
algorithm is O(dnlogn/&?).

Next, we present the theorem describing the performance of Chebyshev embedding, while we
include the algorithm Chebyshev Embedding to facilitate the reader; a randomized embedding
that reduces the magnitude of the inner product between “far away” vectors, while preserving
the magnitude of the inner product between “close” vectors. The statement is taken from [34]
Prop.6], except that we additionally establish an asymptotically better probability of success.
Before proceeding to the proof, we define the Chebyshev polynomial of the first kind. The
proof is the same, but since we claim stronger guarantees on success probability, we include the

complete proof.

Definition 3.3 Let

(2 — V= 1) 4+ (2 + V2 = T)0

Ty(z) = 5

be the qth Chebyshev polynomial of the first kind.

Chebyshev Embedding

Input: Two d x n matrices X, X’ with entries x;; € {%1}, real numbers 7,7 €

[—1, 1Jwitht~ < 71 and integers ¢ and d'.

Output: Two d’ x n matrices Y, Y’ with entries y; ; € {£1}.

39



e Let T, denote the degree ¢ Chebyshev polynomial (of the first kind), with roots at
ri, -1 € (0,1).

e Each of the d’ rows of the output matrices Y, Z are populated as follows:

— We will populate two sets of ¢ vectors sy, -, s,, and t1,--- ,t, each of length n

as follows. Fori=1,--- ,¢q:
x With probability 1/2, choose a random index j € [d] and set both s; to be
the jth row of X and t; to be the jth row of X'.

x Let ¢; = 77 4+ (77 — 77) be the location of the ith root of T, after the
support has been scaled so that the roots lie within [r~, 77| rather than
[1,1].

*x With probability 1201' set both s; and t; to be the all ones vectors.

x With probability % set s; to be the all ones vector, and ¢; to be the all

minus ones vector.

— Define the ith rows of Y and Y’ to be the component-wise products of the s;s

and ;s respectively:

Yi; :Hqé’z(j), Yy :Hqtz(j),
=1 I=1

where s;(j) and #;(j) denote the jth entries of the vectors s; and ¢;, respectively.

Theorem 3.5 Let Y, Y’ be the matrices output by algorithm Chebyshev Embedding on input
X, X" e {—=1,1}¥" 7+ € [=1,1],7 € [-1,1] with 7= < 7% | integers q,d’. With probability
1 —o(1/n) over the randomness in the construction of Y,Y', for all i, j € [n], (Y;,Y]) is within
Vd'logn from the value

(XD Ty

Tt — 71— 23¢-1 7

T,

q

where T;, is the degree-q Chebyshev polynomial of the first kind. The algorithm runs in time
O(d -n-q).
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For the proof of Theorem we refer to [34, Algorithm 3: Chebyshev Embedding], which we
included for completeness. The proof is the same with that of [34], apart from indicating that
the probability of success is actually 1 — o(1/n) instead of 1 — o(1) as stated in [34]. While
1 — o(1/n) probability of success is enough for our purposes, even better probability bounds

can be achieved.

Proof. The fact that all inner products are concentrated within #++/d logn about their expec-
tations follows from the fact that each row of Y, Y’ is generated identically and independently
from the other rows, and all entries of these matrices are £1; thus, each inner product is a
sum of independent and identically distributed random +1 random variables, and we can apply
the basic Chernoff bound to each inner product, and then a union bound over the O(n?) inner

products. Let X; € +1 i.i.d. random variables. The basic chernoff bound gives probability,
d’ d’
Pr(|Y "X —E[>_ Xl > Vdlogn] <
i=1 i=1

< 2-exp(—O(log”n)) = o(1/n?).

Given this concentration, we now analyze the expectation of the inner products. Let wu,u’
be columns of X, X’ , respectively, and v,v" the corresponding columns of Y,Y’. Letting
z = (u,u')/d, we argue that by [34, Lemma 3.3], E[v,v'] = 'Y} | %% (1), where ¢; is the
location of the ith root of the gth Chebyshev polynomial after the roots have been scaled to
lie in the interval [7~,77]. To see why this is the case, note that each coordinate of u, v/, is
generated by computing the product of ¢ random variables that are all +£1; namely, a given
entry of u is given by [[{_; s,(l), with the corresponding entry of u’ given by [[i_, s, ({). Note
that for ¢ # j, s,(4) is independent of s,(j) and ¢,/(j), although by construction, s, (i) and ¢,/(7)

are not independent. We now argue that E[s,(i)t,(i)] = 5% , from which Eq. (1) will follow

by the fact that the expectation of the product of independent random variables is the product

of their expectations.

By construction, in Step (1) of the inner loop of the algorithm, with probability 1/2, Els,(i)t,(7)]
(v,v")/d = x. Steps (2)(4) ensure that with the remaining 1/2 probability, E[s,(i)t,(i)] =

l—Ci

¢ (1)—2£%(—1) = —¢;. Hence, in aggregate over the randomness of Steps (1)(4), E[s,(i)t,(i)] =
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x/2 — ¢;/2i , as claimed, establishing Eq. (1).

To show that Eq. (1) yields the statement of the proposition, we simply reexpress the poly-
nomial [[{_, £5% in terms of the gth Chebyshev polynomial T,. Note that the gth Chebyshev
polynomial has leading coefficient 2971, whereas this expression (as a polynomial in x) has lead-
ing coefficient 1/29, disregarding the factor of the dimension m’. If one has two monic degree ¢
polynomials, P and () where the roots of () are given by scaling the roots of P by a factor of
a, then the values at corresponding locations differ by a multiplicative factor of 1/a?; since the

roots of T, lie between [—1, 1] and the roots of the polynomial constructed in the embedding

lic between [77, 77], this corresponds to taking o = —2—. O

Inner product ApprxNet

Input: X = [z4,...,x,] with each z; € S, p € [-1,1], € € (0,1/2].

