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Abstract. Some instances of multimedia data can be represented as high dimen-
sional binary vectors under the hamming distance. The standard index used to han-
dle queries is Locality Sensitive Hashing (LSH), reducing approximate queries to
a set of exact searches. When the queries are not selective and multiple families
of hashing functions are employed, or when the collection is large, LSH indexes
should be stored in secondary memory, slowing down the query time.

In this paper we present a compressed LSH index, queryable without de-
compression and with negligible impact in query speed. This compressed rep-
resentation enables larger collections to be handled in main memory with the
corresponding speedup with respect to fetching data from secondary memory.

We tested the index with a real world example, indexing songs to detect near
duplicates. Songs are represented using an entropy based audio-fingerprint (AFP),
of independent interest.

The combination of compressed LSH and the AFP enables the retrieval of
lossy compressed audio with near perfect recall at bit-rates as low as 32 kbps,
packing the representation of 30+ million music tracks of standard length (which
is about the total number of unique tracks of music available worldwide) in half a
gigabyte of space. A sequential search for matches would take about 15 minutes;
while using our compressed index, of size roughly one gigabyte, searching for a
song would take a fraction of a second.

Keywords: Audio indexing, Succinct Audio-Fingerprint, Succinct LSH Indexes.

1 Introduction

High dimensional binary vectors under the hamming distance can represent many inter-
esting objects for applications. The standard index used to handle queries in this setup
is Locality Sensitive Hashing (LSH), reducing approximate queries to a set of exact
searches. When the queries are not selective and multiple families of hashing func-
tions are employed, or when the collection is large, LSH indexes should be stored in
secondary memory, slowing down the query time.
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Compressing the data is an option to avoid overflow to secondary memory as long as
the compressed representation is usable without decompressing. In this paper we present
a compressed LSH index, which can be queried without decompression and with neg-
ligible impact in the query speed. This defer the use of secondary memory for larger
collections, implying a non-trivial speedup with respect to a secondary memory index.

We performed a real world test for our algorithms. We selected the problem of index-
ing music tracks. The total amount of music tracks worldwide is in the order of 30 mil-
lion. The Apple iTunes music-store lists less than 30 million songs in its catalog. Other
on-line music-stores like Amazon MP3 offer a 22 million song catalog to choose from
and Deezer or Spotify just advertise more than 30 million songs. With the increasing
number of records, the creation of high performance music search algorithms becomes
a basic requirement for any music on demand application. The industry should respond
with systems being able to discover, navigate, and recommend music. One basic tool
for music retrieval is the simple matching of a track in a collection.

The task of matching whole songs in audio collections has been tackled by fingerprint-
ing the audio, and then comparing the corresponding fingerprints. This method serves
multiple purposes, on the one hand the fingerprinting procedure masks subtle differences
between audio objects and conflates near duplicates. On the other hand, having a succinct
representation of the audio avoids a lengthy comparison in the original domain.

While audio fingerprints (AFP) can be made very robust to ambient noise and other
severe degradations, there is a tension between robustness and the memory footprint of
the representation [ 1]. Other commercial approaches use a time-frequency representation
of the audio (as in [2] and [3]) with limitations in both, the processing power required to
obtain the AFP, and the type of index to be engineered to obtain fast answers.

We did focus on whole-song identification with the only expected degradation
transcoding (e.g. lossy compression), which induces very mild distortions to the songs.
We will also assume that both the query song and the song in the database have the same
length and that they are correctly aligned. This is the case, for example, of an audio label-
ing service; where the user rips the audio from a CD and wants it automatically labeled.

Our second contribution consists in a lightweight AFP using just a few bits per minute
of audio (precisely one bit every two seconds). Every song will produce a string of
bits of the same size (the strings are cyclically completed to a fixed size). To compare
two songs we use the hamming distance between the corresponding AFPs. With this
procedure near duplicates are conflated (they have small Hamming distance) and non
corresponding songs have large distances. These two facts allow extremely fast searches
with no false positives. The unique combination of speed, precision and small memory
footprint is unparalleled in the literature. We can pack about 300 million minutes of
audio in about one gigabyte, and query a database of this size in a fraction of a second.

