Optimal Set Similarity Data-structures Without False Negatives
IT University of Copenhagen

Thomas D. Ahle

Januar 1 2017



Abstract

We consider efficient combinatorial constructions, that allow us to partly derandomize data-
structures using the locality sensitive framework of Indyk and Motwani (FOCS ’98). In par-
ticular our constructions allow us to make Zero-Error Probabilistic Polynomial Time (ZPP)
analogues of two state of the art algorithms for ‘Approximate Set Similarity’:

This data-structure problem deals with storing a collection X of sets such that given a query
set ¢ for which there exists € P with |¢ N z|/|q U z| > s1, the data structures return 2/ € P
with |¢ N a'|/|¢gUa’| > sa. The first algorithm by Broder et al. [11, 9] introduced the famous
‘minhash’ function, which in the locality sensitive framework yields an n?® time, n'*# space
data structure for p, = (log1/s1)/(log1/s2). The second by Christiani et al. [14] gives an nf¢
time n!*Pe space data-structure for p. = (log2s1/(1 + s1))/(log 2s2/(1 + s2)).

Both algorithms use Monte Carlo randomization, but we show that this is not necessary,
at least up to n°) factors. This settles an open problem from Arasu et al. [8] and Pagh [31]
asking whether locality sensitive data-structures could be made exact or without false negatives
other than for hamming distance, and whether a performance gap was needed in the exponent.

The main approach in the thesis is to replace the ‘locality sensitive hash functions’ or ‘space
partitions’ with ‘combinatorial design’. We show that many such designs can be constructed
efficiently with the ‘multi-splitters’ introduced by Alon et al. [3]. We further show that careful
constructions of such designs can be efficiently decoded.

We also investigate upper and lower bounds on combinatorial analogues of the minhash
algorithm. This is related to the existence of small, approximate minwise hashing families
under [, distance.
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Chapter 1

Introduction

Motivation Imagine you are building an iris database of every person in the world and who
has ever lived. Because lighting and angles can be different, you store quite a lot of iris scans
for each person. One way you might proceed is the following: Using a good theory of irides,
and perhaps some statistics and machine learning, you find a set of a million different features
that might be present in an iris scan. By Zipf’s law [28], it is likely that most eyes have only
a small subsets of these features; perhaps an average eye has just around a hundred different
such distinguishing characteristics. This is great, since your feature computation algorithm only
takes time proportional in the output.

Once you have build your database, you want to start connecting it to the world’s public
surveillance cameras. For each frame of each camera, you identify the iris and calculate the
features. Now you need to find a good match in your database. Your first thought is to use high
number of shared features as a good measure of similarity, however you quickly realize that this
means irides with many features are likely to be a good match with nearly everything. Instead
you decide for the Jaccard similarity, which for sets x and y is defined as |z Ny|/|x Uy|. That
is, the number of shared features normalized by the total number of features in the two sets.
Now you can run through the entries in your database, compute the similarity and output the
best match.

You hook up your video feed to the database and it starts crunching. But something doesn’t
work! The amount of video frames you receive totally overwhelm your database. Computing
the Jaccard similarity to hundreds of billions of sets of features takes maybe a minute!, and
you get billions of frames a second. Of course you try to parallelize on multiple computers, but
distributing the database is complicated and the amount of computers you need is astronomical.

You call your theory friend, but he tells you that the problem is OVP hard, and can’t be
solved better than what you're already doing. Instead the honorable doctor tells you, that you
can consider approximation. Since your iris pictures are likely to be very similar to the potential
matches, but not very similar to the rest of the data-set, you settle on the following model: All
irides of the same person have similarity greater than s, why irides of different people have
similarity less than se. Perhaps you have s; = 7/8 and so = 1/10. Thus you can relax your

requirements and look for approximate data-structures.
log1/sq
You look around, and find a nice one: Minhash LSH. It promises query time nlst/s2 < n

With n = 10?, this value is less than 4! Great you can use this... except: The data-structure
only gives probabilistic guarantees! No matter how you configure the data-structure, there is a
chance, albeit small, that it won’t return a match, even if there is one! This is a deal breaker:
If an unknown person shows up at your door, you need to know exactly where she has been
before. If the system suddenly has a one out of a thousand failure and decides it hasn’t seen
her before, you may be in great danger.

You ask your theory friends again, but they tell you that this is an open problem, and we
don’t know whether any algorithms exists that can solve nearest neighbor problems with exact
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guarantees (without false negatives), unless we are willing to suffer (sometimes a lot) in the
performance.

Luckily today this changes. At least in theory. You probably don’t want to implement what
is presented in this thesis. Or maybe you would. I don’t know, I am neither a practitioner nor
an evil dictator.

Introduction During the last decade or so, it has become possible to collect and process very
large sets of data. This change has been felt in most areas of computer science, such as image
processing, databases, medical computing, machine learning and natural language processing. A
big part of this progress has been driven by better algorithms, and in particular the emergence of
high dimensional, approximate geometric algorithms, such as Locality Sensitive Hashing, LSH.
These algorithm have allowed beating the ‘curse of dimensionality’, which is a phenomenon
often present in precise data-structures such as KD-Trees, Ball-Trees, and the like. Locality
sensitive algorithms all have one big downside compared to earlier data-structures: They only
give probabilistic bounds.

Such algorithms are known as Monte Carlo, and belong to the complexity class RP of
polynomial algorithms with one sided error. If the answer to the question ‘is there a near point’
is no, they always answer ‘no’, but if it is yes, they sometimes answer ‘no’ as well. In contrast,
the complexity class ZPP describes problems solvable by polynomial (expected) time, also know
as Las Vegas algorithms. It is not generally known whether RP = ZPP, but so far it seems that
the use of randomization improves what is efficiently possible.

In this thesis we show that having an error probability is not needed for LSH on Jaccard
similarity, and strongly indicate that it isn’t needed for other known LSH or LSF (Locality
Sensitive Filters) data-structures either. The first indication in this direction was [31].

We solve the problem by constructing strong, pseudo-random space partitions. Thus our
solution may be applicable to other problems in high dimensional geometry, such as sphere
packing.

1.1 The Set Similarity Problem

Note that we’ll sometimes talk about the ‘exact approximate set similarity’ problem, which
is the approximate set similarity problem without false negatives. The ‘exact’ problem thus
shouldn’t be confused with the ‘precise’ problem defined below, in which the word ‘precise’
refers to the lack of approximation. There can thus be precise algorithms that are not exact
and vice versa.

Definition 1 (Precise similarity search). Let X C U be a set of data sets (or points) with
| X| =n. Let sim: U x U — [0,1] be a ‘similarity measure’ on U. A solution to the s-precise
stmilarity search problem is a data-structure on X, such that given a query q € U, it can return
a point © € X with sim(q,x) > s if one exists.

The most common similarity measure we’ll consider is the ‘Jaccard Similarity’. This is
defined between two sets z,y C {1,...,d} assim(z,y) = |zNy|/|xUy| € [0, 1]. Set similarity over
Jaccard Similarity is closely related to Containment Search [13] and Maximum Inner Product
Search [34, 1], in that those problem can be reduced to doing (at most O(d)) queries on a
Jaccard similarity data structure.

In general for this thesis, we’ll assume sets have cardinality ¢. Sometimes we’ll need to solve
the more general problem of varying cardinalities in order to solve the ¢-version, and then we’ll
do that.



1.1.1 Precise Algorithms

There are three common algorithms for set similarity, neither of which are very advanced, but
all of which turns out to be optimal for certain ranges of parameters.

The first one is ‘brute force’ and consists of simply enumerating the data set X, calculating
all similarities. This takes space O(n) and time O(n), considering space usage per set and
similarity calculation time constant. We can also get time O(1) by writing down the answers to
all 2¢ possible queries in space O(2%). Note that always n < 2%, since otherwise we could just
deduplicate the input.

The third algorithm we’ll call ‘meet in the middle’:

Theorem 1. For a set X C {1,...,d}, as in definition 1, let all x € X have |z| = t. There is

an algorithm with query time (Z) and space n(;), where a = |z Ny| = %t.

Proof. We'll consider X as a subset of {0,1}% of size n.

Building the data structure: Given X, we create a single hash table T with keys from {0, 1}¢
with hamming weight a. For each point z € X, we store z in T[z'] for all subsets =’ C (%).
Note that we allow multiple points to be stored in the same hash table bucket.

Querying the data structure: Given a point ¢ C {1,...,d}, we look at each T[¢'] for each
¢ C (). If any T[q] is non-empty, we return a point from the bucket.

To see that the algorithm is correct, we need to show that for any z,q with sim(z,q) > s,
there is a bucket T'[-] in which both are present. But this follows, |z N ¢| > a and so there is a
subset s’ C z N q of size a such that x and ¢ are both in T'[¢].

The query time is simply (2), since we can find all subsets in time proportional to the output,
and we only have to do constant work per subset. The space usage per point is also (2), since
that is the number of buckets each point is stored in. ]

We may note, that this data structure has better query time than the brute force approach,
whenever a < llzgg? However for, say, d = y/n and t = d/3, it only gives good results for a < 2.

‘Meet in the middle’, like many of the algorithms we’ll discuss, allow a trade-off between
space usage and query time usage. However, for simplicity, we’ll only discuss the ‘balanced’
case where space usage equals n times the query time. We’ll also assume that the nlog, (?) bits
of memory required to store the data points is given for free, so that we may simply refer to
points with unit memory pointers. Finally we’ll assume that sim(x,y) can be computed in unit

time, so the brute force algorithm from before becomes n space and n query time.

1.1.2 Hardness of Set Similarity

We may wonder if it’s possible to do better than the two algorithms described above. Unfortu-
nately it turns out, that unless some very widely hold conjectures are wrong, we won’t be able
to do any better than brute force, at least for d,t,a = w(logn).

Ahle et al. [1] showed a lower bound for data structures supporting maximum inner product
search. They used the following conjecture, originally proposed in [39], who showed that it was
at least as strong as the strong exponential time hypothesis.

Conjecture 1 (Orthogonal Vectors (Problem), OVP). For any ¢ > 0 it’s conjectured that
there is no n*~<e? ) time algorithm (randomized or not) for the following problem: Given
X C {0,1}? with | X| = n, determine if there are two orthogonal vectors in X. That is x,y € X
with (x,y) = 0.

Ahle et al.’s proof doesn’t directly apply to our case, since their vectors didn’t necessarily
have fixed weight t. We can however easily adapt their proof, and show the following:



Lemma 1 (OVP for Data-structures). For any € > 0, the Orthogonal Vector conjecture is false,
if there exists a data structure for the data-structure problem: Given X C {0, 1}d, create a data
structure in time n°Me? D such that queries on the following form, can be answered in time
ni=€e?d: For a point q € {0,1}¢, determine if X contains a vector orthogonal to q. That is an
x € X s.t. (q,z) =0.

Note that the original theorem has d°(1), rather than €@, but this isn’t necessary for the
proof.

We’ll show that a data structure for the set similarity problem gives a data structure for the
orthogonal vectors problem with the same construction and query time. Hence any algorithm
for the precise set similarity data-structure problem must use pl—o)
exponential dependency on d. This means the ‘brute force’ and ‘meet in the middle’ algorithms
we discussed are optimal.

To be formal:

query time, or have an

Theorem 2 (OVP hardness). Assume the Orthogonal Vector conjecture and let € > 0. Then

there is no data-structure for the precise similarity search problem with construction time

nPWeo D and query time nt=e?@.

Proof. Consider the following ‘coordinate gadgets’ from {0, 1} to {0,1}%:

f(1) := (1,1,0,0) §(1) == (0,0,1,1)
£(0) :=(1,0,1,0) §(0) := (0,1,1,0).