Output: Sets C, F C [n].

o If p <, then:

—C+ 0, F«<0, W<+ {x,...,2,}
— While W # 0):
x Choose arbitrary vector x € W.
* WeWAN\{yeW | (z,y) > p—¢}
x C« CU{z}
« IfVy e W, (z,y) < p—e€then F < FU{x}

— Return indices of C, F'.

e Apply Theorem for input X, § = €/2r and output Y € {—1,1}¥*" for d' =
O(logn/&?).

e Apply Theorem for input YV, &’ = n°2, ¢ = 507'logn, 77 = -1, 7" =1 —
2(:()%1@_6) + ¢ and output Z, Z'.

42



e Run algorithm Crude ApprxNet with input 7 = 3n%1¢ o = /€/500, Z, Z’ and output
C.F.

e Return C', F.

Theorem 3.6 The algorithm Inner product ApprxNet, on input X = [xq,...,x,] with each
z; € S p e [~1,1] and € € (0,1/2], computes an approzimate p-net with additive error e,
using the notation of definition . The algorithm runs in time O(dn—i—nQ_*/g/ﬁoo) and succeeds
with probability 1 — O(1/n%2). Additionally, it computes a set F with the following property:
{ai | Va; # i (zj,2:) <p—€e} CF CA{a; | Va; # x; (z5,2:) < p}.

The proof of Theorem relies on fast matrix multiplication and specifically it employs Cop-

persmith’s result presented below.

Theorem 3.7 [14] For any positive v > 0, provided that 8 < 0.29, the product of a k x k”

with a &% x k matrix can be computed in time O(k?*7).

Corollary 3.8 For any positive v > 0, provided that 3 < 0.29 -« < 1, the product of a n x n”

by a n® x n® matriz can be computed in time O(n'To+er),

Proof. The idea is to perform n'~® multiplications of matrices of size n® x n® and n? x n®.

Hence, by Theorem [3.7], the total cost is:
O(nl_a(na(2+7))) = O(nttotom),

O

The following fact describes important properties of the Chebyshev polynomial (of the first
kind) that we will rely on, specifically for the proof of theorem [3.6]

Fact 3.9 Let T,(z) denote the qth Chebyshev polynomial of the first kind, then the following
hold:
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o Forx e [-1,1], |T,(z)] < 1.

o Ford e (0,1/2], T,(1+8) > LeaV?.
Claim 3.1 For p € [-1,1], € € (0,1), it holds cos™'(p — €) — cos™(p) > €/2.
Proof. 1If (p—€)* # 1 then we have
cos ' (p—€) —cos H(p) =
b b
| ——de- [ ——da =
p—eV1—x » V1I—u

dy >

P 1 ‘ 1
/p_evl—xQ 0 V1-(p—e+y)?

¢ 1 €
2/—dy= > €.
o V1I=(p—e)? Vi=(p—e€)?
Now if (p—€)*> 21 = p— e = —1 then,

—1+e 1

-1 -1

COoS —€) — cos = ——dz >

(p—e) (p) L Aeae2
> >e

T V2 —€2 T
]

Proof of Theorem [3.6. 1f p < €, our approach ensures that for any z,y € C, it holds
(x,y) < p—e€ < 0. We show that |C| < d + 1, due to a simple packing argument. Let
T1,..., %44 such that Vi # j € [d+ 2] we have (x;, ;) < 0. Then, there exist Aj,..., 31 € R
not all zero for which %" \iz; = 0. Now consider two subsets I, J C [d+2] of indices such

that Vi € I, A\; > 0 and Vj € J, A\; < 0. We can write
Z)\zxz = Z —)\jij = 0 < <Z )\Z‘[Ifi, — Z)\jl‘j> = — Z )\i)\j<xiaxj> <0
i€l jeJ i€l jeJ iel,jeJ

which leads to contradiction. If J = () (or equivalently if I = (), then 0 = (za42, Y _;c; Aits) < 0,

which leads again to contradiction.

44



We now focus on the case p > e. By Theorem with probability 1 — o(1/n?), the matrix YV’

returned by the corresponding algorithm will have the property that any pair of columns

- . -1
(X0 Xj) > p — T Ya) 5 2¢057(0)
d T
-1 .
<Xw&>ip—€=$<%f” jo2eslpm9) L
T

Hence, according to Claim , it suffices to set § = ¢/37 in order to distinguish between the

two cases:

10, _ -1
_ 2cos” (p e)+25§1_2008 (p)_d

™ ™

Now we set 77 =1 — QC‘)%I(’D*E) + 0 > —1. By Theorem with probability 1 — o(1),
(Y, V) <7vd <= [(Zi, Z;)| <

d” -+ \/d_’logn < 3p016

for large enough n. Moreover, let Y;,Y; s.t. (Y;,Y;) > (71 + d)d’. Then,

) 24
|<Zz, Z;H Z d” . Tq (1 + 27“"—4—1) 23q_1 — Wlogn >

0 0.16
T+ 1) o

1
>§~ﬂ(1+2
for large enough n.

Then, by Fact [3.9]

(2, Z)] - n710 > Lot = LV >

> 3n\/5/100 > Sn\ﬁ/zloo7

where some of the inequalities hold for large enough n.