2 Related Work

A variant of the classical KD-tree algorithm which efficiently indexes high-dimensional
data by recursive spatial partitioning is presented by McFee and Lanckriet [4]. They
perform experiments on the One Million Song Dataset [5] to demonstrate that content-
based similarity search can be significantly accelerated by the use of spatial partitioning
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structures. However, KD-tree suffers (as any exact spatial and metric index) of the so
called curse of dimensionality (Samet [6] and Chavez et al. [7]); as any spatial method
working with the explicit dimensionality, it becomes suboptimal on high dimensional
datasets [7].

The interested reader on a more general point of view of Music Information Retrieval
is referred to the surveying works of Lu [8], which provides a comprehensive survey of
audio indexing and retrieval techniques; Stober and Niirnberger [9] present a structured
view on the last decade of Music Information Retrieval research; and Yan et al. [10]
present a rich review of large-scale multimedia analysis techniques.

3 Computing the Fingerprint

Our approach is derived from [11]. The signal is framed and for each frame we measure
the information content, directly in the time domain. The Information content or self
information I(p;) of a value v;, depends only on its probability p; = P(v;) to occur,
the less likely a value to appear, the more information it will bring when it shows up.
Therefore, the self information must be a monotonically decreasing function of the
probability, usually it is defined as I (p;) = ln(pli ) = —1In(p;)

Let X = {x1, 22, -+ ,x,} asequence of values, with f; denoting the frequency of
x;. The entropy H (X)) is the average of all the information contents weighted by their
probabilities to occur
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Transcoded versions of the same song will differ in the amount of information packed,
producing a vertical shift. To avoid this shift we keep only the sign of the derivative,
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Fig. 1. The process for obtaining the fingerprint and an example of two versions of the same song
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which can be computed measuring only the relative change between frames, with 1 if
the change is positive and 0 otherwise, see Figure (1a). The frames can be overlapped to
smooth the changes in the sequence, because transcoding induces a time shift. In other
words, two versions of a song will be almost aligned. The frame overlapping smooths
the time shift, however this increases the size of the fingerprint and also modifies the
distance distribution between songs. The optimal frame size and overlap amount can be
found experimentally, the optimization goal is to minimize the distance between near
duplicates while maximizing the distance between unrelated songs. Figure 1a illustrates
the process of obtaining the fingerprint of a song. One of the nice characteristics of this
approach is the trivial parallelization in obtaining the fingerprint, fitting well in modern
hardware. Furthermore, the operations needed are simple enough to be implemented in
low-end processors, such as mobile devices.

We computed the AFP with frames of sizes half, 1 and 2 seconds with overlaps of
0, 50, 75, 90 and 95%. The experiments were performed in a sample of 4000 songs
with mp3 encoding at different bit-rates mp3@{128, 96, 64, 32} Kbps, also, we denote
the original as wav@ 1411Kbps. We observed two things in this experiment, the first
is that overlap increases the distance between near duplicates; the minimum distance
(and variance) is obtained with no overlap. The second observation was that the frame
size was not critical, changes in the distance were not significant. Due to the later fact,
we selected a 2 second frame with no overlap because it gives the smallest memory
footprint.

Table 1 shows both the average distance and the standard deviation matrix for a 2-
second frame with no overlap. For near duplicates the average distance goes from 1.8%
to 4.2% with a small variance.

Table 1. Average normalized distances from one song to all its versions. (i, p)

@1411Kbps ~ @128Kbps ~ @96Kbps ~ @64Kbps  @32Kbps

@1411Kbps (0, 0) (0.018, 0.076) (0.022, 0.076) (0.026, 0.076) (0.054,0.075)
@128Kbps (0, 0) (0.008, 0.010) (0.012, 0.013) (0.042, 0.028)
@96Kbps (0, 0) (0.013, 0.013) (0.042, 0.028)
@64Kbps (0, 0) (0.042, 0.029)
@32Kbps (0, 0)

Complementarily, for the same setup, the average distance between unrelated songs
is one order of magnitude larger as shown in Table 2. The average distance is 42.7%,
with standard deviation depending on the bit-rate.

