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SYSTEM AND METHOD FOR AUDIO MEDIA RECOGNITION

Technical Field

[1] The invention relates to audio recognition systems and methods for the

automatic recognition of audio media content.
Background

[2] Various audio recognition systems and methods are known for processing an
incoming audio stream (a ‘programme’) and searching an internal database of music
and sound effects (‘tracks’) to identify uses of those tracks within the programme.

[3] In the real world, music is often only one of the layers of audio of a
programme. One of the challenges for audio recognition is {o recognize the identity
of music even in circumstances where there are other layers of audio such as sound
effects, voiceover, ambience, efc. that occur simultaneously. Other distortions
include equalisation (adjusting the relative overall amounts of treble and bass in a
track), and change of tempo and/or pitch.

[4] Some audio recognition techniques are based on directly carrying out a near-
neighbour search on calculated hash values using a standard algorithm. Where the
space being searched has a large number of dimensions, such standard algorithms

do not perform very efficiently.

i5] An article entitled “A Highly Robust Audio Fingerprinting System” by J.
Haitsma et. al. of Philips Research, published in the Proceedings of the 3rd
international Conference on Music Information Retrieval, 2002, describes a media
fingerprinting system to compare multimedia objects. The arlicle describes that
fingerprints of a large number of multimedia objects, along with associated meta-data
(e.g. name of artist, title and album) are stofed in a database such that the
fingerprints serve as an index to the meta-data. Unidentified muitimedia content can
then be identified by computing a fingerprint and using this o query the database.
The article describes a two-phase search algorithm that is based on only performing

full fingerprint comparisons at candidate positions pre-seleéted by a sub-fingerprint
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search. Candidate positions are located using a hash, or lookup, table having 32 bit
sub-fingerprints as an entry. Every entry points to a list with pointers to the positions
in the real fingerprint lists where the respective 32-bit sub-fingerprint are located.
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[6] However, there remains a need for an apparatus, system and method for more

efficient and more reliable identification of audio media content.

Summary

[7] Aspects of the invention are defined in the claims.

[7A] In one aspect defined in Claim 1, there is provided an automatic recognition
method for the automatic recognition source media content from a source signal by
comparison to reference media content, the method including: generating a
spectrogram from the source signal by applying a Fourier transform to the source
signal, the spectrogram including a plurality of columns, each column being
representative of a time slice and including a plurality of frequency bins each
representative of a respective range of frequency components for the time slice of the
source signal; generating at least one source vector for a time slice of the source
signal by calculating ratios of magnitudes of selected frequency bins from the column
for the time slice and quantising the ratios to generate digits of a source vector,
wherein generating at least one vector for a time slice includes, for at least one
selected frequency bin of a time slice, calculating ratios of that bin and an adjacent or
a near adjacent frequency bin from the column for the time slice, and dividing the
ratios into ranges to generate at least one selected digit for each ratio; performing a
primary evaluation by exact matching of digits of first vectors to entries in a look-up
table, wherein each entry in the look-up table is associated with a group of second
vectors and wherein the number of digits of the first vectors used to perform the exact
match differs between entries in the look-up table; and performing a secondary
evaluation to determine a degree of similarity between the first vectors and each of
the group of second vectors to identify any second vectors that are candidates for
matching the source media content to the reference media content, wherein a
database stores the look-up table and the second vectors, and wherein the first
vectors are either source vectors or reference vectors and the second vectors are the
other of the source vectors and the reference vectors, each reference vector

representing a time slice of the reference media content.
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[7B] In another aspect defined in Claim 6, there is provided an automatic
recognition method for the automatic recognition of source media content from a
source signal by comparison to reference media content, the method including:
generating a spectrogram from the source signal by applying a Fourier transform to
the source signal, the spectrogram including a plurality of columns, each column
being representative of a time slice and including a plurality of frequency bins each
representative of a respective range of frequency components for the time slice of the
source signal; generating at least one source vector for a time slice of the source
signal by calculating ratios of magnitudes of selected frequency bins from the column
for the time slice and quantising the ratios to generate digits of a source vector;
performing a primary evaluation by exact matching of digits of first vectors to entries
in a look-up table, wherein each entry in the look-up table is associated with a group
of second vectors and wherein the number of digits of the first vectors used to
perform the exact match differs between entries in the look-up table; and performing a
secondary evaluation to determine a degree of similarity between the first vectors and
each of the group of second vectors to identify any second vectors that are
candidates for matching the source media content to the reference media content,
wherein a database stores the look-up table and the second vectors, and wherein the
first vectors are either source vectors or reference vectors and the second vectors are
the other of the source vectors and the reference vectors, each reference vector
representing a time slice of the reference media content; the method further including
generating a further source vector for a time slice by: generating a further
spectrogram from the first signal by applying a Fourier transform to the source signal,
the further spectrogram including a plurality of columns, each column being
representative of a time slice and including a plurality of frequency bins each
representative of a respective range of frequency components for the time slice of the
first signal; applying a further Fourier transform to the respective frequency bins from
the column for the time slice to generate a respective set of coefficients; generating
the further source vector such that, for a set of N coefficients in a column for a time
slice, for each of elements 2 to N-1 of the further source vector, an nth element is