Now, by Theorems , and Corollary the time complexity is O(dn 4 n2VE/600) if
we set as v in Corollary a sufficiently small multiple of y/e. Finally,, the subroutine with
the higher probability of failure is Crude ApprxNet and by the union bound, it dominates the
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total probability of failure. O

3.3 Approximate nets in high dimensions

In this section, we translate the problem of computing r-nets in (R? || - ||) to the problem
of computing p-nets for unit vectors under inner product. One intermediate step is that of

computing r-nets for unit vectors under Euclidean distance.

3.3.1 From arbitrary to unit vectors.

In this subsection, we show that if one is interested in finding an 7-net for (R, | - ||), it is
sufficient to solve the problem for points on the unit sphere. One analogous statement is used
in [34], where they prove that one can apply a randomized mapping from the general Euclidean
space to points on a unit sphere, while preserving the ratio of distances for any two pairs of
points. For reasons of completeness, we include the algorithm, Standardize, [34] that applies
this randomized mapping. The claim derives by the simple observation that an r-net in the
initial space can be approximated by computing an er/c-net on the sphere, where ¢ is the
maximum norm of any given point envisaged as a vector. Our exposition is simple since we

can directly employ the analogous theorem from [34].

Standardize

Input: A d x n matrix X with entries z; ; € R, constant € € (0,1).

Output: A m/ X n matrix Y with all columns having unit norm and m’ = log®n.

e Perform a Johnson-Lindenstrauss transformation of the columns of X into dimension

m’ to yield matrix X'.
e Let ¢ denote the magnitude of the largest column of X’.

e Choose a random m/-dimensional vector u of length 8c/e.
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e Let Y be the result of adding u to each column of X’ and normalizing all columns so

as to have unit norm.

Corollary 3.10 There exists an algorithm, Standardize, which, on input a d X n matrix X
with entries x;; € R, a constant € € (0,1) and a distance parameter r € R, outputs a m' x n
matriz Y, with columns having unit norm and m' = log®n, and a distance parameter p € R,

such that a p-net of Y is an approximate r-net of X, with probability 1 — o(1/poly(n)).

Towards improving the Corollary above we employ an algorithm introduced in [34], which
guarantees that there is a randomized mapping from Euclidean space to points on the unit
sphere that preserves the ratio of the distances of any two pair of points with only an additive

error.

Theorem 3.11 [3]|] There exists an algorithm, Standardize which on input a d X n matrix
X with entries x;; € R and a constant € € (0,1) outputs a m’ X n matriz Y with columns
having unit norm and m' = log®n, such that, with probability 1 — o(1/poly(n)) for all sets of
four columns Y1,Ys,Ys, Yy of matriz Y, with X1, Xo, X3, Xy being the corresponding columns of
matriz X, it holds that

Yi =YX — X € €
H 1 2” H 3 4” [1__’1+_]
Y5 = Ya]l [| X1 — Xz 100 10
Now, let us define two d-dimensional vectors X,, 1, X42, s.t. 7' = X, 41 — X0 and ||7]| =1,

where X is a d x n matrix with entries z;; € R and r € R is the radius of the r-net of X.
Also, let matrix X’ denote the concatenation of X, X, 11 and X, o with size d x (n+2). After
applying Theorem on input X’ and €/10, we define p := ||Y,,41 — Y,12|| to be the new
radius of Y. Then, we claim that the following hold with probability 1 — o(1/poly(n)), which
immediately implies Corollary [3.10

e For all X;, X; € X and their corresponding Y;,Y; € Y, if |.X; — X;|| < r then [|Y; - Y| <
(14 ¢€/10)p.
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e For all X;, X; € X and their corresponding Y;,Y; € Y, if || X; — X;|| > (1 + €)r then
IY; = Y5l = (1 4 ¢/2)p.

Proof of Corollary From Theorem [3.11] we easily derive that for all X;, X; € X and
their corresponding Y;,Y; € Y, it holds that

X, — X;
vyl < (o) A
Therefore, if | X; — X;|| <7, we have ||Y; —Y}|| < (14 €/10)p. For the other direction, we use
the opposite side of Theorem [3.11} thus we have that for all X;, X; € X and their corresponding
Y, Y;eY:
X — X

1Y = Yill = (1 - 6/10)70-

It follows that ||.X; — X;|| > (1+¢e)r = [|[YV; =Y > (1—€/10)(14+€)p = ||Y; = Y| > (1+¢€/2)p.
U

3.3.2 Approximate nets under Euclidean distance.

In this subsection, we show that one can translate the problem of computing an r-net for points
on the unit sphere under Euclidean distance, to finding an r-net for unit vectors under inner
product as defined in Section [3.2l Moreover, we identify the subset of the r-net which contains

the centers that are approximately far from any other point. Formally,

Definition 3.4 Given a set of points X and € > 0, a set ' C X of (1 + €)-approzimate r-far
points is defined by the following property: {x € X |Vy € X\{z} ||z —y|| > 1+ e)r} C F C
fre X |y e X\{z} 2 —y]l >}

If r is greater than some constant, the problem can be immediately solved by the law of cosines.
If r cannot be considered as constant, we distinguish cases r > 1/n%® and r < 1/n%%. The first
case is solved by a simple modification of an analogous algorithm in [34, p.13:28]. The second
case is not straightforward and requires partitioning the pointset in a manner which allows
computing r-nets for each part separately. Each part has bounded diameter which implies

that we need to solve a “large r” subproblem. Below, we present an algorithm that finds an
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(1 + e)-approximate r-net for points on the unit sphere under Euclidean distance, given that

the radius r is appropriately large.

ApprxNet (Large radius)

Input: X = [zy,...,2,)7 with each 2; € S¥ ! with d = log®n, r > 1/n%?, ¢ € (0,1/2].