These have the property that for any #,§ € {0,1}, we have that |f(&)] = |§(9)] = 2 and
(f(#),3(9)) = 1 — 29. By concatenating, we can create embeddings from {0,1}% to {0, 1}

f(x) = flan)f(a2)... f(zq)
9(x) = g(x1)g(z2) . .. §(za).

I
—

These have the property that for any =,y € {0,1}¢ (of any sizes |z| and |y|) we have that
|f(x)] = |g(y)| = 2d and (f(x),9(y)) = d — (x,y). In particular for any orthogonal z,y, we get
(x,y) = d, while for any non-orthogonal x,y we get (z,y) < d — 1.

We can now use a data-structure for the precise similarity search problem, with parameters
d=4d,t = 2d and s = 1/2, to create a data structure for the OVP problem. This is done
by mapping the data points with f and the queries with g. Both of these operations take time

linear in d, which is less than €@, ]

1.1.3 Approximate Formulation

Hardness results similar to the above have forced researchers to consider weaker formulations
of many problems in high dimensional geometry.

In particular we will consider the following adaption of the similarity search problem from
definition 1:

Definition 2 (Approximate Similarity Search, ASS). Let X C U be a set of data points with
|X| =n. Let sim: U x U — [0,1] be a ‘similarity measure’ on U. A solution to the (s1,s2)-
approximate similarity search problem is a data-structure on X, such that given a query q € U,
it can return a point x € X with sim(q,z) > so if one x’ exists with sim(q,z") > s1.

Such a data-structure is allowed to always answer a query ¢ with a set z, if sim(x,q) > s,
but it doesn’t have return anything at all, unless there is a point 2’ with sim(z’, ) > s1. Another
way to look at this is as a promise problem: The data-structure is given the promise that there
is a gap s; — s9 between the points we're interested in, and the points we’re not interested in.



An important note with regards to this thesis is the use of randomization. We will allow
Las Vegas-type randomization, that is our running times and space bounds only have to be
in expectation. Nearly all papers also allow Monte-Carlo type randomization, that is, the
algorithm only has to succeed with some high probability, even when there is a data point with
very high similarity to the query. In this thesis however, we want 100% success probability,
when there is a point to return. That is, we don’t want any false negatives.

1.2 Related Work

The most well studied problem in high dimensional data-structures is probably that of ‘nearest
neighbors’. Similarity problems as described above, can usually be recast as distance problems
where near neighbors correspond to points with high similarity.

The algorithms of [25, 21, 19, 18] were the first to find algorithms without exponential de-
pendency on the dimension. The key ingredient was to use ‘locality sensitive’ hash functions
with the property that near points are likely to hash to the same value. In a different termi-
nology, they used a ‘grid like’ high dimensional space partition, in which near points are likely
to end up in the same regions. A key challenge has been to find the best space partitions for
different distance and similarity measures.

A later approach has been making space partitions based on the input data set [4, 6, 7].
This is natural, when comparing with Voronoi diagrams, which are space partitions in which
a query point is guaranteed to collide only with its nearest neighbor. We can’t however use
exactly the Voronoi partition, as it can’t be decoded efficiently.

What all these methods have in common, however, is that they use randomization in the
construction of their space partitions. They do this because it turns out to be quite hard
to produce good point lattices in high dimensions. For example, the natural ‘square grid’
construction is far from optimal.

1.2.1 Near Neighbors without False Negatives

While Indyk et al. were the first to get provable performance guarantees on high dimensional
near neighbor problems, Arasu et al. [8] were the first to do so with a Las Vegas algorithm.
That is, all previous algorithms either had an exponential dependency on d, or they were only
correct ‘with high probability’.

Their algorithm was for the ‘set-similarity join’ problem, but we’ll consider it as a data-
structure problem for consistency with the thesis. In particular they wanted to find points with
low hamming distance in {0, 1}¢. For this problem a typical hash function is to map a vector
to a small random subset of its coordinates. If the subset has size k, and the two vectors have
distance r, the vectors collide with probability (dzr) / (ff) ~ (r/d)*.

Arasu et al.’s approach was to consider all subsets rather than a smaller set of random ones.
This guarantee that a collision must happen at some point. In order to reduce the number of
subsets needed to consider, they reduce the dimension to d/B, by partitioning the coordinates
in B blocks. This guarantees that the distance between x and y is at least /B in the of the
blocks. The performance achieved is not close to the randomized n'/¢, but for ¢ > 7.5 the
authors claim performance of O(r%3%).

Pagh greatly improved on this constructions by using Hadamard codes for constructing
efficient covering designs for many sets of parameters. Such a design corresponds to a sets
of k-sets, such that any r set is contained in a k set. Their construction is within a factor
log4 < 1.4, in the exponent, from the optimal, and matches the optimal when cr = (logn)/k
for some integer k.

It is possible to reduce Jaccard similarity to hamming distance, but only either incurring a
loss, or using randomization, which removes the entire point what we are trying to do. On the



other hand, our methods (though not our results) also enable us to solve the hamming distance
problem within n°() factors of the optimal n'/c.

1.2.2 The Minhash Algorithm

Broder et al. [9] introduced the minhash technique for the search engines at Alta Vista. The
idea is to sample a uniformly random hash function h : {1,...,n} — [0,1]. Aset x C {1,...,n}
can then by mapped to its smallest element under h: argmin,;c, h(i). The collision proba-
bility, for two distinct sets, under a random h is the Jaccard similarity Prj[arg min,, h(i) =
argmin;c, h(i)] = [z Ny|/lz Uy| = s.

We can think of h as a space partition with n regions. It isn’t however a completely well
balanced partition, since the element that maximizes h will only be the hash value if it is the
only element in the set hashed.

If we want to further decrease the probability that two non-similar sets collide, we can pick
multiple hash functions h; and map = C {1,...,n} to the vector v(z) = (argmin,cy hi(x),

.., argmin, y hx(z)). We may notice, that this is also an embedding of Jaccard similarity
into hamming distance. The distance between two vectors v(x),v(y) is going to be closely
concentrated around ks, where s is the Jaccard similarity between x and y. This embedding
allows using various near neighbor data-structures, and things like SVM’s for classification, as
it was done in [36].

Using minhash in the framework of Indyk et al., produces a data-structure for the ap-
proximate set similarity problem with query time O(n”) and space usage O(n!*?) where p =
log1/s1/log1/ss.

There has been work on making minhash more realistic, by reducing the amount of ran-
domness needed when sampling the hash functions [37]. Unfortunately it appears [10, 20, 22,
23, 26, 29, 33| hard to get as good results as for normal hash functions. There are no known
k-wise independent permutation families, for k& > 4. In fact it is known that for n > 25 and
k > 4 there are no non-trivial k-wise independent subgroups of \S,, [2].

Instead people have looked at so called € approximate, k-wise independent families. While
these are useful for derandomization, they are still much too large for our purposes.

1.2.3 Optimal Similarity Data-Structure

The recent algorithm by Christiani and Pagh [32] showed that, surprisingly, the Minhash algo-
rithm is not optimal for Approximate Set Similarity data-structures. They found an algorithm
in the locality sensitive filter framework, which they proved to be optimal for data insensitive
space partitioning algorithms, by reducing to the LSH lower bound by O’Donnel et al. [30].

Christiani and Pagh found some very interesting techniques to improve the practical perfor-
mance of their algorithm. We will briefly sketch the ‘raw’ version, which doesn’t include those
techniques, since it is more similar to our final precise construction.

Given n data sets, X C {0,1}%, each of size ¢, and Jaccard similarity thresholds s; and so,
we make the following variables:

bl — 1 b2 — 289 p= log1/by 5 = plogn U= log d/(bi1t) and m = <i)8 (logu—l— 1)‘

12—s51 ’ 145277 7 logl/ba’° ~ logd/(bit)’ log1/by
The later three variables must be integers, but we suppress the rounding in this presentation
for easy of presentation.

We sample uniformly and independently u sets of m points from {0,1}%, Sy, S5, ...,S,. For
any point € {0,1}%, we define the function decode(z) = {s € Sj [z € s} x---x{s€ S, |z €
s}. Note that decode(x) N decode(y) = decode(z Ny).

The data-structure consists of a hash-table, T', in which we store each z € X in every bucket
T[k] for k € decode(z). Note that each bucket may store multiple points. Querying the data-



structure with a point ¢ € {0,1}¢ consist of simply looking at every point 2 in every bucket
T'[k] for k € decode(q). As soon as sim(q, z) > sy we return x.

This data-structure solves the approximate set similarity problem, if we can guarantee that
all pairs z, y with sim(z,y) > s1 have decode(x) Ndecode(y) = decode(xNy) # (). We show that
this is the case with high probability. Note that |z Ny| > 2s1t/(1 + s1) = byt by definition of
Jaccard similarity. Because the point sets S, ..., .S, are sampled uniformly and independently,
we have

Pr[decode(z,y) # 0] = (1 — (1 — (byt/d)*)™)"* > 1 —ue~O1H/D ™ =1 _ 71 > 5/8,

Which is sufficient for our purposes.

The processing time per query is (1) the time for evaluating decode (2) the time for reading
each hash-table bucket from memory, and (3) the time for calculating the similarity to the points
in the buckets. For (1) it takes time O(m) to calculate each of the sets {s € S; | € s}. There
are u such sets to be calculated, but after that, taking the product takes time proportional to
the output size, which is (2). For (2) we calculate the expected number of buckets we have to
look at. That is by linearity of expectation

1 Su
E[|decode(z)|] = m"(t/d)*" = (b) (logu)* =nP(logu + 1)“.
1
Finally for (3), since we return as soon as we see a point z with sim(q,z) > s2, we have to
pay only for ‘collisions’ with points y such that sim(q,y) < se, that is |[¢ Ny| < bat. Again by
linearity of expectation, this is

nE[|decode(q Ny)|] = nm"(bat/d)*" = n’(logu + 1)“.

The total query time (1)+(2)+(3) is thus bounded by O(n”(log u+1)*) < O(n”(d/t)'sloslos(d/t)y,
By sampling we can assume that d/t is logarithmic in n, such that the last factor is n°® . Build-
ing the data-structure takes n times (1)+(2) which is O(n!+ete()),

1.2.4 Combinatorial Design and K-Restrictions

Our approach to derandomization is heavily inspired by the field of Combinatorial Design and
the problem of k-restrictions. Thus we’ll review a few important results.

Combinatorial Design concerns itself with properties of systems of finite sets, and more
generally combinatorial objects, such as tournament scheduling, lotteries and group testing
schemes. The first example of looking for such objects is the ‘magic square’, in which you are
asked to put then numbers 1 to 9 in a 3 by 3 grid, such that each row and column sum to 15.
The Handbook of Combinatorial Designs [16] surveys many different results, existential and
constructive.

Many modern results are based on finite geometries, such as the Fano-plane, which is the
sets {{0,1,2}, {0,3,4}, {0,5,6}, {1,3,5}, {1,4,6}, {2,3,6}, {2,4,5}} interpreted as ‘lines’ in a
two dimensional projective geometry. These have all the usual properties of lines (in projective
geometry): Any two lines share a point; and any two points share a line. The Fano-plane
is, among other things, the solution to Kirkman’s Schoolgirl Problem, which states: “Fifteen
schoolgirls walk each day in five groups of three. Arrange the girls’ walk for a week so that in
that time, each pair of girls walks together in a group just once.” [12] Such geometries can also
be used to construct Covering designs, which are used in work on exact bit-sampling LSH by
Pagh [31].

Another type of general combinatorial construction, useful for derandomization, is the k-
restriction problem:

Definition 3 (k-restriction problem). k-restriction problems are as follows:



1. The input is an alphabet ¥ of size |X| = q, a length m and a set of s possible demands
fi : X% = {0,1},1 <i < s. For every i there exists x € ¥F so that fi(x) = 1.