Table 2. Average normalized distances from one song to all the other songs. (i, p)

@1411Kbps @I128Kbps ~ @96Kbps ~ @G64Kbps  @32Kbps
@1411Kbps (0.426, 0.061) (0.427,0.061) (0.427, 0.061) (0.427, 0.060) (0.429, 0.058)

@128Kbps (0.427,0.061) (0.427,0.061) (0.427, 0.060) (0.429, 0.058)
@96Kbps (0.427, 0.061) (0.427, 0.060) (0.429, 0.058)
@64Kbps (0.427, 0.060) (0.429, 0.058)

@32Kbps (0.429, 0.058)
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Since we do not have overlap, frames are independent of each other which gives us
the capability to parallelize the fingerprint computation.

We ended up with a succinct representation of a song, fast to compute, and with nice
conflation properties. Near duplicates are one order of magnitude closer than unrelated
songs, respectively shown in Tables 1 and 2. This fact avoids the retrieving of false
positives when querying by content, as discussed in the next section.

4 Matching Songs

Since we are using the Hamming distance with the AFP, it is natural to use locality
sensitive hashing (LSH) (Gionis et al. [12]) as the base of our index.

LSH is a fast approximate proximity searching technique giving probabilistic guar-
antees on the quality of the result. The general idea of an LSH index is to find hashing
functions that applied to close objects give the same bucket with high probability. This
technique is prone to two types of errors, namely: 1) False positives, when two non
related objects fall in the same bucket, and 2) False negatives, when two near duplicates
end in a different bucket. Those errors can be alleviated by using more than one LSH
function.

In general, the process of finding hashing functions g; can be tricky; however Ham-
ming spaces are the most studied and hash functions are very simple, they are just
random samples of the bit strings.

Definition 1 (Locality Sensitive Hashing, Gionis et al. [12]). A family of hashing
Sunctions H = {g1,92, - ,9n}, gi : U — {0,1} is called (p1, pa, 1, r2)-sensitive, if
foranyp,q:

— Ifd(p,q) < r1 then Pr|hash(p) = hash(q)] > p1
— Ifd(p,q) > ra then Pr[hash(p) = hash(q)| < p2

Where hash(u) is the concatenation of the output of individual hashing functions g;,
Sollowing a fixed order, i.e. hash(u) = g1(u)ga2(u) - - - gn(w).

Let d,,q, be the maximum possible distance between objects in the metric space;
the probability that some g; computes the same hash for u,v € U is determined as
Prigi(u) = gi(v)] =1 = d(u,v)/dmaz-

If hashing functions are selected independently, with replacement, and equally prob-
ably to fail, we obtain Pr[hash(u) = hash(q)] = 1 — (d(u, v)/dmaz)". In order to
have a sound LSH scheme, the above formula should comply with definition 1.

Other data models and distance functions, like vectors measured with Minkowski
norms or sets with Jaccard distances are also studied in the literature, Gionis et al. [12],
and Andoni & Indyk [13].

4.1 Normalizing AFP Size

Our AFP is a bit string of variable length, proportional to the length of the song. The
LSH based index needs a fixed size representation. Hence each fingerprint is conceptu-
ally expanded to be of the size of the largest fingerprint on our database, or any fixed
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large size if that length is unknown beforehand. Let /,,,,, be such length, and ¢; be the
length of the i-th fingerprint s,. Let s[j] be the j-th bit in the fingerprint s.

Our database S of size n is denoted as S = {51, 82, - - , 8 }, Where §;[j] = s;[1+ (5
mod ¢;)] forall 1 < j < £,,4,. The same method is applied to obtain any valid object
(e.g. queries ¢ € U), using {,,4, obtained from S. The distance between any two
database objects is D (Hamming distance).

A single index would be enough if the length of the objects are not very different,
all of them will have the same length using the above normalization. However in a
database with disparate lengths, the normalization would be unfair since LSH captures
(relatively) very large hashes for smaller fingerprints. In this case the database should
be partitioned into several sets, and indexed separately.

4.2 Indexing the AFP Database

We have seen before that all versions of the same song are quite close to each other as
shown in Table 1, and complementarily unrelated songs are distant from each other as
shown in Table 2. There is a balance between the size of the sample in an LSH index,
the implicit searching radius, and the time to retrieve the near duplicates. We cascade a
set of indexes of non decreasing selectivity, all of them using different samplings. We
apply the hashing in order until reaching the last index, and give up when we reach it.