Output: Sets R, F' C [n].

e If > 0.2 run Inner Product ApprxNet with error parameter ¢/25 and p =1 — §

e Otherwise, define the d x n matrix Z as follows: for each ¢ € [d], select ¢ =

{mJ uniformly random vectors vy, ..., v, and for all j € [n], set

k=q
o T
zij = sign [ Xj v,
k=1

where X is the jth column of matrix X.

1— 2cos~1(1-r2/2)

q
. ) , error parameter €/100

e Run Inner Product ApprxNet with p = (

and input matrix Z with all entries scaled by 1A/d to make them have unit norm.

Theorem 3.12 There exists an algorithm, ApprxNet (Large radius), which, for any constant
e €(0,1/2], X C S¥ s.t. |X| =n, outputs a (1 + €)r-net and a set of (1 + €)-approzimate
r-far points with probability 1 — O(1/n%?). Additionally, provided r > 1/n%° the runtime of the
algorithm is O(dn?=9V9).

Proof. In the case of r > 0.2 we will show that the 1 + ¢ multiplicative approximation on
the distance translates to ce additive approximation to the inner product. Applying the law
T

of cosines, the first condition yields (p,q) > 1 — 72 and the second condition yields (p,q) <

1—§—w<1—§—%. So, it suffices to take ¢ = 1/25.

Now suppose that r < 0.2. For each random vector v we have that E[sign(X] v - X[v)] =1 —
w, where 6(X;, X;) denotes the angle between X, X;. Since expectations of independent

random variables multiply, we have that, for each k,
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E[Zk,izk,j] = (1 -2 0<Xz; Xj)/ﬂ)q
Now let 6, = cos™(1 — r?/2),

— E[(Z:, Z;)] > d(1 — 20, /7)"
I1X; — X1 > 14+ )r = 0(X;, X;) > (1+¢/2)0, —

= E[(Z;, Z;)] < d(1 —2(1 +¢/2)0,/7)".

Notice that,
(1-2(1+¢€/2)0,/m)1
(1 —20,/m)4

for ¢ = [7/(20,)] and since n=%% <r < 0.2. Notice that d(1 — 26, /7)? € [0.3d,0.5d]. Hence, if
I1X; = X;|| < rand | X, — X > (1+€)r,

<1—¢/10,

E[{(Zi, Zk)] < (1 — €/10)E[{Z;, Z;)] <
< E[(Z;, Z;)] — 0.3de/10,

By a union bound over Chernoff bounds, since d = log®n, with probability 1 — o(1/poly(n)),
the inner products between any two columns of Z differs from their expectations by o(d). After
performing the scaling procedure, and due to the fact that d(1 — 26, /7)? < 0.5d, we conclude
that it suffices to compute Inner Product ApprxNet with p = (1—2-6,/7)? and approximation
error €/100.

The runtime of all components of the algorithm aside from the calls to Inner Product ApprxNet

is bounded by O(n/ cos™ (1 —r2/2)) = O(n'?). O

Let us now present an algorithm which translates the problem of finding an 7-net for r < 1/n°?
to the problem of computing an r-net for » > 1/n%% The main idea, illustrated in figure ,
is that we compute disjoint subsets .S;, which are far enough from each other, so that we can
compute r-nets for each S; independently. We show that for each S; we can compute T; C S,

which has bounded diameter and 7! C S; such that T}, T} are disjoint, each point in 7; is far
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Figure 3.2: Illustration of the algorithm ApproxNet (Small radius). For each disjoint subject
Si,Sj, ... we compute an r-net independently. The set 7; is bounded in the diameter, hence we
construct an r-net by employing Standardize and ApproxNet(Large radius). In 7!’s case
we recurse the entire algorithm.

from each point in 77, and |7}| < 3|S;|/4. It is then easy to find r-nets for 7; by employing

1)

the ApprxzNet (Large radius) algorithm. Then, we recurse on 7] which contains a constant

fraction of points from |S;|. Finally, we cover points in S; \ (7; UT}) and points which do not

belong to any S;.

ApprxNet (Small radius)

Input: X = [z1,..., 2,7 with each ; € S, r < 1/n%% ¢ € (0,1/2].

Output: Sets R, F' C [n].
1. Project points on a uniform random unit vector and consider projections pq, ..., px
which wlog correspond to z1,...,x, € R%
2. Traverse the list as follows:

o If |{j|pj€lpi—rpl} <n®Cori=n:

— If {j | p; < pi}] < n®? remove from the list all points p; s.t. p; < p; —r and

save set K = {z; | p; € [p; — ., pil}.
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— If|{j | pj < pi}| > n®? save sets K; = {x; | p; € [pi —r,pi]} UK, S; = {z; |
pj < pi —r} \ K and remove projections of S; and K; from the list.

3. After traversing the list if we have not saved any S; go to 5; otherwise for each S;:

e For each u € S;, sample n®! distances between u and randomly chosen z;, € S;.
Stop if for the selected u € S;, more than 1/3 of the sampled points are in distance
< rn%6. This means that one has found u s.t. [{zx € S;, ||u — x| < rn®} >

|S;|/4 with high probability. If no such point was found, output "ERROR”.

e Let 0 < d; < ... < dg, be the distances between v and all other points in S;.
Find ¢ € [rn%5,2rn%% s.t. |{j € [n] | d; € [¢,c+ r]}| < n®*, store W; = {z; |
d; € [c,c+r]}, and remove W; from S;.

e Construct the sets T; = {z; € S; | d; < c} and T = {z; € S; | d; > c+r}.