formed by the square of the nth coefficient divided by the product of the (n-1)th
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coefficient and the (n+1)th coefficient and quantising the elements of the resulting

vector to generate at least one digit for each element.

[7C] In a further aspect defined in Claim 18, there is provided an apparatus for
providing automatic recognition of source media content from a source signal by
comparison to reference media content, the apparatus including: a spectrogram
generator operable to generate a spectrogram from the source signal by applying a
Fourier transform to the source signal, the spectrogram including a plurality of
columns, each column being representative of a time slice and including a plurality of
frequency bins each representative of a respective range of frequency components
for the time slice of the source signal; a vector generator operable to generate at least
one source vector for a time slice of the source signal by calculating ratios of
magnitudes of selected frequency bins from the column for the time slice and to
guantise the ratios to generate digits of a source vector, wherein, for generating at
least one vector for a time slice, the vector generator is operable, for at least one
selected frequency bin of a time slice, to calculate a ratio of magnitudes of that bin
and an adjacent or a near adjacent frequency bin from the column for the time slice,
and to divide the ratios into ranges to generate at least one selected digit for each
ratio; a primary evaluator operable to perform a primary evaluation by performing an
exact match of digits of first vectors to entries in a look-up table, wherein each entry in
the look-up table is associated with a group of second vectors and wherein the
number of digits of the first vectors used to perform the exact match differs between
entries in the look-up table; a secondary evaluator operable to perform a secondary
evaluation to determine a degree of similarity between the first vectors and each of
the group of second vectors to identify any second vectors that are candidates for
matching the source media content to the reference media content; and a database
comprising the look-up table and the second vectors, wherein the first vectors are
either source vectors or reference vectors and the second vectors are the other of the
source vectors and the reference vectors, each reference vector representing a time

slice of the reference media content.

[7D] For generating at least one vector for a time slice, the vector generator can be
operable: for at least one selected frequency bin of a time slice, to calculate ratios of
that bin and an adjacent or near adjacent frequency bin from the column for the time

slice; and to divide the ratios into ranges to generate two binary digits for each ratio.
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The ranges can differ between selected ratios to provide a substantially equal
distribution of ratio values between ranges. The vector generator can be operable to
generate a said source vector using frequency bins selected from a frequency band
from 400Hz to 1100Hz and/or using frequency bins selected from a frequency band
from 1100Hz to 3000Hz. For generating a further source vector for a time slice: the
spectrogram generator is operable to generate a further spectrogram by applying a
Fourier transform to the source signal, the further spectrogram including a plurality of
columns, each column being representative of a time slice and including a plurality of
frequency bins each representative of a respective range of frequency components
for the time slice of the source signal and to apply a further Fourier transform to the
respective frequency bins from the column for the time slice to generate a respective
set of coefficients; and the vector generator is operable to generate the further source
vector such that, for a set of N coefficients in a column for a time slice, for each of
elements 2 to N-1 of the further source vector, an nth element is formed by the square
of the nth coefficient divided by the product of the (n-1)th coefficient and the (n+1)th
coefficient; and to quantise the elements of the resulting vector to generate at least

one digit for each element.