We compute the minimum and maximum sampling sizes using Table 1 and the size
of the AFPs. We can use a single parameter o (where 0 < o < 1) establishing what
is the selectivity of each index in the cascade, i.e, anything with larger distance than
a will be discarded. The maximum o« would be fixed to 0.15 because this will capture
most of the near duplicates.

The average searching cost will be very low since most queries are solved using
only the first indexes, only a fraction of the queries would require all the indexes. The
searching steps are described in Algorithm 1.

Algorithm 1: Near-duplicate searching of songs

Input: The query song @, the index set £ corresponding to the size of () , the maximum
distance ov.
Output: The set R of near-duplicate objects of Q).

: Process () and obtain its fingerprint ¢

: Normalize the audio-fingerprint as the object ¢

: Initialize R < 0

: forall I € £do

Lookup I to match similar objects ¢, put candidates in C'
Remove from C' objects not matching the length of ¢

R+ RU{a e C|d(q,u) <a}.

Stop the iteration if |R| > 1 (or the minimum desired cardinality)
: end for

O 0L AW =
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S Compressing LSH

To reduce false positives and false negatives multiple hashing functions are needed;
thus, the search index will require more memory and probably will resort to secondary
memory for large instances. Our goal is to produce a representation of the LSH index
with close to optimal storage.

The general idea is to represent the hashing tables as inverted indexes, and in turn
to represent those inverted indexes as an indexed sequence. This type of representation
can be compressed and can be queried without decompression.

Let T = s1s2---5, be a sequence of symbols on the alphabet X' of size o, i.e.
s; € X. Without loss of generality, let X be a set of integers, thatis ¥ = {1,2,--- ,o}.
The ¢-th symbol in 7" is denoted as T;.

An index of sequences (IoS) provides three basic operations:

- Rank.(T, pos) counts how many ¢’s occurs in 7" until pos, ¢ € X.
- Select. (T, r) returns the smaller position pos such that Rank.(T', pos) = r.
— Access(T, pos) retrieves the symbol stored at the position pos in T', i.e., Tpos.

Notice that an ToS replaces T, since we can reconstruct it using Access, but our
notation requires to put 7" in the arguments even when it is not necessarily stored.

5.1 A Brief Survey for Indexes of Sequences

There are several indexes achieving near optimal space bounds, we briefly review some
of them. We start establishing the memory costs for any representation.

Memory usage. Let n. be the number of symbols ¢ in 7', then from information theory
we can obtain the following formulation, using a fixed code word for each symbol,
we require at least nHy(T') < nlogo bits, here, Hyo(T') is the order zero empirical
entropy of T, i.e., nHo(T) =n ) .5, pclog plc =D ccx Nelog "¢ bits. Here p,. is the
probability of occurrence of ¢ in T', empirically, p. = n./n.

Binary alphabets (Bitmaps). Most loS use as building block the binary case, an alphabet
of two symbols ¢ € {0, 1} without loss of generality. Consider a bitmap B with n bits,
let ng and n; the number of 0’s and 1’s respectively in the bitmap.

Gonzalez et al. [14] developed a fast practical approach. It consists on a directory
structure of absolute Rank, samples every log? n bits. This structure solves Rank, and
Select,. in O(log n) time, and Access in constant time. It stores the plain bitmap using
n bits and used o(n) bits to store the absolute samples.

Several indexes achieve near-optimal space for binary alphabets. For example, Ra-
man et al. [15] based on classifying bit blocks and then codifying blocks using tuples
(¢;, offset) where ¢; describes the class of the block (the number of bits set to 1) and an
offset to distinguish a block inside the class ¢;. These tuples are cleverly codified such
that classes with few members will produce smaller offset’s codes. This approach uses
nHy(B) + O(loglogn) + o(n) bits and solves the three basic operations in constant
time; however, the constants are too large in practice. Claude and Navarro [16] improved
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the practical, sample based implementation introduced by Gonzales in [14], achieving
better performance in practice; however, the space space complexity is similar and can
be a waste of resources when n; < n. On the other side, Okanohara and Sadakane [17]
presented the sparse array (SArray) which achieves ny logn/n; + O(ny) space with
O(1) time for Select;.