— For T}, subtract u from all vectors in T}, run Standardize, then ApprxNet
(Large radius), both with ¢/4. Save points which correspond to output at
R;, F; respectively.

— Recurse on T} the whole algorithm, and notice that |T7| < 3|S;|/4. Save

/

output at R., and F] respectively.

(3

4. Let R+ |J;, R; U R} and F « |J, F; U F]. Return to the list p1,...,py.

(a) Remove from F' all points which cover at least one point from | J, W; or |J; K.
(b) Delete all points (U, ;) \ (U, R:), and (U, T7) \ (U, RY).

(c) For each i delete all points in W; covered by R;, or covered by R..

(d) For each i delete all points in K; covered by R.

(e) Finally delete R from the list. Store the remaining points at F".

5. R' < (). Traverse the list as follows: For each p;, check the distances from all z; s.t.

pj € [pi — 1 pil.

o If 3z; € R : ||z; — zj|| < r, delete z; from the list, set F’ < F'\{x;,z;} and

continue traversing the list.
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e If there is no such point x; then R - RU {z;} and continue traversing the list.

6. Output indices of R+ RUR and F <+ FU F".

Theorem 3.13 For any constante > 0, X C S s.t. |X| =n, andr < 1/n%°, ApprxNet (Small
radius) will output a (1 + €)r-net and a set of (1 + €)-approximate r-far points in time

O(dn?=9V9) | with probability 1 — o(1/n%%%).

Proof. Note that points in S; had projections p; in sets of contiguous intervals of width r;
each interval had > n®® points, hence the diameter of the projection of S; is < n%4r. By the

Johnson Lindenstrauss Lemma [I5] we have that for v € S¢~! chosen uniformly at random:

2 < ) ViV

Pr|u.v) < 5| < S

Hence, E[[{zy,z; € S; | ||lzx — z;|| > n®%r and ||pr — p;|| < n%*r}] < S - 7%—%, and the
probability Pr{|{z,; € S | llzi — z;l| = n%%r and [lpy — pyll < n®4r}| > [S197] < |09
Vedn 9?2 < v/edn %' Taking a union bound over all sets S; yields a probability of failure
0(1/n%%45). This implies that (for large enough n, which implies large enough |S;|) at least

S; Sif?
(151) - 5o » 15
distances between points in S; are indeed small (< n%6r). Hence, there exists some point py € S;
which (n%®r)-covers |S;|/2 points. For each possible p;, we sample n%! distances to other points,
and by Chernoff bounds, if a point (n%%r)-covers a fraction of more than 1/2 of the points in
S;, then it covers more than n°!/3 sampled points with high probability. Similarly, if a point
(n%®r)-covers a fraction of less than 1/4 of the points in S;, then it covers less than n®!/3
sampled points with high probability. More precisely, for some fixed u € 5;, let X; = 1 when
for the jth randomly chosen point v € S;, it holds ||u — v|| < n%%r and let X; = 0 otherwise.
Then, for Y = 37" X, it holds:

E[Y] > n%/2 = Pr[Y <n®'/3] <exp(—O(n"")),
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E[Y] <n'/4 = Pr[Y >n"'/3] < exp(—O(n")).

Since for any point x € T; and any point y € T/ we have ||z — y|| > r, the packing property of
r-nets is preserved when we build r-nets for 7; and 7 independently. For each T;, we succeed
in building r-nets with probability 1 — O(1/n°%2?). By a union bound over all sets T;, we have
a probability of failure O(1/n%!). Furthermore, points which belong to sets W; and K; are

possibly covered and need to be checked.

For the analysis of the runtime of the algorithm, notice that step [4b|costs time O(d- (3 _, |T;| +
> 1T!])) = O(dn). Then, step [dc costs time O(d - >, [Wi| - [Ti| +d - Y, |Wi| - |TV]) = O(dn**).
Finally, notice that we have at most n’! sets K;. Each K; contains at most 2n%% points, hence

checking each point in |J; K; with each point in R costs O(dn'7).

Now regarding step 5, consider any interval [p; — 7,p;] in the initial list, where all points are
projected. If |{j | p; € [pi — 7, pi]} < 2n"? then the ith iteration in step 5 will obviously cost
O(n"?), since previous steps only delete points. If [{j | p; € [pi — 7, pi]} > 2n?, we claim
that [{j < i | p; € [pi — r,pi] and K is created}| < 1. Consider the smallest j < i s.t. Kj is
created and p; € [p; — r,p;|]. This means that all points py, for k < j, are deleted when p; is
visited. Now assume that there exists integer | € (j,7) s.t. K is created. This means that the
remaining points in the interval [p; — r,p;| are < n®% and all of the remaining points pp < p
are more than n®Y. This leads to contradiction, since by the deletion in the jth iteration, we

know that all of the remaining points p, < p; lie in the interval [p, — 7, p].

Now, assume that there exists one j < i s.t. p; € [p; — r,p;] and Kj is created. Then, when p;
is visited, there at least 2n%9 — n%¢ > n%% remaining points in the interval [p; — r, p;]. Hence,
there exists [ > ¢ for which the remaining points in the interval [p; — r,p;] are contained in
S; U K. Hence in this case, in step 5, there exist at most O(n"®) points which are not deleted
and belong to the interval [p; — r,p;]. Now assume that there does not exist any j < ¢ s.t.
p; € [pi —r,pi| and K is created. This directly implies that there exists [ > i for which the

remaining points in the interval [p; — r, p;] are contained in S; U K.