[7E] In yet a further aspect defined in Claim 19, there is provided an apparatus for
providing automatic recognition of source media content from a source signal by
comparison to reference media content, the apparatus including: a spectrogram
generator operable to generate a spectrogram from the source signal by applying a
Fourier transform to the source signal, the spectrogram including a plurality of
columns, each column being representative of a time slice and including a plurality of
frequency bins each representative of a respective range of frequency components
for the time slice of the source signal; a vector generator operable to generate at least
one source vector for a time slice of the source signal by calculating ratios of
magnitudes of selected frequency bins from the column for the time slice and to
guantise the ratios to generate digits of a source vector; a primary evaluator operable
to perform a primary evaluation by performing an exact match of digits of first vectors
to entries in a look-up table, wherein each entry in the look-up table is associated with
a group of second vectors and wherein the number of digits of the first vectors used to
perform the exact match differs between entries in the look-up table; a secondary
evaluator operable to perform a secondary evaluation to determine a degree of

similarity between the first vectors and each of the group of second vectors to identify
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any second vectors that are candidates for matching the source media content to the
reference media content; and a database comprising the look-up table and the
second vectors, wherein the first vectors are either source vectors or reference
vectors and the second vectors are the other of the source vectors and the reference
vectors, each reference vector representing a time slice of the reference media
content; wherein, for generating a further source vector for a time slice: the
spectrogram generator is operable to generate a further spectrogram by applying a
Fourier transform to the source signal, the further spectrogram including a plurality of
columns, each column being representative of a time slice and including a plurality of
frequency bins each representative of a respective range of frequency components
for the time slice of the source signal and to apply a further Fourier transform to the
respective frequency bins from the column for the time slice to generate a respective
set of coefficients; and the vector generator is operable to generate the further source
vector such that, for a set of N coefficients in a column for a time slice, for each of
elements 2 to N-1 of the further source vector, an nth element is formed by the square
of the nth coefficient divided by the product of the (n-1)th coefficient and the (n+1)th
coefficient; and to quantise the elements of the resulting vector to generate at least

one digit for each element.

[7F] The source signal can be an audio signal and the frequencies of the
spectrogram bins can be allocated according to a logarithmic scale. The look-up table
can be organised as a variable depth tree leading to leaves, the table being indexed
by a first vector, each leaf forming an entry in the look-up table associated with a
respective group of second vectors, the number of digits leading to each leaf being
determined to provide substantially equally sized groups of second vectors for each
leaf. The number of digits leading to each leaf can form the number of digits of the
first vector used to perform the exact match for a given leaf. Each leaf of the look-up
table can identify a group of second vectors having d matching digits, wherein d
corresponds to the depth of the tree to that leaf. The secondary evaluator can be
operable to perform the secondary evaluation using a distance metric to determine
the degree of similarity between the first vector and each of the group of second
vectors. A tertiary evaluator can be provided for performing a tertiary evaluation for
any second vector identified as a candidate, the tertiary evaluator being operable to
determine a degree of similarity between one or more further first vectors and one or

more further second vectors corresponding to the candidate second vector identified
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in the secondary evaluation. The further first vectors and the further second vectors
can be separated in time from the first vector and the candidate second vector,
respectively. The source signal can be a received programme signal. A record
generator can be operable to generate a record of the matched media content of the
programme signal. A cue sheet generator can be operable to generate a cue sheet
identifying the matched media content. The second vectors can be the source
vectors and the apparatus can be configured to generate the database from the
source vectors. The apparatus can including at least one processor and storage and
computer software operable to implement the spectrogram generator, the hash vector

generator and the evaluators.

[8] In an example embodiment, automatic recognition of sample media content is
provided. A spectrogram is generated for successive time slices of audio signal. One
or more sample vectors are generated for a time slice by calculating ratios of
magnitudes of respective frequency bins from a column for the time slice. In a
primary evaluation stage (primary test stage) an exact match of bits of the sample
vector is performed to entries in a hash table to identify a group of one or more
reference vectors. In a secondary evaluation stage (secondary test stage) a degree
of similarity between the sample vector and each of the group of reference vectors is
performed to identify any reference vectors that are candidates for matching the
sample media content, each reference vector representing a time slice of reference
media content. The vectors can also be variously described as “hashes”, “hash

vectors”, “signatures” or “fingerprints”.

[9] An embodiment of the invention can provide scalability and efficiency of
operation. An embodiment of the invention can work efficiently and reliably with a

very large database of reference tracks.

[100 An embodiment of the invention can employ hashes with good discriminating
power (a lot of ‘entropy’) so that a hash generated from programme audio tends not to
match against too many hashes in the database. An embodiment of the invention can
employ a large number of measurements from the spectrum of the audio signal. Each
measurement can be in the form of a 2-bit binary number, for example, that is

relatively robust to distortions. Sets of spectral hashes can be generated from these
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measurements that depend on restricted parts of the spectrum.