In addition to the above, there exists specialized indexes achieving near optimal
space. One example is presented in Tellez et al. [18,19] they key idea consist in stor-
ing differences with variable length integer codifications along the necessary directory
structures to accelerate operations. Tellez introduced Diffset, which is basically the rep-
resentation of the bitmap as a compressed sorted list with directory structures to provide
fast Rank,, Select., and Access performances. Diffset achieves nHy(B) + o(n) bits.
Similarly, Diffset-RL is defined adding run-length compression for large consecutive
runs of ones; depending of the distribution it could produce much better compression
and times or add n bits in the worst case.

Larger alphabets. For o > 2 there are several canonical techniques to index a sequence
T of length n as described below.

Grossi et al. [20] introduce the Wavelet Tree (WT), it uses nlog o + O(o logn) bits
solving all operations in O(log o) time. There exists several variants of the WT. For
example, the WT with Huffman shape or with internal bitmaps compressed to nHy,
like surveyed by Navarro and Mikinen [21]. Very large alphabets are problematic with
this scheme since the time complexity of all operations depend on o.

Golinsky et al. [22] introduce a fast index, robust to large o. It uses nlogo +
o(nlog o) bits, it solves Select. in constant time, and both Rank,. and Access on
O(loglog o) time. Claude and Navarro [16] show an implementation of Rank, and
Access on O(log o) time performing better in practice for most instances.

Tellez [18] introduces the Extra Large Bitmap (XLB) family of indexes for large
alphabets achieving both compression and fast operations, specially on sequences with
low local entropy. The main idea is to codify a sequence using a permutationof [1...nJ;
the trick is to store the inverse in o(n) bits extra, while the direct is represented with
a large bitmap that takes advantage of the sparseness of the resulting bitmap. The se-
quence T' = TyTs - -- T, is represented with a bitmap P[1, on| where the i-th bit is
1if T} modo = ; and 0 otherwise. Then, P is a large bitmap, with regions of length
n corresponding to each symbol. The basic algorithm solves Rank, and Select. on
T performing Rank; and Select; on P. Access is solved using 17! where I1(i) =
Select; (P,i) mod n. Also, IT~ " is stored with the cyclic representation of Munro et
al. [23] using 1 log n bits; it solves 17! in ¢ time (Select; operations on P), where
t > 1. Since all operations are delegated to the P bitmap, the efficiency is tightly linked
to P. Since we need to represent a very large bitmap of no bits with n bits set to 1, then
we need an underlying bitmap taking advantage of the sparseness of the represented
bitmap.

5.2 The Sequence Representation of LSH

Consider the database S C U, S = {u1,us,- - ,uy}, and a family of hashing functions
H = {91,92, - ,9n}, where h = |H| and g; : U — {0,1}. A tag of an object
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is defined as tag(u) = g1(u)g2(u) - - - gn(w). The set of all possible values of tag(-)
is called the alphabet, ¥ = {0,1,2,---,0 — 1}, where ¢ = |X| < 2". Even when
tag(u) = hash(u), conceptually tag is an atomic item (indivisible and recognized as a
unit), and defines a sequence’s symbol. Let us define 7" = tag(u ) tag(us) - - - tag(uy, ).
We can store 7" using log (mm" 7%) bits, where n; is the number of occurrences of
the tag ¢ in 7.

Recall that high quality results with LSH require several LSH tables, which increase
the memory cost and hence the need of a memory efficient representation. The alphabet
derived from the LSH representation is large. One option of index is WT, described
in the previous section, but the operations for the simulation of LSH make heavy use
of the Select, operation. The performance of WT and most of its variants is poor for
our needs. Hence we focus on the Golynski and the XLLB approaches. In particular, we
use XLB with SArray, Diffset and Diffset-RL; XML-SArray will use nlogo + o(n)
bits, while XML-Diffset and XML-DiffsetRL can achieve better compression under
particular entries with low local entropy; however, the latter two will introduce a minor
term of O(nloglogn) bits which can impact on sequences with high local entropy
since they will be added to the resulting worst case.