2. The task is to prepare a set A C ™ so that: For any choice of k indices 1 <i1 < --- <
ir <m, and a demand j,1 < j < s, there is some x € A, such that fj(z; ---x;,) = 1.

Given a probability distribution, D : ¥™ — [0,1], the density of a k-restriction problem with
respect to D is € := mini<j, <...<iy<m Pro~p|fj(zi, - - xi,) = 1].
1<j<s

This was first studied by Naor et al. [27] who found a ”a fairly general method” for finding
deterministic constructions for k-restrictions. They used their methods to construct (n,k)-
universal sets (a collection of binary vectors of length n such that for any subset of size k of the
indices, all 2¥ configurations appear) and families of perfect hash functions.

The main approach by Naor et al., and later Alon et al, is to note that many solutions
to k-restriction problem can be constructed efficiently by random sampling. Some can also be
sampled from small sample spaces, which allows the general theorem:

Theorem 3 ([3], Theorem 1). Fix some efficiently approzimateable probability distribution D.
For any k-restriction problem with density € with respect to D there is an algorithm, that given
an instance of the problem and an accuracy parameter 0 < & < 1, obtains a solution of size at
most [%1 in time poly(s,m*, ¢, ¢4, 671).

Naor et al. further improved their constructions with what they called an ‘(n,[)-splitter’.
The is the set of all surjective, non-decreasing functions m : {1,...,n} — {1,...,l}. There are
(lirll}) such function, as we can see by picking [ — 1 ‘separators’ and ‘filling’ the space in between
with the numbers 1,...,l. We can notice that for any K C {1,...,n} of size k, there is a 7 in
the splitter, such that |k/I] < K N7~ (i) < [k/I] for all i € {1,...,1}.

The notion of splitters was generalized by Alon et al. [3], who defined the multi-way splitter.
The construction is similar to the 1-way splitter by Naor, but require a much more elaborate
proof, through the topological necklace theorem by Alon.

Definition 4 (multi-way splitter, [3]). A partition of m coordinates into b blocks is a function
m : [m] — [b], assigning each coordinate the block that contains it. We say m splits a subset
I C [m] of the coordinates, if every block 1 < j < b sees the same number of coordinates up to

rounding, i.e {%‘J <|t7l(G)nI| < [%—‘

Let m, b be natural numbers. A t-way splitter is a list A of partitions 7 : [m] — [b], s.t. for
any series of t pairwise disjoint subsets of coordinates Si,...,Sy C {1,...,m}, there exists a
partition in A that splits each one of S1,...,5;.

Lemma 2 ([3]). There exists an explicit construction of a t-way splitter that splits m indices
into b blocks, and has size bPt! (7;) where p = (b — 1)t.

In this thesis, we will use k-restrictions when we can, since they help derandomize our
constructions, but the focus of the paper is not really derandomization, and we’ll sometimes
use large amounts of random bits.

The splitters and multi-way splitters on the other hand, are going to be of crucial importance.

1.3 Contributions

The main contribution of the thesis is the observation that multi-way splitters can be used
to bridge the gap between logn/loglogn size ‘verifiable random constructions’ and logn size
constructions, which are needed for optimal, exact ‘locality sensitive hashing’ data structures.
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This has been an important open problem since [8], but no non-trivial results were known
until [31].

In addition we show that so called ‘locality sensitive filter’ data structures can also be
optimally derandomized. This is a natural extension to the first problem, but requires more
work, since ‘filter’ data structures can’t just enumerate a big space partition generated in
advance. Filters tend to use space partitions that are so large, that an efficient ‘decoding’
algorithm must be supplied. We show that it is indeed possible to use splitters even with this
restriction.

The thesis further introduces the problem of bottom-k designs. This is a combinatorial
analog of the minhash data structures, and related to the important problem of finding small
sample spaces with minwise independence. The thesis uses Ramsey theory to show the first
(obviously) non-trivial lower bounds for these structures. The lower bounds are shown to be
sharp up to 1+0(1) factors by constructing matching upper bounds based on incidence matrices
of permutations.

Finally we show a very useful bound for the ratio (Z) / (TIZ), which might be useful generally
in computer science.
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Chapter 2

Algorithms with Bottom-k Designs

We define a new kind of combinatorial design, which we will call a bottom-k design.

Definition 5 (Bottom-k design). Let n > a,b and a > k. An (a,b,n)-bottom-k design is a set
of permutations, 11, on {1,...,n}, such that for any disjoint A, B C {1,...,n} of size |A| =a
and |B| = b, there is a permutation m € II and a subset K C A of size |K| = k, such that ©
orders every element of K before any element of B.

We will think of m € II as functions m : {1,...,n} — {1,...,n}, and use the notation
7(K) < 7(B) = Yeerpenm(k) < (D).

The bottom-k number, By (a,b,n), is the smallest number of permutations in any (a,b,n)
bottom-k design. A design is optimal, if it has the minimum possible number of permutations.

Ezample 1: The permutations {(1,4,2,3),(2,4,1,3),(3,4,1,2)} are a (1,2,4)-bottom-1 de-
sign. We can see that if A = K is any of {1}, {2}, {3}, then one of the permutations order K
before anything else. On the other hand, if A = K = {4}, then for any pair of 1, 2,3 there is a
permutation where 4 is before both of the numbers.

Ezample 2: The permutations {(1,2,3,4,5,6,7),(7,6,5,4,3,2,1)} are a (3,1,7)-bottom-2
design. Since B has only one element and is disjoint from A, there must to be two elements of
A with a numerical value either higher or lower than that of B. Hence, by taking II to be any
permutation and its reverse, we get a design. Note that for any k and n > 2k, we can make a
(2k — 1,1, n)-bottom-k design using this construction.

We will later delve more on the exciting properties, constructions and limits of bottom-k
designs, but first we will show how they may be used to solve the approximate set semilarity
problem without false negatives.

2.1 A Non-constructive Algorithm

Recall the problem from definition 2: From the universe U C {1,...,d}, we are given a set of
sets X C U of size |[X| = n. We are further given two Jaccard-similarity thresholds s; and so.
Our goal is to create a data structure which, given a query ¢ C {1,...,d}, returns a point = with

sim(q, z) > s9, although only if X contains some (possibly different) 2’ with sim(q,z’) > 7.

Theorem 4. Assume data points x € X all have size t, and all queries ¢ € U have size
tq- Given a (a,b,d) bottom-k design, 11, where a = 15 (tz +1t4), b = %;Jr‘;(tm +ty) and k =
[logn/log1/sy], there is a data-structure for the (s1,s2)-exact similarity search problem over
{1,...,d} with Jaccard similarity.

The data-structure takes O(|II|) space and queries can be performed in time O(|Il|n).

In the theorem we expect that s; and sy are chosen so a and b are integers. We’ll usually
assume that s1,s2 = ©(1) such that k¥ = w(1) in which case the ceiling shouldn’t make a big
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difference for most constructions. If we want to support more than one set of values t,, t, we
can build d? data structures, which will be insignificant when d = n°(1).

Proof. The data structure works like this:

Building the data structure: We first pick a permutation ¢ : U — U uniformly at random.
Then, for each 7 in II we create a hash-table T;. For each m € Il and x € X, we store a pointer
to x in Ty [hy(ox)]. Here hy : U — {1,...,d}* maps x to the set of its first k& elements under .

For example, if k =2, 7 = (5,4,1,2,3) and x = {1,3,5}, then h(z) = {1,5}, since 5 and 1
are ordered before 3. If 0 = (2,1, 3,5,4), then hy(ox) = h.({2,3,4}) = {2,4}, since o maps 1
to 2, 3 to 3 and 5 to 4.

The permutation ¢ has no impact on correctness, but is important in order to get provable
performance guarantees against worst case input. Note that h;(cx) = hre(x), where wo is the
composition of 7 and o.

Querying the data structure: Given aset ¢ C {1,...,d}, we look at T [h.(oq)] for each =
in II. For each set x € Tr|hr(0q)], we calculate the similarity sim(q, z), and if it’s at least s,
we return . Any set x that shares a bucket with ¢ is called a ‘collision’.

Correctness To see that the algorithm is correct, we first note that the algorithm can never
return a set = with sim(q,z) < so. Thus, to show correctness, we just need to show that if a
point z € X has sim(q,z) > s1, then it collides with ¢ in one of the tables, and thus has the
potential of being returned.

For this, note that if = has similarity exactly s; to ¢, then |z N ¢| = a and the symmetric
difference |tAq| = [xUq\xNgq| = t; +ty —2a = b. The permutation of x and ¢ under o doesn’t
change any of these sizes. By the definition of bottom-k designs (definition 5), this means that
there is some subset K C x U ¢ with |K| =k and 7 € II such that 7(K) < w(xAq). Because of
the way h is chosen, this means that h,(q) = hr(x), which is the collision we needed.

We also need to have a collision when the similarity sim(q, x) is strictly greater than s;. In
these situations we have |z N¢| > a and |xAq| < b. In the next section we’ll show that any
(a,b,n)-bottom-k design is also a (a+1,b,n) and (a,b—1,n) design, which solves the problem.

Analysis The algorithm is dominated by three parts: (1) Calculating h, of various points,
(2) accesses in the tables T, and (3) computing similarities with collisions.

As in the rest of the thesis, we assume calculating sim(z,y) and h.(x) takes unit time. In
practice, with a little preprocessing, both calculations are bounded by time t.

We calculate h, exactly once for each table access, so (1) and (2) are both O(|II]). For (3)
we calculate the expected number of collisions. We only have to care about collisions with low
similarity points, since as soon as we see an = with sim(q, z) > s2, we can safely return it. Using
lemma 3 below, we can bound the expected collisions as follows:

E; ), lmloq)=hx(ox)]= Y Pilhra(q) = hro(2)]

mell, mell,
rzeX,sim(x,q)<s2 re€X,sim(z,q)<s2

= |0 Z Pr[hg(q) = ho(z)]

z€X,sim(z,q)<s2

T

wEXsnn (z,q9)<s2
<me(3)/ (")
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By theorem 14, the binomial ratio is bounded by (a%rb)k = s5. Thus the total expected time
spent on (3) is at most n|H|sQOgn/log Vsl < 1,

This shows that (1), (2) and (3) are all O(|II]), giving the query time in the theorem. When
building the data-structure, steps (1) and (2) are repeated n times, storing II pointers at each

iteration. This gives the space usage and building time. O

Lemma 3. Given sets A,B C {1,...,n} of size a and b respectively, the probability that a
random permutation on {1,...,n} orders some size k subset of A before all of B is

Preaan(i) <80 = (1) /(*7") 2.)

Proof. When calculating the probability, we can ignore all the elements of {1,...,n} not in A
or B. That is, we can consider w to be a random permutation over A U B. Then the first &
elements of m must be from A, which can be done in (a) k! ways. In total, the first k elements

of m may be chosen in (a+b)k' different ways. Since 7 is uniformely random, it takes all of these
prefixes with the same probability, which gives the lemma. O
2.2 Properties, Bounds and Constructions

As promised we’ll note the following monotonicities on the optimal size of (a,b, n)-bottom-k
designs, By(a,b,n):

Proposition 1.