[11]  An embodiment of the invention uses a method that combines an exact maich
database search in a primary step with refinement steps using additional information
stored in a variable depth tree structure. This gives an effect similar to that of a near-
neighbour search but achieves increases in processing speed by orders of magnitude
over a conventional near neighbour search. Exact match searches can be conducted
efficiently in a computer and allow faster recognition to be performed. An
embodiment enables accurate recognition in distorted environments when using very
large source fingerprint databases with reduced processing requirements compared
to prior approaches. An embodiment enables a signature (or fingerprint)
corresponding to a moment in time fo be created in such a way that the entropy of the
part of the signature that participates in a simple exact match is carefully controlled,
rather than using an approximate match without such careful control of the entropy of
the signature. This can enable accuracy and scalability at much reduced processor

cost,

(121  Rather than taking a large number of measurements from a spectrogram, an
example embodiment takes account of the differing strengths of various hashes by
varying the number of bits from the hash that are required to match exactly. For
example, only the first 27 bits of a strong hash may be matched exactly, whereas a
targer number, for example the first 34 bits, may be maiched for a weaker hash. An
embodiment of the invention can use a variable depth tree structure to allow these
match operations to be carried out efficiently.

[13] An example embodiment can provide for accurate recognition in noisy
environments and can do this even if the audio to be recognised is of very short
duration (for example, less than three seconds, or less than two seconds or less than
one second). An example embodiment can provide recognition against a very large
database source of fingerprinted content (for example for in excess of one million
songs). An example embodiment can be implemented on a conventional stand alone
computer, or on a networked computer system. An example embodiment can
significantly improve the guality of results of existing recognition systems and improve

the costs of large-scale implementations of such systems.
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Brief Description of the Drawings

[141 Embodiments are described hereinafter, by way of example only, with
reference to the accompanying drawings.

[15}  Figure 1 is a schematic block diagram of an example apparatus.

[16]  Figure 2 is a flow diagram giving an overview of a method of processing audio
signals.

{171 Figure 3 is a schematic representation illustrating an example of seiting
quantisation levels at different frequencies.

(181 Figure 4 is illustrates an example distribution of distances between test

vectors,;

[19]  Figure 5 is a schematic representation of a computer system for implementing
an embodiment of the method of Figure 2.

20  Figure 6 illustrates a structure of database of the computer system of Figure 5

in more detail.

Detailed Description

[21]  An example embodiment of the invention provides an audio recognition
system that processes an incoming audio stream (a ‘programme’) and searches an
internal database of music and sound effects (‘tracks’) to identify uses of those tracks
within the programme. One example of an output of an example embodiment can be
in the form of a cue sheet that lists the sections of tracks used and where they occur
in the programme,

[22] One example embodiment can work with a database of, for example, ten
million seconds of music. However, other embodiments are scalable to work with a
much larger database, for example a database of a billion seconds of music, and are
capable of recognising clips with a duration of the order of, for example, three
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seconds or less, for example one second, and can operate at a rate of around ten
times real time on a conventional server computer when processing audio from a
typical music radio station.

[23]  The following are definitions of some of the terms used in this document;

241 A 'track’ is a clip of audio to be recognised at some point later. All available
tracks are processed and combined into a database.

[25] A “programme” is a piece of audio to be recognised. A programme is
assumed to include some tracks joined together and subjected to various distortions,
interspersed with other material.

[26] A “distortion” is something that happens to a track which makes up a
programme. Examples of distortions are:

* Noise: the mixing of random noise with the track;

* Voice-over: the mixing of speech with the track;

» Pitch: the changing of pitch while maintaining the underlying timing;

» Tempo: the changing of timing while maintaining the pitch;

+ Speed: the changing of both pitch and tempo (for example, by playing a tape
faster).

[27]  Itis to be noted that pitch, tempo and speed are related and that any two can
be combined to produce the third.

[28] A *hash” is a small piece of information obtained from a specific part (time
slice) of a track or programme, which is ideally unchanged by distortion.

[29] Figure 1 is a schematic block diagram of an example of an apparatus 110
forming an embodiment of the present invention.