5.3 Solving Approximate Nearest Neighbors with T

The abstract data structure for LSH needs access to the buckets. To solve a query, the
structure needs to count the number of items in a bucket, and retrieve all items on it.
Figure 2b shows a hash table of an example database of 16 objects. Each row is a bucket,
represented by some hash value. Figure 2a shows the sequence T of the hash table.

As an abstract data structure 7" solves similarity queries using the same proximity
properties than LSH tables. Algorithm 2 solves the approximate nng s, (¢) queries.
The idea is to retrieve all items using SelecCtag ).

LSH is essentially an indexed table, we can emulated its functionality as follows.
i) The number of items with the same hash ¢ is computed with Rank.(T,n) (Fig-
ure 2¢); ii) all items with the same tag c are retrieved as Select.(7',4) fori = 1,2, - - |
Rank.(T,n).

Algorithm 2: Searching for the approximate Nng, s, (q)

Input: The query g, the distance function d, and T'.
Output: The approximate nearest neighbor nn*(g)
: Letc =tag(q)
: Letnn*(q) + undefined
: for i = 1 to Rank.(T,n) do
Define p as Select. (T, 7)-th object in T’
nn*(q) < pif nn*(q) is undefined or p is closer to ¢ than the previous Nn*(q)
end for

AR s
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i 1234567891011 1213 141516
tag(ui) 874621388 4 0 1 1 1 59

(a) The sequence 7" representing the LSH table of Figure 2b

hash tag  occurrences list

0000 0 — 11 Select. (T, i)

0001 1 — 612,13, 14 123 4
0010 2 -5 Ranko(T,n) =1 11
Rank, (T,n) =4 6 1213 14
0011 3 —7
Ranks:(T,n) =1 5
0100 4 — 3,10
Ranks(T,n) =1 7
0101 5 — 15
Ranks(T,n) =2 3 10
0110 6 — 4
Ranks(T,n) =1 15
0111 7 —2
Ranks(T,n) =1 4
1000 8 — 1,8,9
1001 9 — 16 Rank;(T,n) =1 2
Ranks(T,n) =31 8 9
Ranky(T,n) =1 16
(b) An example of the LSH hash table represen-
tation (c¢) Reconstructing the LSH table

Fig. 2. An example of the LSH sequence representation LSH, and its operations

6 Experimental Results

All experiments were performed in a 16 core Intel Xeon 2.40 GHz workstation with
32GiB of RAM, running CentOS. All tasks were restricted to run into a single core, we
did not exploited the parallel capabilities of our workstation.

6.1 Case of Study

For the real world example, we collected 3.7 million songs (about 1.5 Tb) and finger-
printed them with the techniques described, using 1 bit every two seconds of music.
A collection of this size is necessarily diverse. Our database of fingerprints requires
54 MiB (15 bytes per song), that is always maintained in main memory. Proximity be-
tween fingerprints is measured with the Hamming distance. Each fingerprint requires
0.31 seconds in average to be computed (reading PCM files with 16 bits per sample, and
44100 Hz, 1411kbps). We randomly selected 400 songs from the songs database and
compressed them to @128kbps, @96kbps, @64kbps, and @32kbps. These versions of
the song are similar to the versions in personal music libraries.

Table 3 contains the average size of the LSH indexes for our setups (over our 3.7
million song audio-fingerprint database). It is interesting to notice that the compression
ratio (smaller is better) decreases as h does. Using the compact sequence representation
of LSH we expect to use from 54% to 77% of the original space of an LSH index. This
improvement is important because we are trying to maintain our data structures in the
higher places of the memory hierarchy, asymptotically obtaining faster indexes.
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Table 3. Average memory requirements

method h
10 15 20
LSH 14.0 MiB 14.3 MiB 22.0 MiB

compressed LSH 7.6 MiB 9.9 MiB 17.0 MiB
compression ratio 0.54 0.69 0.77
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100 1000 10000 100000 1e+06 100 1000 10000 100000 1e+06
time (micro-seconds) time (micro-seconds)
(a) |£| = 1 (a single index) (b) |£] = 2 (two indexes)
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: "5 N o % N
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g
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100 1000 10000 100000 1e+06 100 1000 10000 100000 1e+06
time (micro-seconds) time (micro-seconds)
(¢) |£] = 3 (three indexes) (d) |£] = 4 (four indexes)

Fig. 3. Recall vs. time to retrieve the near-duplicated using different LSH families and several
indexes. The points in the curves are generated searching for different versions of the songs,
i.e., perfect recall is achieved for 1411kbps, and from it each point matches with versions with
decreasing quality 128, 96, 64, and 32 kbps.