At last, the total time of the above algorithm is dominated by the calls to the construction of the
partial r-nets of the sets 7;. Thus, the total running time is O(>_, |Ti|27®(‘ﬁ)+2i |TZ~|’2*®(\@) =
O3, T2V + 32, (3|31 /4)*°V9) = O(n>-©(Vd). Finally, taking a union bound over all

recursive calls of the algorithm we obtain a probability of failure o(1/n%%%). O
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We now present an algorithm for an (1 + €)r-net for points in R? under Euclidean distance.

ApprxNet

Input: Matrix X = [z1,...,x,] with each z; € R? parameter r € R, constant € € (0,1/2].

Output: R C {x1,...,2,}

e Let Y, r’ be the output of algorithm Standardize on input X, r with parameter €/4.

o If 7/ > 1/n%? run ApprxNet(Large radius) on input Y, ¢/4,7" and return points

which correspond to the set R.

o If 7/ < 1/n%9 run ApprxNet(Small radius) on input Y, ¢/4,r" and return points

which correspond to the set R.

Theorem 3.14 Given n points in R?, a distance parameter r € R and an approzimation
parameter € € (0,1/2], with probability 1 — o(1/n%), ApprxNet will return a (1 + €)r — net,
R, in O(dn?~°W9) time.

Proof. The theorem is a direct implication of Theorems |3.12] [3.13] and Corollary U
Moreover, we present a randomized approximation algorithm which, given a pointset in R? and
distance parameter r, returns the points that have at least one neighbor at distance at most 7,

as shown in the figure [3.3] This algorithm will be used on the applications on Section 4.

DelFar

Input: Matrix X = [z1,...,x,] with each z; € R? parameter r € R, constant € € (0,1/2].

Output: F' C{xy,...,x,}.

e Let Y, 7’ be the output by algorithm Standardize on input X, r with parameter €/4.
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o If 1 > 1/n%% run ApprxNet(Large radius) on input Y, €/4,r and return points

which correspond to the set F’ < X\ F.

o If r < 1/n run ApprxNet(Small radius) on input Y, €¢/4,7 and return points

which correspond to the set F’ +— X\ F.

Theorem 3.15 Given X C R? such that |X| = n, a distance parameter r € R and an ap-
proximation parameter € € (0,1/2], there exists an algorithm, DelFar, that will return, with

probability 1 — o(1/n%%), a set F' with the following properties in O(dn?>~®W9) time:

e [f for a point p € X it holds that ¥q # p,q € X we have ||p — q|| > (1 + €)r, then p & F.

e [f for a point p € X it holds that 3¢ # p,q € X s.t. ||p—q|| <r, thenp € F'.

Proof. By Theorems [3.12] [3.13] [3.10, both ApprxNet(Large radius) and ApprxNet (Small

radius) return a set F', the subset of the centers of r-net that are isolated, i.e. the points
that do not have any neighbor at distance (1 + €)r. Also, both procedures run in O(dn?~°W9).
Thus, DelFar on input a d x n matrix X, a radius » € R and a fixed constant ¢ € (0,1/2]
returns a set F' C {xy,...,x,}, which contains all the points (vectors) of X that have at least
one neighbor at distance r. Additionally, the algorithm costs O(dn>©V9) time and succeeds

with probability 1 — o(n%%). O

3.4 Applications

Concerning applications, in [22], they design an approximation scheme, which solves various
distance optimization problems. The technique employs a grid-based construction of r-nets
which is linear in n, but exponential in d. The main prerequisite of the method is the existence
of a linear-time decider (formally defined in Appendix . The framework is especially
interesting when the dimension is constant, since the whole algorithm costs time linear in n
which, for some problems, improves upon previously known near-linear algorithms. When the

dimension is high, we aim for polynomial dependency on d, and subquadratic dependency on
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Figure 3.3: The ApprxNet algorithm returns both red and blue points of this figure, while the
DelFar algorithm returns only the red points that have at least one r-close neighbor.

n. In the first subsection, we present the modified framework for high dimensional data sets,
employing the algorithms ApprxNet and DelFar from this work. In the last subsection, we
discuss more possible applications and other research directions in order to improve this result

even more.

3.4.1 A general framework for high dimensional distance problems

In this subsection, we modify a framework originally introduced by [22], which provides an
efficient way for constructing approximation algorithms for a variety of well known distance
problems. We present the algorithm Net and Prune of [22], modified to call the algorithms
ApprxNet and DelFar. We claim that this algorithm computes, with high probability, a constant

1‘999999) time.

spread interval and costs O(dn

We assume the existence of a fast approximate decider procedure for the problems we want to

address using this framework, specifically an algorithm that runs in O(an_e(ﬁ)), where € is
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the approximation factor. Formally,

Definition 3.5 Given a function f: X — R, we call a decider procedure a (1 + €)-decider for
f,if for any x € X andr > 0, decider(r, z) returns one of the following: (i) f(z) € |o, (1+€)a],

where « is some real number, (i) f(x) < r, or (i) f(x) > r.

Additionally, we assume the problems we seek to improve with this method have the following
property: if the decider returns that the optimal solution is smaller than a fixed value r, we
can efficiently remove all points that do not have any neighbor at distance at most r and this
does not affect the optimal solution. Let us denote f(X) the optimal solution of a problem for

input X.