[38] A signal source 102 can be in the form of, for example, a microphone, a radio
or internet programme receiver or the like for receiving a media programme, for

example an audio programme, and providing a source signal 104,
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[31] A spectrogram generator 112 can be operable to generate a spectrogram
from the source signal 104 by applying a Fourier transform to the source signal, the
spectrogram including a plurality of columns, each column being representative of a
time slice and including a plurality of frequency bins each representative of a

respective range of frequency components for the time slice of the source signal;

[32] A vector generator 114 can be operable to generate at least one source vector
for a time slice of the source signal by calculating ratios of magnitudes of respective
frequency bins from the column for the time slice and by quantising the ratios to
generate digits of a source vector.

[33] A database 46 includes reference vectors, each reference vector representin.g

a time slice of reference media content.

[34] A content evaluator 116 can include primary, secondary and tertiary
evaluators 118, 120 and 122, respectively).

[35] A primary evaluator 118 can be operable to perform a primary evaluation by
performing an exact match of digits of source vectors to entries in a look-up table 66
of the database 46, wherein each entry in the look-up table is associated with a group
of reference vectors and wherein the number of digits of the source vectors used to
perform the exact match can differ between entries in the look-up table 66. The look-
up table 86 can be organised as a variable depth tree leading to leaves, wherein each
leaf forms an entry in the look-up table associated with a respective group of
reference veciors. The number of digits leading to each leaf can be determined o
provide substantially equally sized groups of reference vectors for each leaf. The
number of digits leading to each leaf can form the number of digits of the source
vector used to perform the exact maich for a given leaf. Each leaf of the look-up
table 66 can identify a group of reference vectors having d identical digits, wherein d
corresponds to the depth of the tree to that leaf.

[36] A secondary evaluator 120 can be operable to perform a secondary evaluation
to determine a degree of similarity between a source vector and each of the group of
reference vectors in the database 46 to identify any reference vectors that are
candidates for matching the source media content to the reference media content.



10

15

20

25

30

35

WO 2011/154722 PCT/GB2011/051042

The secondary evaluator 120 can be operable to perform the secondary evaluation
using a distance metric {o determine the degree of similarity between the source
vector and each of the reference vectors in the group of reference vectors.

[377 A tertiary evaluator 122 can be operable to perform a tertiary evaluation for
any reference vector identified as a candidate. The tertiary evaluator 122 can be
operable to determine a degree of similarity between one or more further source
vectors and one or more further reference vectors corresponding to the candidate
reference vector identified in the secondary evaluation, wherein the further source
vectors and the further reference vectors can each be separated in time from the
source vector and the identified candidate reference vector.

[38] An output generator 124 can be operable to generate an output record, for
example a cue sheet, identifying the matched media content of the source signal.

[39] Figure 2 is a flow diagram 10 giving an overview of steps of a method of an
example embodiment of the invention. The apparatus of Figure 1 and the method of
Figure 2 can be implemented by one or more computer systems and by one or more
computer program products operating on one or more computer systems. The
computer program product(s) can be stored on any suitable computer readable
media, for example computer disks, tapes, solid state storage, etc. In various
examples, various of the stages of the process can be performed by separate
computer programs and/or separate computer systems. For example, the generation
of a spectrogram, as described below, can be performed by a computer program
and/or computer system separate from one or more computer programs and/or
computer systems used to perform hash generation and/or database testing and/or
cue sheet generation. Furthermore, one or more of the parts of the apparatus of
Figure 1 or the process of Figure 2 can be implemented using special purpose
hardware, for example special purpose integrated circuits configured to provide the
functionality described in more detail in the following description.

[40] However, for reasons of ease of explanation only, it is assumed that the
processes described in the following with reference to Figure 2, which processes
include spectrum generation 12, vector generation 14, signal evaluation 16 (including
primary, secondary and tertiary stages 18, 20 and 22) and output generation 24 are
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performed by an apparatus comprising a computer server system inciuding one or
more processors and storage and controlled by one or more programs. The process
steps described below, including the spectrum generation 12, vector generation 14,
content evaluation 16 (including primary, secondary and tertiary stages 18, 20 and
22) and output generation 24 also correspond to functions performed by the spectrum
generator 112, the vector generator 114, the content evaluator 1186 (including those
of the primary, secondary and tertiary evaluators 118, 120 and 122) and the output
generator 124, respectively, of Figure 1.