By (a,b,n) > Bi(a+1,b,n) (2.2)
By(a,b,n) < Bi(a,b+1,n) (2.3)
By(a,b,n) < Bi(a,b,n+1) (2.4)
By(a,b,n) < Bit+1(a,b,n) (2.5)

Proof. Inequality (2.2) follows, since a permutation 7 € II that orders k elements from A before
B will order the same k elements before B if an element is added to A. For (2.3) note that
a permutation that works for some A and B will also work, when removing an element from
B. (2.4) corresponds to removing an element from the universe. This means some pairs A, B
will no longer exist, thus only removing restrictions for our design. Finally for (2.5), if 7 orders
some k + 1 elements of A before B, it also orders k elements. O

The most general bound is given by the probabilistic method:

Proposition 2.

mian = (1) on(() 3 ) (52 s

Proof. Form II by sampling m permutations independently, for m to be decided. For any
disjoint subsets of {1,...,n}, A and B of size a and b, the probability that there is no 7w € II
ordering k elements of A before B is (1 — p)"” where p is the probability from (2.1).

There are (7)(",“) ways to choose A and B, so by the union bound, the probability that
there exists A, B for which II doesn’t work is at most

()03 Jammmzon (s (G)(" ) -om)
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Taking m > (a;gb) /() 1og ((7)(",%)) as in the theorem, this probability is less than 1, and so
by the probabilistic argument, there must be a design of size m.

For the (“t2)*... bound, we have used theorem 14 and bounded (7)(",%) = n!/(a!b!(n —
a—b!)<n!l/(n—a—Db) <noth O

For large k, the probabilistic bound is basically as good as we may hope for. This is clear
from the lower bounds below.

The problem with the probabilistic bound is that it’s not constructive. That is, we can make
a set of permutations that will nearly certainly be a bottom-k design, but we cannot guarantee
it, which is the goal of this thesis. Note however that a construction can be checked against
all possible pairs of subsets in time n®@+?  which can be reduced to (a + b)O(“‘H’) by perfect
hashing. Thus for a 4+ b small enough, we can indeed make a near optimal design this way. The
approach uses Las Vegas randomization, but not Monte Carlo. In the section on k-restrictions
later in this chapter, we completely derandomize this process, and add some more tricks, that
allow us to increase the design size further.

There are however also other ways of constructing designs. Very simple constructions give
us the following bounds:

Proposition 3.

By(a,0,n) = (2.6)
By(a,b,n) =1 (2.7)
B(2k —1,1,n) = (2.8)
nb+1 b
Bi(1 < < — 2.
Lo < o S g (29)
Proof. For (2.6) any single permutation will do. (2.7) could arguably be defined to 0, but for

our later recursions it makes more sense to use 1. (2.8) can be done by taking any permutation
and its reverse. This is a generalization of Example 2 from when we defined bottom-k designs.

Finally (2.9) can be constructed by making a b + l-ary tree, with a permutation starting
at each leaf and going up the parents till it hits the root. After hitting the root, it visits the
remaining elements in any order. To see that this works, we imagine coloring the elements
of B black and the one element of A green. Because the tree is b + l-ary any element will
have a path down to a leaf, without visiting a black node. Such a tree with [ levels has size

1+0+)+0+1)2 4+ + b+ = % and (b+ 1) leaves. O
A set of results similar to proposition 1, but more advanced is

Proposition 4.

By(a,b,n) > Bi_1(a —1,b,n — 1) (2.10)
By(a,b,n) < Bx(a,b,n —1) 4+ Bx_1(a — 1,b,n — 1) (2.11)
By(a,b,n) < nBy(a,b—1,n—1) (2.12)
By(a,b,n) < > min [Bk/(a', V,n/2) g Bi_w(a—d b=V, n/2) (2.13)
0<a’<min(a,n/2)
0<b/<min(b,n/2)
Proof. (2.10): Take an (a,b,n) design and remove an element = from {1,...,n} and from all

the permutations. With the new design, for any A, B, we can add an arbitrary element to A
and the original design will order k of the elements before B. This means that it also orders
k — 1 of our remaining elements before B.

(2.11) corresponds to the construction of extending a (a, b, n—1) design, IT; with one element,
x, by adding it to the end of each permutation. Then we take another (a — 1,b,n — 1) design,
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T3 and put z in the beginning of each permutation. This is a (a, b, n) bottom-k design, because
if a subset A does not include x, a 7 € II; will work, and if x € A, then a 7w € I, will do.

(2.12): For each x € {1,...,n}, take an (a,b—1,n—1) design on the remaining elements and
add z to the end of each permutation in the design. The union of these n designs is an (a, b, n)
design, since for any location of an element in B we can take the sub-design that ordered this
element at the end.

(2.13): Partition {1,...,n} in two sets of size n/2, call them ‘left’ L and ‘right’ R. We want
to create a design for each and combine them somehow, but we don’t know how many elements
of A and B went to each side. Thus, for each 0 < o’ < min(a,n/2),0 < b < min(b,n/2) and
which ever k minimizes By (a’,b',n/2)By_r(a—a',b—b',n/2), we create a (a’,b’,n/2) bottom-%’
design I1; and a (a —a’,b—b',n/2) bottom-(k — k') design. Assume for some A, B that m € II;
orders k' elements of AN L before BN L, and m € Iy orders k — k' elements of A N R before
BN R. Then we’d like our final design to have the combination m; — ms. However, if we simply
append mo to the end of 71, we run into the problem, that the result will order B N L before all
of AN R. To solve this, our final design uses each prefix from 71, adding the extra factor n/2
in the bound. O

Another approach is relating bottom-k designs to other kinds of combinatorial designs. In
particular we can make constructions based on Turan-designs, Perfect Hash Families and Group
testing.

Proposition 5.

By(a,b,n) < Turan(n, a, k) (2.14)
Bg(a,b,a+b) > Turdn(a + b,a, k) (2.15)
By (a,b,n) < By(a,b,na)Perfect-hash-family(n, na, a + b) (2.16)
B1(1,b,n) < Group-test(n,b) (2.17)

Proof. (2.14): Turdn designs are sets of subsets R C {1,...,n} of size ' such that for any
K C {1,...,n} of size K/, there is R such that R C K. We can make a bottom-k design by
turning the R-sets into permutations. We do this by for each R making a 7 that orders these
elements before all other elements of {1,...,n}. The order internally in R and {1,...,n}\ R is
arbitrary. For k' = a and v = k and any b, this is a (a, b,n) bottom-k design, since for any A,
B we can take the permutation made from R C A which then orders k£ elements from A before
B.

(2.15): Given a (a,b,a + b) bottom-k design, we can make a Turdn design, by making a
set R from the first k£ elements of each 7. This is a Turdn (a + b, a, k) design because for any
K C {1,...,n} of size a, we can take A = K and B = {1,...,n} \ K, and take the 7 that
orders k elements of A before B. Since all elements of {1,...,n} are either in A and B, the set
R formed from 7 must have all elements from A and thus by K.

(2.16): A (n,neg,t)-perfect hash family is a set of assignments h : {1,...,n} — {1,...,na},
such that for any set 7' C {1,...,n} of ¢t elements, there is an assignment h which assigns all
elements of T to different elements of {1,...,na}.

We can make a (a, b, n) bottom-k design from a (a, b, n2) bottom-k design IT and a (n, ne, a+
b) perfect hash family P: For each 7 € II and h € P we define m,(z) < mp(y) = w(h(x)) <
m(h(y)) for h(x) # h(y). If z and y are mapped to the same element, 7 order them arbitrarily.
This works because for any A,B C {1,...,n}, there is an assignment h mapping all AU B
elements to different values of {1,...,ny}. Thus if 7 ordered k elements of h(A) before h(B),
7y, will order k£ elements of A before B.

(2.17): Group testing stems from doctors wanting to test soldiers’ blood for illnesses without
having to manage n samples of blood. Instead they would mix the blood and perform tests on
the mixed samples. In particular a non-adaptive (n,b) group testing design, G, is a system of
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sets, such that for any subset B C {1,...,n} and = € B, there is a set R C G such that z € R,
but BN R = (. Thus if a soldier was not infected, his blood would be in some sample without
any infected blood and could be acquitted. For our purposes we create a permutation 7 for
every R by ordering the elements of R before all elements of {1,...,n}\ R. Hence for any A,
B with |A| = 1, there is a permutation ordering A C R C {1,...,n} \ B before B.

O

From (2.14) and (2.15) we get that By(a,b,a + b) = Turan(a + b,a, k). This shows that
bottom-k designs can be seen as a kind of generalization of Turan designs.

Alon et. al. show in [3] that a (n, k2, k) perfect hashing family of size O(k*logn) can be
efficiently constructed. They also show that a (n, b) group testing scheme of size (1+6)eb?logn
can be created in time polynomial in n® for any ¢ > 0. For all n, except n very close to b, this
is much better than our bound (2.9).

2.2.1 Lower Bounds

Finally we have some lower bounds. We’re mainly interested in determining how sharp the
probabilistic bound is to the truth.

Bi(a,b,n) > (a']gb)/@) > (azb)k (2.18)

Bi(a,b,n) >b+1 (2.19)
B1(1,2,n) > lglgn (2.20)

Proposition 6.

Note that the probabilistic bound had three factors: (a;b) /(}), (a+b) and logn. Our lower
bounds show that each part is reasonably close to the optimal values.

Proof. (2.18): This is shown using a volume bound. Given an ordering, in how many ways can
we choose k out of a before anything from 67 The answer is (aj—b) (aZf;k): First we choose the
non-frees, then we make the first £ candy, and choose a — k candy from the remaining. If we

divide the total number of configurations by this, we get the lower bound
(W) () ) )
(i) (32 (25 O

(2.19): This one is easy. If we had b permutations or less, we could form B by taking the
first ordered element of each permutation. Then for no element outside of B would we be able
to find a permutation ordering that element before B.

(2.20): This one is more tricky. Clearly for b = 1 we don’t generally need the size of the
design to depend on n. The construction 2.8 showed us that much. The obvious next choice
becomes b = 2, for which we prove a non-trivial lower bound, which turns out to be optimal.

Given a (1,2,n) bottom-1 design, IT of size ¢, we show that there is a sequence of sets
st €1 C...50 ={1,...,n} such that the first i permutations of II all order s; either strictly
increasing or strictly decreasing. We know |s;| < 3, because otherwise there are A and B placing
the element of A between those of B, thus failing the condition for the design.

We'll prove that |s;| > n2?™". Hence n?™" < |s;| < 3 implying t > lglgn — lglg3 > Iglgn.

The proof is by induction. |so| = [{1,...,n}| = n follows by the definition of the sequence.
Now assume the statement for i/ < 7. We’ll prove it for 7.

A classic theorem by Erdos and Szekeres [17] say that any sequence of length (n—1)%+1 < n?
has either an increasing or decreasing sub-sequence of length n. Consider the ordering m; on
si—1. By Erdos and Szekeres there is either a subset of s;,_1 that’s increasing or decreasing of

size [\/[sic1]] = V277" > n2". We let s; be the largest of those. O
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We may worry if loglogn is the right lower bound, or logn from the probabilistic method
is the right upper bound. The former turns out to be the case, as we see from the from the
following construction.

Proposition 7.
Bi(1,2,n) <lglgn + O(lglglgn) (2.21)

Proof. We assume n = 2P for p even. Let s be a set of |s| = p binary strings of length r, which
starts with 0 and have an equal number of 1’s and 0’s. Clearly we need (T;Q)/Z > 2" /\/2r > p
so we can choose r = lgp + O(lglgp). r will be the size of our family. For example, for p = 3,
we might have s = (0011,0101,0110).

We construct the family m; recursively from smaller 7;; : {1,...,2/} — {1,...,27} where
1<i<rand1<j<p. Wedefine mgo=1~ 1and

mij—1(x) if <2971 and 5i; =0

mij—1(z) + 2971 ifr <2~lands; ;=1
mig (7) = mij—1(z — 271 if 2771 < z and si;=1 '

mij—1(z — 271y 4 27=1 if 2971 < 2 and 5i5 =0

Intuitively this family is constructed from r binary trees, one for each bit in the strings of
s. The tree has n leafs and p levels. The children of level j in the ith tree are swapped
exactly if s;; = 1. For s = (0011,0101,0110) we get the permutations (1,2,3,4,5,6,7,8),
(4,3,2,1,8,7,6,5), (6,5,8,7,2,1,4,3) and (7,8,5,6,3,4,1,2).