The recall increases as h decreases. However, as h decreases we expect higher
searching times since the database is partitioned in fewer buckets. The searching and re-
call compromise is shown in Figure 3. For instance, Figure 3a shows the performance of
a single index. Decreasing h increases the searching time exponentially, while the recall
is only moderately improved. An option to improve the performance is using more than
one index, a set of them £ (as described in Algorithm 1). Using two indexes, Figure 3b,
performs better than reducing h, at the cost of using twice the memory. The improve-
ments with three and four indexes, Figures 3c and 3d respectively, are more notorious.
Note that the average searching time is smaller than just multiplying the searching time
for the number of indexes, this is because we only advance to the next index if the
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Fig. 4. Our mixed setups that optimize both recall and time performances. The points in the
curves are generated searching for different versions of the songs, i.e., perfect recall is achieved
for 1411kbps, and from it each point matches with versions with decreasing quality 128, 96, 64,
and 32 kbps.

Table 4. Average memory requirements for our mixed setups

setup memory
compressed LSH LSH  compression ratio
20, 15, 10 34.5 MiB 50.3 MiB 0.686
20, 20, 15, 10 51.5 MiB 72.3 MiB 0.712
20, 20, 20, 15, 10 68.5 MiB 94.3 MiB 0.726
20, 20, 20, 20, 15, 10 85.0 MiB 116.3 MiB 0.735
20, 20, 20, 20, 15, 15,10  95.4 MiB 130.6 MiB 0.730

current one fails to retrieve the near-duplicates (Algorithm 1). It is clear that the better
time-recall tradeoff is found for several indexes with large h values, also the memory
cost is reduced using the compressed LSH index (Table 3).

As seen on Figure 3d, we obtain at least 85% of recall for all versions when h = 20.
However we always obtain at least 90% for h = 15, and 95% for h = 10. Based
on the above facts, we tuned the strategy improving the recall with a small impact in
both average searching time and memory cost. The idea is to filter by solving most
queries very fast, with only a few queries passing the filter and using a more expensive
procedure. This is illustrated in Figure 4. Here we can see that most configurations
perform better than 95% of recall with a moderate searching time. For example those
instances with at least 5 indexes achieve more than 98% for high quality songs, and
less than 7 milliseconds searches. Our setup with seven indexes gives more than 99%
of recall and 3 millisecond searches for songs of quality @64, @96, @128 and @1411
kbps.
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Table 4 shows the cost of storage of the setups of Figure 4. The memory usage
is maintained below 100 MiB, since compressed indexes require close to 70% of the
uncompressed LSH. Please notice that the compression is important, since it can be
central for running a standalone version of the indexes in mobile devices.

7 Conclusions

We presented a compressed index for LSH. The index can be queried without decom-
pression and with negligible impact in the query time. We tested the index for the prob-
lem of near duplicate detection in whole-song querying. We made experiments with
3.7 million songs, obtaining near perfect recall and searching times of 5 milliseconds.
The index fits well under 100MiB of RAM, and requires only simple operations, easily
cacheable. The fingerprint of a 4 minute song is computed in 0.3 seconds in a standard
CPU without parallelization. This allows to think in applications running standalone in
small devices. Making a simple linear extrapolation of our index, which is a pessimistic
assumption, we can fingerprint about 37 million songs in half gigabyte of RAM; being
able to query the collection in a fraction of a second. The assumption is pessimistic
because the compression ratio and searching times scale sub-linearly.

In future work we will try to estimate with very few parameters the audio quality of
a song using our fingerprinting technique. We believe we only need the area under the
curve of the time entropy profile. This feature can act as filter in a third party storage and
streaming service, for example, the service provider may reject to stream low quality
audio found in the users folders.

From the searching point of view we will investigate generalizations of the £ set of
indexes using metric indexes, more robust than LSH with higher error rates.
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