Spectrum Generation 12

1411  In this example a source signal in the form of an audio signal is processed to
generate a spectrogram, for example by applying a Fast Fourier Transform (FFT) to
the audio signal. ‘

[42]  In an example embodiment, the audio signal should be formatted in a manner
consistent with a method of generating the database against which the audio signal is
{o be compared. [n one example embodiment, the audio signal can be converied to a
plain WAV format, sampled at, for example, 12 kHz, in stereo if possible or mono if
not and with, for example, 16 bits per sample. In one example embodiment, stereo
audio comprising a left channel and a right channel is represented as sum (left plus
right) and difference (left minus right) channels in order to give greater resilience to
voice-over and similar distortions. The audio file is then processed to generate a

spectrogram.

[43] The parameters applied to the spectrogram are broadly based on the human
ear's perception of sound since the kind of distortions that the sound is likely to go
through are those which preserve a human's perception. The spectrogram includes a

series of columns of information for successive sample intervals (time slices). Each

-time slice corresponds to, for example, 1 to 50 ms (for example approximately 20ms).

Successive segments can overlap by a substantial proportion of their length, for
example by 90 — 99%, for example about 97%, of their length. As a resuli, the
character of the sound tends to change only slowly from segment to segment, A
column for a time slice can include a plurality of frequency bins arranged on a

logarithmic scale, with each bin being, for example, approximately one semitone
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wide.

[44] A substantial number of frequency bins can be provided for each time slice, or
column, of the spectrum. For example of the order of 40 to a hundred or more
frequency bins can be generated. In one specific example, 82 frequency bins are
provided.

Vector Generation 14

[45] A second step 14 is the generation of one or more hash vectors, or hashes.
In an example embodiment, a number of different types of hashes are generated.
One or more sequences of low-dimensional vectors forming the hashes (or
fingerprints’, ‘signatures’) are designed to be robust to the various types of distortions

that may be encountered.

[46] In an example embodiment, in order to give resilience to added noise and
similar signals, measured values can be coarsely quantised before generating a
hash. There is conflict between a desire to quantise coarsely and a need to derive
sufficient entropy from the source audio. In order to enhance the entropy obtained,
the quantisation can be performed non-linearly such that for any given measurement
the quantised values tend to be equally likely, making the distribution of hashes more
uniform as shown in Figure 3. Quantisation thresholds can be independently
selected at each frequency to make the distribution of hashes more uniform. To
maximise robustness, each measurement can be selected to depend on only two

points in the spectrogram.

(471 In an example embodiment, a basic hash is derived from a single column of
the spectrogram by calculating the ratio of the magnitudes of adjacent or near-
adjacent frequency bins. In one example, a vector can generated by determining a
ratio of the content of adjacent frequency bins in the column and dividing the ratio into
one of four ranges.

[48]  For example, for each of bins 0-81, determine a ratio as:
- value of bin i / value of bin i+1
- and determine within which of four ranges 00, 01, 10, and 11 the ratio falls.
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(49] In simplistic terms, consider that range 00 corresponds to ratios between 0
and 0.5, range 01 corresponds to ratios between 0.5 and 1, range 10 corresponds to
ratios between 1 and 5 and range 11 corresponds to ratios between 5 and infinity, It
can therefore be seen that, for each pair of bins compared, a two bit number can be
generated. In another example, a different number ranges can be used to generate a
different number of bits or one or more digits in accordance with a different base.

[50]  Such a vector can be substantially invariant with respect to overall amplitude
changes in the original signal and robust with respect to equalisation (boost or cut of
high or low frequencies). The ranges 00, 01, 10 and 11 can be different for each bin
and can be obtained empirically by collecting values of the ratios from a test set of
audio, and dividing the resulting distribution into four equal parts.

(511 In an example embodiment, fwo hashes are then generated. One hash is
generated using a frequency band from about 400 Hz to about 1100 Hz (a ‘type 0
hash’) and the other using a frequency band from about 1100 Hz to about 3000 Hz (a
‘type 1 hash’). These relatively high frequency bands are more robust fo the
distortion caused by the addition of a voice-over to a track.