To show that this is a (1,2, 2P) bottom-1 design, we’ll consider the incidence matrices of the
permutations. That is matrices I;, such that I; ,, = 0 if m;(z) < m;(y) and 1 otherwise. For
s =(0011,0101,0110) we get the following incidence matrices I, Iz, I3, I4:

D I T D Y o | 111177 111111
1 - 11 R T T T S T T T O
11 - 1 11 -11111}]| -+ 1111
111 - o dlr1r - 1111 1 - 1111
1111 - 1111111 1 11
11111 - 1111 - 11 o : 111
111111 - 1111 1 A RS 1 I
11111111111 11 - L1 ]

If we ‘stack’ the matrices, we can consider them as just one matrix, M = M, with elements
from s. We can write the matrix recursively as My = H and

_| My s
Min = [1 — s Mj|°

Note that the diagonal doesn’t matter for incidence matrices, so we just leave it as -. If we name
the elements 0011 — 3, 0101 — 2, 0110 — 1 and their binary opposites 1 — s;: 1100 — —3,
1010 — —2, 1001 — —1, we can write the matrix as

ro1 2 2 3 3 3 3
-1 - 2 2 3 3 33
—2-2 . 1 3 3 33
—2-2-1 - 3 3 33

Ms=1| 3 3. 3.3. 1 99|
—3-3-3-3-1 - 22
—3-3-3-3-2-2 -1
—3-3-3-3-2-2-1 -]




The important property in M is that no row contains both & and —z. This follows from
induction: For Mj there is only one element. Assume it holds for j* < j then, together with
the fact that M; contains neither s;4; nor 1 — s;j41, it also holds for M; .

We need to prove that for all x,y, z there is an i such that m;(z) < m;(y) and m;(x) < 7;(2).
In matrix notation this means for all rows x and pairs of columns y, z there is an I; such that
I’i,:p,y =0 and ILI’Z = 0.

By construction, this is equivalent to saying that there is an ¢ such that (M, ); and (M, »);
are both zero. Since these vectors all have the same number of 1s and Os, if for any i (M ,); =
(M,,.)i = 1, then there is also an ¢ where both are zero. Alternatively, if they don’t share
any position, then M, =1 — M, ., but we know that M has no such rows, which proves the
construction. O

While we managed to prove a number of results, we still haven’t found a general, practical
construction. In the next section we will get one.

2.2.2 Using K-restrictions

Using theorem 3 on k-restrictions (Definition 3) we will show the following theorem:

Theorem 5. For a,b <n and k < a, there is an (a,b,n)-bottom-k design, 11, of size

k
I = O ((a+b> ekz/“(a—l—b) logn)
a

and can be constructed in time nO@+b)

Note that sampling uniform permutations and checking that they are indeed a correct
bottom-k design gives the same result. The k-restriction method however shows that we don’t
have to use any randomness at all.

Then with the help of splitters (definition 4 and lemma 2) we will improve it to:

logm
loglogm

2
Theorem 6. For some integers a,b < n < m and k < a with a,b = 0( ) , we can

construct an (a,b,n)-bottom-k design, I1, of size
k
=0 ((f“fb) ek?/amou))
a

Proof of theorem 5. When formulating the (a, b, n)-bottom-k as an (a + b)-restriction problem,
it is most convenient to work over some space with independent coordinates. For this purpose,
we first define an (a + b)-restriction problem over X" := {1,...,(a + b)?}" and then show how
to turn the solution into a bottom-k design.

Following the notation from definition 3, we let ¢ = |%| = (a +b)%, m :=n, k := a + b.
For all partitions A, B C {1,...,a + b} with |A| = a and |B| = b, we have define restrictions
fam: yatb 5 10,1} by fa,B(z) = [z has all distinct coordinates, the smallest k z; have i € A].
Thus the number of restrictions is s := (aib) (“:b) < nath,

We choose D to be the uniform distribution over ¥". This is efficiently approximateable
by [3]. Since our restrictions are symmetric in A, B and permutation of x, the ‘density’, € is
the probability that an 2 € X%+ uniformely sampled, satisfies some demand. This is easy to

in time |II|me™).
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calculate as
Pr [fap(x)] = Pr[z has all distinct coordinates]
Y atb T

Pr[the smallest k x; has i € A | z distinct]

S 1/a a+b 7
—2\k k
where the second part is lemma 3 and the first part is
Pr.[z distrinct] = ¢2+%/qo+b = [Mocicars 1 =1/a>1 =3 0cicarpi/a>1—(a+0)?/(2q) = 1/2.
Finally, we don’t care much about §. Setting it to 1/2 suffices. The theorem then shows that
we can construct a set A C X" such that for any choice of a4+ b indices 1 < i1 < -+ < igyp < 1,
and a demand f4 g, there is some = € A, such that fa p(x;, - -z, ) = 1. This A has size

klogm +logs| (a+b)logn +log (aib) (al—b) _ a+b\" k2/a
Al < [ =5 -‘ - { 012 =0 (a> " /*(a + b)(logn)
O(a+b)

and can be constructed in time poly(s,m*, ¢* e~ 1,671) =n .

We convert A into a bottom-k design, II, like this: For any = € A, let define 7, by 7,(i) <
72(j) =z < xj if x; # xj and 7,(i) < m(j) =i < j otherwise. This is a total order, so it can
be represented as a permutaiton 7 : {1,...,n} — {1,...,n}.

To show that II is an (a, b, n)-bottom-k design, consider subsets A, B C {1,...,n} andxz € A
which satisfies f4 p. Then x has distinct values over AU B and for the k£ smallest s;, i € A.
Thus 7, orders k elements of A before B. Since II has size equal to A, it proves theorem 5. [

While it is nice, that theorem 5 can construct near optimal designs, without using ran-
domization of any kind, the construction time n@a+h) ig quite restrictive. Theorem 6 allows
reducing this to much more manageable levels.

2
Proof of theorem 6. Let a+b=o (log)lgo?m> ,B=+Vt=o0 (lolgo(gafb)).

We first user perfect hashing, as for (2.16), so we can assume that n < (a + b)%. This
costs us a factor (a + b)4logn = m°M in the design size, and allows us to assume nOB) =
(a + b)o(logm/ log(a+b)) — yppo(1) apd platd)/B — ppo(1)

We proceed by three steps:

1. Construct a 2-way n-wise splitter S, such that for any disjoint subsets S, 52 C {1,...,n},
there is a s : {1,...,n} — {1,..., B} such that [|S;|/B] < |s71(5) N Si| < [|S;|/B] for
both 1 <i<2andall 1 <j < B. By lemma 2, such a splitter can be made with size
|S| — BBy2B < n3B — mo(l)'

2. Construct an (|a/B], [b/B]|,n)-bottom-[k/B] design, II, of size
I = O ((GTH’)k/B e¥*/(Ba) (q + b) log n) using theorem 5 in time nO(+0)/B) — o1,

3. For every splitter partition s € S: {1,...,n} — {1,..., B} and prefix m; of every = € II,
we use the product construction from (2.13). This gives a final design of size |S||[II|n? =
TT|me).

O]

logn
loglogn

algorithm from theorem 4 in time sub-linear in the number of sets in the data-structure.
In the next section we show how to generalize this to work with much larger sets.

2
For sets of size o ( ) , this means that we can create optimal designs to use with the
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2.3 The Complete Algorithm

Theorem 7. Assume data points © € X and queries ¢ € U all have size t. There is an
exact data-structure for the (s1, s2)-approzimate similarity search problem over {1,... d} with
Jaccard similarity with space usage O(n TP+ and query time O(nPT°M)), where

_ log1/s
P= log1/so
This matches the best non-exact algorithms up to lower order terms.

Theorem 7 extends theorem 4 to large sets by the simple idea of randomly partitioning the
coordinates into B smaller ‘blocks’. Let h : {1,...,d} — {1,...,B} be a partition, then we
write zp-1(j) for the elements of x that are placed in the jth block. In contrast with the splitter
idea from the previous section, we only make a single partitioning, we only get probabilistic
guarantees on the split. This idea is present in all previous work on exact LSH algorithms[8, 31],
but in our case it’ll be more complicated. Much like Alon improved over splitters with multi-
way splitters, our probabilistic partitioning needs to take care of two sets of elements A and B
concurrently.

Intuitively this is similar to dimensionality reduction by sampling, but more exact, since no
coordinates are thrown away. We need to prove a number of things: (1) If sim(g, ) > s; then
in one of the blocks, j, we have sim(g,-1(jy, Zp-1¢j)) > s1. (2) The number of collisions with
less-similar sets should not significantly increase in any of the blocks. (3) The size of the sets
in the blocks shouldn’t end up too small: We should never get |(g N z);-1(;)| < k for x and ¢
with sim(z,q) > s1. (4) The size of the sets in the blocks shouldn’t end up too large: We can
only efficiently create designs for d ~ (logn)2.

We'll start by explaining the new data structure, which will show how we intend to handle
(3) and (4). We'll assume t > (logn)2. If not, we can either use the exact algorithm from
the introduction, or replication the coordinates as in the first algorithm of this chapter. The

algorithm will depend on parameters B = [t(logn)~%/?] and m = t[4/ 1206%”] = [%]. We
will assume d/B is integer, padding the universe with dummy elements if needed.
Building the data structure: Given X' C {1,...,d} of size n, we then take a random

partition of {1,...,d} into B blocks of size d/B. More precisely we form the blocks by repeated
sampling without replacement. We then build the following data-structure over each projection
of X’ on a block:

Given X C {1,...,d/B} we build (2m + 1)? instances of the data structure from theorem 7
for (s1,s2)-similarity with set sizes t, t; where t/B —m < t,,t, < t/B + m. In addition, we
create a simple linked-list call ‘the stash’.

For each x in the block, if the size of x is in the range t/B + m, we add it to each data-
structure with t, = |z| and ¢, € {t/B —m,...,t/B + m}. If |z| is not in the range, we add it
to the stash.

Querying the data structure: Given aset ¢ C {1,...,d}, we take each projection over the
B blocks and query the data-structures as so:

If |gf >t/B+mor |q <t/B—m, we ‘brute force’ compute sim(q,z) for every z € X,
returning x if the similarity is greater than s;. Otherwise we first ‘brute force’ those z that
are in the stash, and then query the 2m + 1 data structures of the type from theorem 7 where
ty=|qland t/B—m <t, <t/B+m.

The inner-data structures are amended such that any points x they find are checked, such
that if the similarity sim(q, z) with the original, large = and ¢ is not greater than sg, the search
is continued.

See figure 2.1 for an illustration of the construction.
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0 t/B '
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| Brute force |
t/B+m
t/B| Stash Stash 1
t/B—m
l Brute force |
0 3 3

T

Figure 2.1: For each of B ~ t(logn)~%/? partitions, we build (2m + 1)? ~ (logn)®?/d data
structures plus a stash. All data points which have size outside the t/B + m range go in the
Stash and must be searched by every query. All queries that go outside the normal range are
changed to brute force queries over all points in the partition.