Net & Prune

Input: An instance (X,I') s.t. X C R%

Output: An interval [z, y] containing the optimal value.
([ ] XO - X,Z == 0
e While TRUE do

— Choose at random a point x € X; and compute its nearest neighbor distance, I;
— Call 3-decider(2l;/3, X;) and 3-decider(cl;, X;). Do one of the following:

x If 3-decider(2l;/3, X;) returns f(X;) € [z,y], return f(X) € [x/2,2y]

* If %—decider(cli,X,») returns f(X;) € [2/,¢/], return f(X) € [2//2,2y/]

*

If 2;/3 is too small and cl; too large, return [l;/3, 2cl;]

*

If 21;/3 is too large, call X;.; =DelFar(2l;/3, X;, %)

*

If ¢l; is too small, X;,; =ApprxNet(4l;, X;, %)

—i=i41,

Let us denote as |X;=!| and |X;=!| the set of points in X, whose nearest neighbor distance is

smaller than [ and greater than [, respectively.
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Theorem 3.16 Assume that the DelFar algorithm and the ApprxNet algorithm succeed with
probability 1 — —5r. The algorithm Net & Prune (X,T') runs in expected O(dn***%) time.

Proof. In each iteration of the while loop the algorithm calls on input X; the %-decider
procedure and either ApprxNet or DelFar, all of which cost O(d|X;|"***) time. Thus, the
total running time of the algorithm is O(Zzig_l d| X;|"9%%%%), where k denotes the last iteration

of the while loop.

In the (7 4+ 1)th iteration of the while loop, where (i + 1 < k), lets assume that zq,xs,..., 2,
is the points’ labels in increasing order of their nearest neighbor distance in X;. If j is the
index of the chosen point on the first step of the algorithm and X;=/ and X,;=’ are the subsets
of points with index > j and < j, respectively, then we call ¢ a successful iteration when
j € [m/4,3m/4]. Then, we have that |X7| > |X;y1]/4 and |X7| > | Xi41|/4 for a successful

iteration. The probability that i + 1 is a successful iteration is 1/2.

At each iteration, but the last, either ApprxNet or DelFar gets called. Thus, for any successful
iteration, a constant fraction of the point set is removed (it follows from Lemma 3.2.3 in [22]
and Theorem [3.15)). Also, the algorithms (1 + €)-decider, ApprxNet and DelFar succeed at

every call with probability 1 — % = 1 —o(1), since the expected number of iterations is

dn1.999999)

O(logn). Hence, the expected running time of the algorithm is O( , given the above

algorithms succeed. 0

At every step, either far points are being removed or we net the points. If the DelFar algorithm
is called, then with small probability we remove a point which is not far. This obviously affects
the optimal value, thus we will prove the correctness of the algorithm with high probability.
On the other hand, if the ApprxNet algorithm is called, the net radius is always significantly
smaller than the optimal value, so the accumulated error in the end, which is proportional to
the radius of the last net computation, is also much smaller than the optimal value. For the
following proofs we assume both DelFar and ApprxNet algorithms succeed, which occurs with

probability 1 — o(1).

Lemma 3.17 For every iteration i, we have |f(X;) — f(Xo)| < 161;.
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Proof. Let I be the set of indices of the ApprxNet iterations up to the ith iteration. Similarly,
let I’ be the set of iterations where DelFar is called.

If ApprxNet was called in the jth iteration, then X, is at most a 6/;-drift of X;_;, therefore
|f(X;) — f(X;_1)| <12[;. Also, if DelFar is called in the jth iteration, then f(X;) = f(X,_1)
(by Theorem [3.15). Let m=maxI, we have that,

F(X0) = F(Xo)l < D _IF(X5) = F(XG)] =

=) IAX) = FXGo)+ Y IFX) = (X))

jerl Jer
[e'e) 1 7
<> 124> 0< 12, Y (Z) < 161, < 161;,
Jel jer j=0

where the second inequality holds since for every j < ¢, in the beginning of the jth iteration of
the while loop, the set of points X;_; is a subset of the net points of a 4/;-net, therefore [; > 41;.
O

Lemma 3.18 For any iteration ¢ of the while loop such that ApprxNet gets called, we have
l; < f(Xo)/n, where n = c — 16.

Proof. We will prove this with induction. Let mq, mo, ..., m; be the indices of the iterations
of the while loop in which ApprxNet gets called.
Base: In order for ApprxNet to get called we must have nl,,, < cly,, < f(Xim,-1) and since this
is the first time ApprxNet gets called we have f(X,,,—1) = f(Xo). Therefore, nl,,, < f(Xo).
Inductive step: Suppose that [,;, < f(Xo)/n, for all m; < m,. If a call to %—rNet is made in
iteration m; then again cly,, < f(X@m,)-1) = f(Xm,_,). Thus, by the induction hypothesis and
Lemma [3.17| we have,

fXmiy) _ [(Xo) + 160,

I, < <
C &

L FO0) £ 167(X0)/n 1416/

- C C

(Xo) = f(Xo)/n.

60



Therefore, if we set ¢ = 64 we have n = 48, thus by Lemma [3.17| and Lemma [3.18
|f(Xi) = f(Xo)| < 161; < 16f(Xo)/n = f(Xo)/3.
Corollary 3.19 For ¢ > 64 and for any iteration ¢ we have:

e (2/3)f(Xo) < f(Xi) < (4/3)f(Xo),
o if f(Xi) € [z,y], then f(Xo) € [(3/4)z,(3/2)y] C [x/2,2y],

Theorem 3.20 For ¢ > 64, the Net & Prune algorithm computes in O(dn'999%) time a

constant spread interval containing the optimal value f(X), with probability 1 — o(1).

Proof. Consider the iteration of the while loop at which Net & Prune terminates. If the
interval [z, y|] was computed by the %—decider, then it has spread < % Thus, by Corollary
the returned interval [2/,y'] = [2/2,2y] contains the optimal value and its spread is < 6.
Similarly, if 2/;/3 is too small and cl; too large, then the returned interval is [%’, 2¢l;] and its

spread is 384. O

3.4.2 k-th nearest neighbor distance

Let us focus on the problem of approximating the kth nearest neighbor distance.