[521 In an example embodiment a further hash type (‘type 2 hash’) is generated
that is designed to be robust to pitch variation (such as happens when a sequence of
audio samples is played back faster or slower than the nominal sample rate). A
similar set of log frequency spectrogram bins to the basic hash is generated. The
amplitude of each spectrogram bin is taken and a second Fourier transform is
applied. This approach generates a set of coefficients akin to a ‘log frequency
cepstrum’. A pitch shift in the original audio will correspond to a translation in the log
frequency spectrogram column, and hence (ignoring edge effects) to a phase shift in
the resulting coefficients. The resulting coefficients are then processed to form a new
vector whose nth element is obtained by taking the square of the nth coefficient
divided by the product of the (n-1)}th and (n+1)th coefficients. This quantity is
invariant to phase shift in the coefficients, and hence also to pitch shift in the original

signal. It is also invariant under change of volume in the original signal.

[53] As successive segments overlap by a substantial proportion of their length,
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the character of the sound tends to change only slowly from segment to segment,
whereby the hashes tend to change in only one or two bits, or digits, from segment to
segment.

[54] As these hashes all only inspect one column of the spectrogram, they are in
principle invariant to tempo variation (time stretch or compression without pitch shift).
As some tempo-changing algorithms can be found to cause some distortion of lower-
frequency audio components, hashes based on higher-frequency components as
described above are more robust.

[551  An example embodiment can provide robustness with respect to voice over in
programme audio. The general effect of the addition of voice-over to a track is to
change a spectrogram in areas that tend to be localised in time and in frequency.
Using hashes that depend only on a single column of the spectrogram, which
corresponds to a very short section of audio, provides robustness with respect to
voice over. This gives a good chance of recognising a track if the voice-over pauses
even briefly (perhaps even in the middle of a word). Using hashes that are at least
partially localised in frequency also helps to improve resilience to voice-over as well

as cerfalh other kinds of distortion:

[s6] Further, the fact that each hash depends on only on a very short section of
audio gives the potential fo recognise very short sections of a track.

(377 Resilience to a transposition in pitch (with or without accompanying tempo
change) can be achieved by generating hashes based on a modified cepstrum

calculation.

Testing Stages (Content Evaluation) 16

[58] In an example embodiment, the programme audio is then recognised by
comparing the hashes against pre-calculated hashes of the tracks in a database.
The aim of the look-up process is to perform an approximate look-up or ‘nearest
neighbour’ search over the entire database of music, for examplé using the vector
obtained from one column of the specirogram. This is a high-dimensional search
with a large number of possible target objects derived from the music database.



10

15

20

25

30

35

WO 2011/154722 PCT/GB2011/051042

12

[591 In an example embodiment, this is done as a multi-stage testing process 186.

Primary Test Stage (Primary Evaluation) 18

[60] A primary test stage 18 is performed using an exact-match look-up. In an
example embodiment, this is effected with the hashes as a simple binary vector with
a small number of bits to perform a look up in a hash table. As a result of using a
small number of bits, each look-up typically returns a large number of hits in the
database. For reasons that will become clear later on, the set of hits in the database
retrieved in response to the primary look-up for a given key is termed a ‘leaf’.

[61]  In practice, the bits that are exiracted from the spectrogram to construct the
key are not independent and are not equally likely to be ‘0’ or ‘1", In other words, the
enfropy per bit of the vector (with respect {o a given sample of music) is less than
one.

[62] The entropy per bit for some classes of vector is greater than that for others.
Another way of saying this is that some keys are'much more common than others. If
therefore, a key of fixed size is used to access the database, a large number of hits
will sometimes be found and sometimes a smalf number of hits will be found. If a key
is chosen at random, the probability of it falling in a given leaf is proportional to the
number of entries in that leaf and the amount of further work involved in checking
each of those entries to determine if it really is a good match is also proportional to
the number of entries in that leaf. As a result, the expected total amount of work to
be done for that key is then proportional to the average of the squares of the leaf
sizes. In view of this, in an embodiment, this value is minimised (i.e., system
performance is maximised) by making the leaf sizes as equal as possible.

{631  In an embodiment, therefore, a database structure is chosen that is aimed at
equalising the sizes of the leaves.

[64]  Bits of a hash can be derived from continuous functions of the spectrogram if
desired: for example, a continuous quantity can be quantised into one of eight
different values and the result encoded in the hash as three bits. In such cases, it is
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advantageous not to use a uniform quantisation scheme but instead to choose (from
example based on the analysis of a large sample of music) quantisation thresholds
such that each possible quantised value tends fo be equally likely to occur. The
guantisation levels used when creating the database are the same as those used

when creating hashes from the programme to be looked up in the database.

[65] The bits in the hash can also be arranged so that those more likely fo be
robust (for example, the more significant bits of quantised continuous quantities) are
placed towards the most significant end of the hash, and the less robust bits fowards

the least significant end of the hash.