Proof of theorem 7. We first show that the algorithm is correct. The first step of this is handling
(1) which we do by the following lemma 4:

Lemma 4. Let Ay, ..., A, and By, ..., By, be positive numbers. Then there is an i € [1,n] such
that
é S A+ + A,
B, ” Bi1+---+ B,
Proof. Let i be an index such that for all j € [1,n], A;/B; > A;/Bj. We can ‘pull’ this largest
term out of the combined fraction:
Ap 4+ Ay é AyJAi+ -+ An/A;
Bi+---+B, B; Bi/Bi+---+B,/B;

Since A;/B; > A;/Bj, and the numbers are positive, we have B;j/B; > A;/A; and so the terms
in the numerator are dominated term-wise by the denominator, which shows that the second
fraction is at most 1. O

This shows that, assuming the construction on each block is sound, the hole data-structure
is. Inside a block, if ¢, is not in the range ¢/B 4+ m, we do a brute force search, which is clearly
correct. If ¢, is not in the range ¢/B £+ m then z will be in the stash, which we always brute
force, so x is again certain to be found. Finally if both ¢, and ¢, are in the ‘normal’ range, we
query the inner data structure, which works by theorem 4.
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This shows that all ‘good’ points still could be found. Now, because we never return a point
with similarity less than ss on the non-projected points, this proves that the data-structure is
correct.

Analysis The first thing we show is that only O(1/n) sets end up having sizes outside of the
t/B + m range, such that the expected time spent on brute force and ‘the stash’ will be O(1)
by linearity of expectation.

Let T be a random variable describing the size of sets after partitioning. Since we sample
with replacement, 7" is hyper-geometrically distributed as drawing d/B balls from a population
of size d with t ‘successes’. By (A.12) a simple Hoeffding bound still holds in this situation,
even though draws are not independent. In particular the bounds says T is larger than t/B+m

with probability Pr[T > t/B + m] < exp(—2dBm?). Thus taking m > 4/ t?{;’g" we get

Pr[|T' —t/B| > m] < 2/n.

Ideally the analysis of the inner constructions would just be taking B(2m+1) times theorem 4.
However we have amended the algorithm with extra distance checking, so we need to make sure
that we don’t get drowned in new projection induced collisions. Or alternatively, the complexity
bounds of theorem 4 assumes that there are no points with similarity between s; and ss. We
can no longer guarantee this.

Instead we open the black box and show that the probability for two points x, y to collide
under a random permutation decreases when sampled as in our algorithm. This is not obvious,
since there’s a reasonable probability that A/(A + B) doubles or more, where A/(A + B) is
the similarity under projection, A is the intersection and B is the symmetric difference. Given
that A and B are hype-geometrically distributed, we could compute the collision probability
p = E[(;}) / (AJIQB ) Pr[A] Pr[B]] directly, however there seems to be no nice form for this, and
indeed there is a nicer argument.

We’ll show that p < (Z) / (“Zb). For this, consider a random permutation 7w over the non-
partitioned {1,...,d}. The probability that this permutation orders k elements of a set C' before
some set D is (I(];’\)/(\CI-;;IDI) as always. Now consider 7 truncated to its first d’ positions. We’ll
say that such a truncate permutation orders x before y only if w(x) < 7(y) and both elements
are in the considered prefix. Since strictly fewer elements are ‘ordered before others’, such a
truncated permutation has a strictly smaller chance of ordering ‘k elements of C' before D’.
Sampling (with replacement) and then taking a random permutation, is exactly equivalent to
taking a random permutation and then restricting it to some subset of its elements. This proves
that the collision probability strictly decreases in our blocks. Hence we can use the running
time bounds from theorem 4 without worries.

All there is left to do summarizing the complexity and deciding no the value for B.
By theorem 6, we can create (a, b, d)-bottom-k designs efficiently of size O(sl_kekZ/“n"(l)).
The bound varies slightly for different ¢, and t,, since a = 52-(t;, + t;). We bound it by the

1+s1
worst value, which is a = 2:7-(t/B — m). However

t/B —m = (logn)>? — \/t/d(logn)®/* = w(logn)

and k = O(logn), so ek?/a = eollogn) — po(1)  The total complexity per point thus becomes

log1/sq
B(2m + 1)25fkn0(1) — piost/sy 70— poto(1) query time, and n'tPt°(1) space and construction
time, which is the theorem. O
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2.4 Conclusion

Perhaps surprisingly, we were able to utilize multiway-splitters to get complete performance
parity with minhash-Ish, up to lower order terms.

They key ingredients were a combinatorial interpretation of bottom-k minhashing as per-
mutations. Simply making an analog of ‘bottom-1’ minhash and taking the kth product, as
is normally done in Ish would not have worked, since each construction would have had size
at least logd, and (logd)* = n@U°elogd) which would entirely dominate our algorithm. That
said, the permutation interpretation did give us certain problems, since it doesn’t have perfect
correspondence with the Jaccard similarity the way normal minhash has. The problem was
overcome by making sure sets were always reasonably large, so the two more or less coincided,
but perhaps a better combinatorial construction can work even for a and b of constant size.

We also note, that the tight ratio analysis of theorem 14 was key to not suffering a factor
nl/1og1/s2 in the performance. This analysis may also be of separate interest in the computer
science community, since binomial coefficients come up in so many different contexts.

The work in this section was, due to the large lower order terms, mostly of theoretical
interest. It thus leaves many open questions for further research. We list a few of them here:

1. The algorithm as described, used a uniformly random partition, and the sub algorithms
each use a uniformly random permutation. This is needed because the bottom-k permu-
tations only filter out most far points, but not all. An adversary could design a data-set
to take advantage of this to create many more collisions than we can survive. While it
might not be possible to entirely eliminate some randomness here, it would be interesting
to see if we could get away with, say, 2-independent hash functions.

2. In order to make the algorithm more usable, it would be interesting to remove some of the
lower order terms. It’s not clear that this can be done within the k-restriction framework,
since we have to pay for things like splitters and perfect hash functions. However maybe
there are large, useful families of bottom-k designs, that can be directly constructed,
similar to how covering designs are constructed using finite geometries in covering LSH.

3. On the topic of direct constructions, it’s interesting whether we can generalize the (1,2,n)
bottom-1 construction of size lglg n. In matrix notation a (a, b, n) bottom-1 design, would
correspond to a set of incidence matrices, such that for all combinatorial a, b-rectangles
there is a matrix in which all elements are 0.

4. On the other side, it would be interesting to find some parameters (a, b, k) which permits
a logn lower bound. Right now it’s open whether a (1,3,7n) bottom-1 design needs logn
or just loglogn permutations.

5. Another way to get more knowledge about the designs, would be finding more relations to
other types of design. We showed in proposition 5 that By(a,b,a+b) = Turdn(a+b, a, k),
but it doesn’t give us any information on the dependency on n.

6. It’s also likely that the upper bound from the probabilistic method (and hence k-restrictions)
could be improved somewhat. In particular it feels strange, that we have a factor (a + b)
rather than just b or (k + b).

7. The recursions (2.10), (2.11), (2.12) all seem too weak. Similar identities have given good
results for other types of design, but in our case they are somehow not taking enough
advantage of the permutations. In particular we haven’t found any non-trivial lower
bounds based on the recursions.

8. In the appendix we note a number of embeddings, which allow solving various generaliza-
tions of Jaccard similarity exact. However they do come with a certain loss of precision if
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multiplicities are allowed to be very large. Minhash is sometimes generalized to ‘weighted
minhash’. In that spirit, it would be interesting to find exact versions of this as well.
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Chapter 3

Algorithms with Filters and Turan
Designs

In the previous chapter we showed how to make the classical minhash-LSH data-structure exact.
We managed to match the efficiency of that algorithm, up to lower order terms, so in that sense
our algorithm could be considered optimal.

There are however other senses of optimally we might consider. The strongest sense would
of course be to have an approximate set similarity algorithm provably optimal with respect
to the cell probe model. This is however outside of what we currently know how to do. The
strongest result in this model is [5] for a two probe data structure.

Instead we’ll try to match the very recent algorithm by Christiani and Pagh [32] which they
show is optimal in the model of space partitions. We will again relate the problem to a type of
combinatorial design, however the algorithm using it will be quite different from the previous
chapter.

Definition 6 (Turan Design [16]). A Turdn (n,k,r)-design (n > k > r) is a collection of r-
element blocks of an n element set X,, such that every k element subset of X,, contains at least
one of the blocks.

The Turdn number T'(n,k,r) is the minimum number of blocks in a Turdn (n,k,r)-system.

Ezample 1: Recall the Fano-plane: {{0,1,2}, {0,3,4}, {0,5,6}, {1,3,5}, {1,4,6}, {2, 3,6},
{2,4,5}}. Since every pair is a member of exactly one set in the Fano-plane, the complement
of the Fano-plane forms a Turén(7, 5, 4)-design of size 7. In other words, any complement of a
pair contains the complement of a line.

In general geometries can be used to create designs with quite high k& and r, but they don’t
generally allow k < d/2.

Ezample 2: The set of all r-subsets of {1,...,d}, that is ({1"7;"d}), is a Turén(d, r, r)-design
of size (f) Since every r-subset is included in the design, any r subset of {1,...,d} must have
a subset in the design (itself).

We won’t show as many properties of Turdn designs as we did of bottom-k designs in the
previous chapter. Instead we refer to the survey of Sidrenko [35] and more recently, but less
specifically Keevash [24].

The designs are closely related to the covering designs used by Pagh [31]. Relation to other
designs [16]

Proposition 8.

T(n,k,r) = Covering(n,n —r,n — k)
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Here Covering(n,m,p) is the minimum number of size m sets, such that every p subset of
{1,...,n} is a subset of an m-set.
We’ll also note the trivial probabilistic upper bounds and volume lower bounds:

(0)/€)srounor<[(2)/ o]

The random construction in particular comes from uniformly sampling random size r sets.
A particular size k set has probability (’:) / (:}) of containing such an r set. Thus by the union
bound, the number stated in the proposition suffices.

Proposition 9.

In the previous chapter, we could use any designed stored on our disk, however for the
algorithms in this chapter, we will need one more property:

Definition 7 (Efficiently Decodable Turdn Design). We say that a Turdn (n,k,r)-design is
‘efficiently decodable’ if there is an algorithm, which given any subset K C {1,...,n} of size
> k reports all blocks R, which are a subset of K. The algorithm has ‘overhead’ T, if it runs in
time proportional to the output size plus T.

Among our examples, example 2 is efficiently decodable, since given any set K, we know
that it is also a block, and the only one at that. Hence we can simply return it. Example 1 is
also efficiently decodable, but only because it has finite size. In general it is not obvious how
to efficiently decode geometrical designs. Note that the decoding requirement makes it harder
to create designs using the ‘greedy’ k-restriction approach from the previous chapter.

3.1 Using an Efficiently Decodable Turan Design

The algorithm by Christiani and Pagh [32] can be seen as a generalization of the exact ‘meet
in the middle’ algorithm from theorem 1. Recall that the algorithm stored every data-set (2)
times, index by their every a subset. Here ¢ is the size of the data-sets and a = %t is the size of
the intersection between to points with Jaccard similarity s. The algorithm in [32] generalizes
this concept by indexing data-points only at carefully chosen subsets, smaller than a. This
is more efficient, since there are much fewer such sets, and because in the approximate case,
dissimilar sets have a very little overlap, we do not get many collisions even with this smaller
choice of index sets.

Again, we solve the problem from definition 2: From the universe U = (“"i"d} ) of t element
sets, we are given a set of sets X C U of size n. We are further given two Jaccard-similarity
thresholds s; and so. Our goal is to create a data structure which, given a query q € ({1";@}),
returns a point x with sim(q,z) > sq, although only if X contains some (possibly different) z’
with sim(q, 2) > s7.

251 — _ logn
1+s1 tandr = log(1+s2)/(2s2)’

Theorem 8. Assume there is a Turdn (d,a,r) design S, where a =
and an efficient decoding algorithm A.