Definition 3.6 Let X C R? be a set of n points, approximation error e > 0, and let d; < ... <
d,, be the nearest neighbor distances. The problem of computing an (1+ €)-approzimation to the

kth nearest neighbor distance asks for a pair x,y € X such that ||z —y|| € [(1 — €)dg, (14 €)dy].

Now we present an approximate decider for the problem above. This procedure combined with
the framework we mentioned earlier, which employs our net construction, results in an efficient

solution for this problem in high dimension.
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kth NND Decider

Input: X C RY constant € € (0,1/2], integer k > 0.
Output: An interval for the optimal value f(X,k).
e Call DelFar(X, T ¢/4) and store its output in W;.
e Call DelFar(X,r, e/4) and store its output in Ws.

e Do one of the following:

— If [W1| > k, then output “f(X, k) < r”.

— If [W3| < k, then output “f(X, k) > r”.

— If || < k and |Ws| > k, then output “f(X, k) € [= 1+6/4]”.

1+e/4° 7

Theorem 3.21 Given a pointset X C R?, one can compute a (14 €)-approximation to the k-th
nearest neighbor in O(dn>®WV9), with probability 1 — o(1).

Proof. For this particular problem, the optimal solution is not affected by the DelFar’s
removal of the points with no other point at distance at most r. Also, each time the ApprxNet
algorithm is called, for a fixed distance r, the drift of the optimal solution is at most 2r. Thus,
Theorem holds, and we compute a constant spread interval [x,y] containing the optimal
value, with high probability. We then apply binary search on values z, (1 +¢€)z, (14 €)%z, ...,y
using the algorithm kth NND Decider. We perform O(1/log(1 + ¢)) = O(1/€?) iterations,
hence the total amount of time needed is O(dn?> ®V9) and the algorithm succeeds with high
probability 1 — o(1). O

To the best of our knowledge, this is the best high dimensional solution for this problem, when
e is sufficiently small. Setting k = n and applying Theorem [3.21] one can compute the farthest
nearest neighbor in O(dn?~©W9) with high probability.
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Chapter 4

Conclusion

4.1 Summary of Thesis Achievements

The novel results of the thesis are thoroughly presented in chapters [2] and [3] In chapter [2| we
propose a simple data structure for approximating the near neighbor decision problem, while in
chapter [3| we present an improved -in terms of time complexity- algorithm for the construction

of r-nets. Both those problems are examined when the dimension is high.

To be more specific, we have designed a conceptually simple method for a fast and compact
approach to Near Neighbor queries, and have tested it experimentally. This offers a competitive
approach to Approximate Nearest Neighbor search. Our method is optimal in space, with
sublinear query time for any constant approximation factor ¢ > 1. The algorithm randomly
projects points to the Hamming hypercube. The query algorithm simply projects the query
point, then examines points which are assigned to the same or nearby vertices on the hypercube.

We have analyzed the query time for the Euclidean and Manhattan metrics.

However, the critical contribution of the thesis’ author concerns the algorithm for constructing
r-nets, presented in chapter 3 In this work, we focus on high-dimensional spaces and present
a new randomized algorithm which efficiently computes approximate r-nets with respect to
Euclidean distance. The complexity of the algorithm is polynomial in the dimension and
subquadratic in the number of points, while the the approximation factor is 1+ ¢, for any fixed

€ > 0. The algorithm succeeds with high probability and our result improves upon the best
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previously known (LSH-based) construction of Eppstein et al. [I7] in terms of complexity, by
reducing the dependence on €, provided that € is sufficiently small. Moreover, our method does
not require LSH but follows Valiant’s [34] approach in designing a sequence of reductions of our
problem to other problems in different spaces, under Euclidean distance or inner product, for
which r-nets are computed efficiently and the error can be controlled. Our result immediately
implies efficient solutions to a number of geometric problems in high dimension, such as finding
the (1 4 €)-approximate k-th nearest neighbor distance in time subquadratic in the size of the

input.

4.2 Future Work

Regarding our work on approximate nearest neighbor search, we have focused only on data-
independent methods for ANN, while data-dependent methods achieve better guarantees in
theory. Hence, designing a practical data-dependent variant of our method will be a challenging
step. Moreover, since our implementation easily extends to other LSH families, it would be

interesting to implement and conduct experiments for other metrics.

Concerning future work on our results on approximate r-nets on high dimensional data sets, let
us start with the problem of finding a greedy permutation. A permutation Il =< 7y, mo, -+ >
of the vertices of a metric space (X, ||||) is a greedy permutation if each vertex m; is the farthest
in X from the preceding vertices II;_; =< 7,...,m_1 >. The computation of r-nets is closely

related to that of the greedy permutation.

Furthermore, our algorithm can be plugged into the framework of [22] to achieve a (4 + ¢)
approximation for the k-center problem in time O(an*@(ﬁ). By [17], a simple modification of
our net construction implies an algorithm for the (1 + €) approximate greedy permutation in
time O(dn2—®(\/€) log ®) where ® denotes the spread of the pointset. Then, approximating the
greedy permutation implies a (2 + €) approximation algorithm for k-center clustering problem.

We expect that one can avoid any dependencies on ®.

Recently, [2] improved on the algorithm by [34] for the approximate closest pair problem, by

2-6(c1/%/10g(1/¢))

presenting an algorithm with randomized time near dn +n . It is possible that a

similar improvement can be achieved for the problem of approximating r-nets.
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