Then there is an algorithm solving the approximate similarity search problem with O(]S|n")
logd/t
log(1+s2)/(2s2)”
Proof. We'll first explain the algorithm, and then show that it solves the problem correctly and

efficiently.

time per query and O(|T|n'*") space, where n = and |S| is the size of the design.

Building the data structure We first pick a permutation ¢ : U — U uniformly at random.
Then we create a single hash-table T, and for each data point x € X, we decode A(cx) =
{r1,72,...} and store z in each bucket T'[r;]. As always we allow multiple points to be stored
in the same hash-table bucket.
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Querying the data structure Given a point ¢ C {1,...,d}, we decode A(oq) = {r1,72,...}.
We then look at all points x in buckets T'[r;] and compute their similarity to ¢, returning the
point if sim(q, z) > sa.

To see that the algorithm is correct, we just need to show that if a point € X has sim(q, z) >
s1, then it collides with ¢ in one of the tables.
For this, note that if 2 has similarity more or equal to s; with g, then |z N¢| > a. By the
definition of Turdn designs (definition 6), this means that there is some subset R C x U ¢ which
is a block in S. Since R is also a subset of x and ¢, the two points will collide in bucket T[R].

Next we analyze the complexity of the algorithm. The algorithm is dominated by three
parts: (1) Decoding subsets, (2) accesses to the tables T'[R], and (3) computing similarities
with collisions.

By assumption that the design is efficient, (1) and (2) both take time proportional to the
number of blocks we get when decoding a set. Because we shuffle the elements of U with the
permutation o, the number of such blocks is random. By linearity of expectation, the expected
number of such blocks is |S| times the probability that a random r-subset of {1,...,n} is also
a subset of a t-set. Thus we have, in expectation, (1) + (2) = O(|S] (i)/(f))

For (3) we likewise calculate the expected number of collisions, which is at most n times the
probability that two points with similarity < so collide. Such points collide exactly when there

253
is a block in their intersection. Since |z Nq| < 12+5§2t for such sets, this happens at most (H;Q t)

times out of (f)
Using theorem 14 (1)+(2) is bounded by |S|(t/d)" and (3) is bounded by n\S!(ﬁf;t/d).

To balance, we set r = Wﬁ%' Then (1)4(2)+(3) is bounded by O(|S|n") as in the

theorem. O

3.2 An efficiently decodable Turan construction

Corollary 1. There is a constructive algorithm for the approximate similarity search problem

with O(n®) time per query and O(n'*?) space, where p = %.

We can now prove the corollary using a simple, constructive Turdn design construction.
That is, to construct a (d, a,r)-design, we arbitrarily partition the coordinates into a/r parts
of size dr/a. For each such set of coordinates, we take all of the r-subsets as blocks, giving us
%(d';,/ %) blocks in total. Any a-set must have at least a/(a/r) = r elements in one of the sets,
and so one of the r-subsets of this set is a block in the a-set.

This construction gives the corollary:

Proof. Assume k/r is an integer b and d/b is integer as well. The decoding algorithm can work
like this: For a point z € {1,...,d}:

1. Sort the values of x according to the natural order on {1,...,d}.

2. For each partition P, = {ib+ 1,ib+2,...,(i + 1)b} (0 < i < d/b), take the intersection
I = P;Nx and calculate all subsets of I using an efficient algorithm.

After taking time tlogt for sorting, the intersections can be done fast, using a sweep over the
elements. In total the decoding time is thus tlogt plus the size of the output.
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Finally we note that

logd/t (ed) logd/t
log |S| + logn <rlog|— )] +logn
8 15|+ log A o)/ (252) S\ a S M og(1 + 52)/(252)
loget/a
=logn
® " log(1 + 52)/(252)
1 +log(1 2
~logn it og(1 + s1)/(2s1)
log(1+ 52)/ (252)
which is the corollary. O

We note that the algorithm is only a factor of n!/(e8(1+52)/(252)) from the optimal. For small
s9 we may be surprised how well this simple methods works. However for moderately small
sg = 1/10, the overhead is still more than a factor \/n.

In the next sections we will see how to get the overhead down to n°) for any si, so.

3.3 Using K-restrictions or just Randomness?

Theorem 9. Forn < m and k = o(logm/loglogm)?, we can construct a Turdn (n,k,r) design
of size (n/k)"e”/*m°W) in time proportional to its size times m°™).

We first note how not to prove the above theorem, using k-restrictions:

Let D be a product distribution over X" = {0, 1}" with probability r/n for picking 1 and
1 — r/n for picking 0 at each coordinate. If we consider R sampled from D as a subset of
{1,...,n}, the probability that it has size r is (*)(r/n)"(1 — r/n)"" > (n’}2)2_” > 1/V4n.
Conditioned on R having size r, the probability that it is a subset of a particular size k subset
is (’;)/(Z) Hence the density is € = (f)/(f)/\/ﬂ We make s = (Z) demands fx(ai,...,ay) =
[R={i]|a;=1} C K and |R| =r].

By [3] such product distributions are efficiently approximateable, and can thus be used with
the k-restriction theorem 3. A design of size 2v/4n(nlogn+log (7)) (%) / (f) =0((")/ (f) n3/21logn)
can thus be produced in time n®™).

While this gives us a derandomized construction, the n©(™ time requirement is just too
large. Note that we got basically n®® when we got when we constructed bottom-k designs.
The problem is that it’s not clear how to sample subsets from a randomness source without
full independence. However, since our algorithms use full randomness anyway, in terms of the

permutations and partitions used, we might also use another process:

n

Proof. We sample m = ((T) / (f) (klogn + 1)] R-sets independently, uniformly at random, and
check that every K-subset of {1,...,n} contain an R-set. By the union bound, this succeeds
with probability at least

1- (Z) (1 - <fj>/(7:)>m >1—nphehloanl > 1 _ 1> 1/

Thus if we fail, we can simply restart, and expectation we’ll have to try only twice. Each try
takes time n©*) and so we get a Turan (n, k,r) design of size m in expected time 2n°*). Note
that m = O((n/k)"e""/*klogn).

As in the previous chapter, we improve on the simple construction, by using a splitter. Where
for bottom-k designs we needed a 2-way splitter because we had to split both the intersection and
the difference, for Turan design we only really have to split the intersection. However because
Turan designs grow rapidly with the size of the universe, we need to partition the coordinates
in equal size sets. A simple way to do this is to again use a 2-way splitter, splitting X as well
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as {1,...,n} \ X. After splitting, both parts will have size most [|X|/B] + [(n — |X|)/B]| <
[n/B] + 1. Any partition with a set of size larger than this can then be ignored, since it can
never satisfy a pair X, {1,...,n}\ X.

For some m > n, let k = o(logm/loglogm)? and B = V/k.

1. Construct a 2-way splitter S, such that for any disjoint S; U Se = {1,...,n}, there is
a partition of {1,...,n} in B sets Xj;, such that for each i, |S1 N X;| = |51|/B and
|S2 N X;| = |S2|/B up to rounding.

2. Construct a ([n/B]+1, |k/B], [r/B]) Turén design, T, of size O((n/k)"/Be™*/BR) L/ Blog(n/B))
in time nO*/B) = me(d),

3. Let fx : {1,...,n} — {1,...,[n/B] + 1} be the function that gives the ordinal posi-
tion of ¢ € X, that is fx(i) = [{j € X | j < i}|. For each partition Xi,...,Xp and
each combination of B (possibly equal) blocks Ry, ..., Rp € T, output | J, f )}il(Ri) where
fx (R) ={i € {l,....,n} | fx,(i) € R}. The output has size |S||T|? and is constructed
in time proportional in the output.

The construction gives a (n,k,r) Turdn design. We see this by considering any set K C
{1,...,n} of size k. By construction, there will be a split of K and {1,...,n} \ K into sets
X1,...,Xp of size most [n/B]+ 1. Each part will contain at least |k/B] elements of K, and
thus the inner Turdn design 7" will have an R of size at least [r/B] contained in those elements.
The union of these R-sets, projected on the splits, will have size at least B[r/B| > r and be
contained in K.

The size of the design is

[SIIT|Z = nB)((n/k)/Ber/ BV Blog(n/B))®
=m*N(n/k)e” /" (k/Blog(n/B))"
— (n/k)r€r2/kmo(1)

And was constructed in time proportional in this plus m°®). ]

3.4 Making Designs Decodable with Necklace Tensoring

Theorem 10. For any positive integer ¢ such that ck < n, assume we have an (n,k,r) design
T that can decode size t sets in time 7(t). Then we can make an (n,ck,cr) design of expected
size |T|°c="(en)®, which can decode size t sets in time 7'(t) = (en)°7(t) + m where m is the
size of the output.

Proof. We make a c-splitter using the splitter theorem, and shuffle it over {1,...,n}.

The decoding algorithm works like this: Given a set X C {1,...,n}, we enumerate the
splitter S, and for each 7 : [n] — [¢] we decode each of 7=!(1) N X, 7~ 1(2) N X,... into sets
of blocks, {R11,R12,...},{R21,...},.... We return the union of each tuple of blocks in the
product of the c sets.

The entire design is simply what the above algorithm returns, when decoding the entire
{1,...,n}.

This is an (n, ck, cr) splitter, since for any set of size at least ck, there is a 7w partitioning
the set in set of size exactly k. Each of these must have at least one r-set in the inner design.
The union of these have size cr, since the k-sets were disjoint, and so the ck set contains a cr
block.

It’s hard to say how big exactly our set will be, but we can give an expectation, which will
be enough for our purposes. If we decode a size t set, each partition splits it into some sizes
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t1,t2,...,t.. Then the output has expected size

ni\ |7 T _ |7

1 T

times the size of the splitter, |S| = (¢ — 1)¢(.",) < n e —1)e“2 < (en)". O

Note that the more classical approach to tensoring would give a size ('Z‘) < |T'|¢ design.
That approach would take every ¢ (disjoint) blocks and combine them. The ¢ factor, however,
turns out to be very significant for getting all the way to an optimal algorithm.

3.5 Algorithm with Partitioning

In this section we show how a chain of random construction + multi-way splitters + perfect
hashing + tensoring + partitioning can combine to give an optimal exact solution to the ap-
proximate set similarity problem.

Theorem 11. Assume data points x € X and queries ¢ € U all have size t, there is a data-
structure for the (s1, s2)-exact similarity search problem over {1,...,d} with Jaccard similarity
with space usage O(n* W) and query time O(nPteM)), where

_ log 251/(1 + 81)
p log252/(1+52)'

This matches the best non-exact algorithms up to lower order terms.

Building the data structure: Given X’ C ds of size n, we then take a random partition of
{1,...,d} into B segments of size d/B by repeated sampling without replacement. We build a
Turan design with theorem 9, and for each segment we build the data structure from theorem 8.

Querying the data structure: Given a point ¢ C {1,...,d}, we take each projection over
the B segments and query the inner data-structure as in theorem 8. We modify the inner data
structure, so if it would return a point x, we calculate sim(g, z), and the if the value is larger
than so, the search is continued.
Let b1 = 12+8;1’ Let by = 12+S§2, Assume b1t > (log n)?’/ 2 otherwise duplicate the coordinates.
log erlog log m+l
log1/b1

log %/log %. With perfect hashing, we can assume that d = t°1), thus ¢ = O(1). And

_ n lo b
B = [%(logn)~3/?]. And r = [[J%7-]. And p = 2150,
Then

Let ¢ =

-‘ = O(logd/t). then by lemma 6 we have ¢ >

bit 3/9 logn >
20 /2 _ _Ue
cB (log n) ¢ loglogn

1. Make a (d/B,bit/(¢B),r/c) Turdn design, T, using theorem 9. We get

de\"'° 2B/ (brtc), o1)
|T| < bt e n (3.1)
oo R 12 (2 (1o m)/2), o(1) 39

= prto(t) (3.3)

And the construction time proportional in |T'| times n°(!).
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2. Next use theorem 10 to convert the design into a (d/B,bit/B,r) design. The original
design could be decoded in time n?t°(1) so the new one can decode size s sets with
overhead n?+°(1). The size is (d/(bit))"dn°M) = (d/(byt)) n°W).

Our algorithm is correct, because one of the segments have 7(z) N7(q) > b1t/ B, and so it
can be returned by the inner construction.

For performance, we have the same three parts as always: (1) Decoding time, (2) Looking
in the buckets and (3) Collisions.

Let S be a random variable, describing the size of a size ¢ set projected to a segment. This
is hyper-geometrically distributed as d/B draws from d with ¢ successes. The Turdn designs

have size nto(l) = (%) n°®) out of (d{nB) possible blocks. By linearity of expectation we are

() (i) (1))

going to ‘catch’

3.6 Conclusion

We have shown how the optimal algorithm for set similarity search could be made to have no
false negatives. Doing so required extra work compared to the previous chapter, since we had
to consider decoding time for our designs. The successes here indicate good possibilities for
making more near neighbor data structures exact in the future.

There are two main open problems:

1. Our methods easily build covering designs, which can be used to solve the approximate
hamming distance problem. It seems likely that they can also imitate the ‘cap carving’
algorithms for this problem, which obtain better exponents for large distances. Most
interesting is that such a construction would likely allow an optimal exact solution to the
approximate [y distance problem. (Please don’t work on this ;-))

2. It would be interesting to make an efficient decodable Turdn designs using a more direct
approach. One idea, that works better than corollary 1 for most parameters, is using a
hash function to map coordinates to FQM*1 and using the fact that any sets of bt vectors
in bt — 1 dimensions are linearly dependent.
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Appendix A

A.1 Embeddings for Multi-sets

We can use embeddings as a way to generalize our results to different similarity measures.
Since the host space is discrete, we have to round values to integers. E.g. if we want to work
over vectors from [0,1]%, we might scale by a factor 100 and map from {0,...,100}¢ instead,
incurring errors of order 1/100. This way, we can loosely see the maximum value, k, in the
following embeddings, as e~! where € is the error we want.

We present two simple embeddings of multi-sets into simple sets, which preserve different
generalizations of Jaccard similarity.

Theorem 12. There is a mapping f : {0,...,k}? — {0,1}*,

such that sim(f(z), f(y)) = %

Proof. Define f(n) = (1,...,1, 0,...,0 ) and let f be the concatenation f(x) = f(z1)... f(xq).
N—— N———

n times k — n times

It’s easy to check that we get

(f@) fy)) = > (i), flya)) = Zmin(fﬂi, Yi),

>

[f (@) = sz

. B >_; min(w;, ;) ~ >_;min(w;,y;)
sm(f () F0)) = S S S min(an ) S max(an, i)

O]

Another generalization of Jaccard similarity is sometimes called Tanimoto distance. This

similarity between vectors z and y is m We don’t quite have an exact way to
2 2 ’

embed this, but we can get the following:

Theorem 13. There is an asymmetric mapping f,g : {0,...,k}¢ — {0, 1}k2d,

such that sim(f(z),9(y))
Proof. Define

- (Y
kel +klylh—(zy) -

k
——
. o 1 ... 1
n
) 1 10 0 )
fn) = : kl,9n)=1|1 1 :
1 10 0 2 .
0 0
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where the matrices are read as vectors in some order.
Here [f(n)| = |g(n)| = kn and (f(n), §g(m)) = nm. Thus we can define f and g by concate-

nation, f(x) = f(z1)--- f(zq), g(x) = §(z1) - - - §(zq).
This gives us
(f(z),9(y)) = (z,y),
f(@)] = lg(x)| = kY a,

sm(f(2). 9(y)) (.9)

Kl + Fllylh = (z,y)

A.2 The Ratio of Two Binomial Coefficients

Classical bounds for the binomial coefficient: (n/k)* < (7) < (en/k)* give us simple bounds for
binomial ratios, when n > m: (n/em)* < (7)/(}) < (en/m)¥. The factor e on both sides can
often be a nuisance.

Luckily tighter analysis show, that they can nearly always be either removed or reduced.

Using the fact that 2= is increasing in i for n > m, we can show (})/(}) = Hf:_ol Dot >

Hf:_ol o= (%)k This is often sharp enough, but on the upper bound side, we need to work
harder to get results.

Let H(z) = zlog1/x + (1 — z)log 1/(1 — x) be the binary entropy function,

Theorem 14. Forn > m > k > 0 we have the following bounds:
<£>k§ (£>kexp n—mk(k—1) < n m < exp (nH(k/n)) < (ﬁ)kekz/m
m m nm 2 k k exp (mH(k/m)) m

If m > n we can simply flip the inequalities and swap n for m. Note that (n/em)* < (n/m)*

and e**/m < ek , so the bounds strictly tighten the simple bounds states above.

Especially the entropy bound is quite sharp, since we can also show: e'i(&((gzig EEZ%Z:B))))) <

(2) / (72), though for very small values of k, the lower bound in the theorem is actually even
better. We can also get a feeling for the sharpness of the bounds, by considering the series

exp(n H(k/n n\k n—m k?
sty = ()" x5l £ O(k? /m).

For the proofs, we’ll use some inequalities on the logarithmic function from [38]:

expansion of the entropy bound at k/m — 0:

log(1+z)>z/(1+4x) (A1)
log(l4+2) >2z/(2+x) for x >0 (A.2)
log(l+z) <z(2+z)/(2+ 2zx) for x > 0. (A.3)

In particular (A.2) and (A.3) imply the following bounds for the entropy function:

H(z) <zlogl/xz+x(2—2x)/2 (
H(z) > zlogl/z +2x(1 —x)/(2 — ),

s
(2 BTSN

which are quite good for small x.
We'll prove theorem 14 one inequality at a time, starting from the left most:

%MkT_l) > 0, which is clear from the conditions

Proof. The first inequality follows simply from
onn>m>k.
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The second inequality we prove by using (A.1), which implies 1 + = > exp(z/(1 + z)), to
turn the product into a sum:

(0)/G) -

=0
= _ eXp .
m 2 am
For the entropy upper bound we will use an integration bound, integrating log(n—1)/(m —1)
by parts:

n—i n—i i+1 n—x
=18 1ncreasmg in 4, and so log /= < f log “="dx.

The integral bound holds because log

—F e s . . in/m—i

We see that =% is increasing by observing = = > + —/—— Where the numerator and
denominator of the last fraction are both positive. The entropy lower bound mentioned in the
discussion after the theorem, follows similarly from integration, using log ;= > [." | log *==dx.
For the final upper bound, we use the bounds (A.4) and (A.5) on H(k/n) and H(k/m)

respectively:

St = () e (8 (1) = () ()
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A.3 Moments and Tail-bounds of the Hyper-geometric Distri-
bution

Many of our algorithms use sampling without repetitions. In the field of algorithms, this is
usually avoided, since sampling with repetitions is often more simple to study, and the results
tend to be basically the same. However, sampling with repetitions always run the low probability
risk of sampling the same items repeatedly, and other such degenerate behavior. Thus it is vital
that we have precise tools for working with such probability distributions.

We say that a random variable X is hyper-geometrically distributed with parameters N, K, n,
when it counts the number of ‘successes’ drawn from a population of N items, where K are
‘successful’ and N — K are ‘bad’.

7|2 >< )/() <)) »
]

Lemma 5.

B s (s—1)" < NG (A7)
Pr[X > ( nD(t H N) < exp(—2n(% — %)2) (A.8)

I/\ I/\

We'll give a version of a proof by Vasek Chvatal [15], which we adapt to also give us bounds
for the binomial and polynomial moments of X. It is interesting to notice that E (f), for
constant a and X hyper-geometrically distributed, can be computed exactly:

()] (rer-s

(]Z ) (A.9)

Here we first used trinomial revision to reduce the number of k’s present in the summant, and
then Vandermonde convolution to complete the sum.

Unfortunately the moment generating function of X doesn’t appear to have a closed form.
However, once we have (A.9), we can use the binomial theorem to get a bound for Es¥.

— 1+ EE—1)) (A.10)



To proceed, we had to apply the inequality (I; ) / (JZ ) < (K/N)®. This is the only loss we get
compared to if X was binomial (as shown below).

We can compare this result to the lower bound from Jensen’s inequality: E[sX] > sP[X] =
s"5/N _ The bound is close to the exact yFy(—K, —n; —N;1 — s) when n is small. If n is close
to N, it is better to swap the roles of green and drawn marbles: K,n — n, K, which gives
(1+ (s — 1)VK,

Finally we can use the ‘Chernoff trick’ of applying Markov’s inequality to the moment
generating function, to get a bound for the tail:

Pr[X > t] = Pr[sX > s']

B/

<1+ (s — 1)"/st

~ exp(-nD(% | §) (A1)
gexp<—zn< - K9 (A12)

Here we substituted s = %, which is at least 1 when ¢/n > K/N.
It is interesting to compare the bounds with what we get for a binomial distributed X ~
B(n,p). Here it is possible to evaluate E( as well as Fs¥ exactly:

7|(2)]- @(()

S

Only for the tail bound do we incur a bit of loss:

Pr[X > t] = Pr[s¥ > §f]

E[sY]/s!
= (1+p(s —1))"/s"
=exp(—nD(L || p)) (A.13)
< exp(~2n(L — p)?) (A.14)

A.4 Tail bounds for Jaccard Similarity

Say we have two sets z,y C {1,...,d} with inner product a and symmetric difference b. That
is, they have Jaccard similarity s = a/(a + b). Now we sample B coordinates from d, inde-
pendently with repetitions. What is the probability that the Jaccard similarity ends up much
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larger /smaller than s in the sampled coordinates? If we let f = s+ ¢, then we get the following
tail-bound:

PrX > fl= ) (k m, BB— k— m> <2)k <Z>m <d_§_b> o

k,m

k
w2

B a\k (b m d—a—>b B=k=m (1—f)k—fm
Sgﬂ;(k:,m,B—k—m> (E> <d> (d) v

_ <ax1_f tbrl vd—a— b)Bd—B

(ot T rinty) o) e
~ exp [—B <(a2:b?362 + 0(63)>]
< exp [—B <2(Ojb)e2 + o@))]

Here we used [k/(k +m) > f] = [(1 — f)k — fm > 0] < 2(=Dk=I™ where the inequality holds

for any z > 1. We choose the value z = Q% which is greater than 1 whenever f > +b

We see that setting B = logn 5a +b) gives us high probability of preserving the Jaccard

similarity. Perhaps expectedly, for small (a + b) we need a large B.
Unfortunately we need the O(e?) term in the simplest bound. It would be interesting to
make a uniform upper bound for (A.15).

A.5 Polylog

Lemma 6. Assume b > e. then
if ¢ =log(b) + loglog(b) + 1 then ¢ > log(bc)
if ¢ = log(b) + loglog(b) then ¢ < log(bc)

Proof. From the assumptions, we have loglog(b) > 0. By the classical 1 + z < e® we get
log log(b)+1 <1.
log(b)
For the upper bound, let ¢ = log(b) + loglog(b) + 1 then
log(bc) log(b(log(b) + loglog(b) 4+ 1))
log(b) + log(log(b) + loglog(b) + 1)
og(

(
)
) log log(b)
)

log 1 log(1
b) + loglog(b) + log(1 + log(b) )

< log(b) + loglog(b) + log(2)
<c

If ¢ = log(b) + loglog(b) then
log(be) = log(b(log(b) + loglog(b)))
= log(b) + log(log(b) + log log(b))
> log(b) + log log(b)

=C
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