[66] In an embodiment, the database is arranged in the form of a binary tree. A
depth in the tree corresponds fo the position of a bit in the hash. The tree is
fraversed from botiom to top consuming one bit from the key hash {most significant,
i.e., most robust, first) to determine whether the left or right child is selected at each
point, until a terminal node (or ‘leaf”) is found, say at depth d. The leaf contains
information about those tracks in the database that include a hash whose d most

significant bits match those of the key hash.

[67] The leaves are at various depths, the depths being chosen so that the leaves
of the tree each contain the same order of number of entries, for example
approximately the same number of entries. It should be noted that in other examples
the tree could be based- on another number base than a binary tree (for example a

tertiary tree).

[68] In the primary test stage, therefore, an exact match is looked for between the
selected bits of the hash from the programme audio against stored hashes for
reference tracks. The number of digits that are matched depend on the size of the
database and of how common that hash is among tracks in general so that fewer bits
are matched for rarer hashes. The number of bits that are maiched can vary
between, for example, 10 to about 30 bits in the case of a binary tree, depending on
the size of the track database.

{697 Further, as consecutive hashes of the same type typically change in only one

or two bits, exact matches can generally also be obtained for the maiched bits even if
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the time points in the programme at which hashes are generated are not exactly
synchronised with the time points for which hashes were generated for the reference

track database.

Secondary Test Stage (Secondary Evaluation) 20

[700 In an embodiment, a secondary test stage 20 involves looking up a
programme hash in the database by way of a random file access. This fetches the
contents of a single leaf, containing a large number, typically a few hundred, for
example of the order of 200 hash matches. Each maich corresponds to a point in
one of the original tracks that is superficially similar to the programme hash.

[71]  Each of these entries is accompanied by ‘secondary test information’, namely
data containing further information derived from the spectrogram. Type 0 and type 1
hashes are accompanied by quantised spectrogram information from those parts of
the spectrogram not involved in creating the original hash; type 2 hashes are
accompanied by further bits derived from the cepstrum-style coefficients. The entries
also include information enabling the location of an original track corresponding to a
hash and the position in that track.

[721  The purpose of the secondary test is to get a more statistically powerful idea
of whether the programme samples and a database entry match, taking advantage of
the fact that this stage of the process is no longer constrained to exact-match
searching. In an example embodiment, a Manhattan distance metric or some other
distance metric can be used to determine a degree of similarity between two vectors

of secondary test information.

[73] In an example embodiment, each secondary test that passes entails a further
random file access to the database to obtain information for a tertiary test as
described below. Bearing this in mind, in an example embodiment, a threshold for
passing the secondary test is arranged such that on average about one of the
database entries in a leaf passes the secondary test. In other words, the probability of
passing a secondary test should be roughly the reciprocal of the leaf size.

[74] Figure 4 illustrates an example distribution of distances between two
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secondary test vectors selected at random from a large database of music, one curve
for each of three types of hash. A threshold for a given type of secondary test is
thereby chosen by choosing a point on the appropriate curve such that the area
under the tail to the left of that point as a fraction of the total area under the curve is
approximately equal fo the reciprocal of the leaf size.

{751  Thus, in the secondary test stage, each primary hit undergoes a ‘secondary
test' that invoives comparing the hash information generated from the same segment

of audio against the candidate track at the match point.

Tertiary Test Stage (Tertiary Evaluation) 22

[76] As indicated above, the information stored in the leaf enables the location of
an original track corresponding to the hash and the position in that track. When a
secondary test is passed, tertiary test data corresponding to a short section of track
around the maich point is fetched. The tertiary test information includes a series of
hashes of the original track. The programme hashes are then compared to the
tertiary test data. This process is not constrained to exact-match searching, so that a
distance metric, for example a Manhattan distance metric, can be used to determine
how similar the programme hashes are to the tertiary test data. In an example
embodiment, the metric involves a full probabilistic calculation based on empirically-
determined probability tables to determine a degree of similarity between the
programme hashes and the tertiary test data.

[771  The sequence of programme hashes and the sequence of tertiary test hashes
are both accompanied by time stamp information. Normally these should align: in
other words, the programme hash time stamps should have a constant offset from
the matching tertiary test time stamps. However, if the programme has been time-
stretched (a tempo distortion’) this offset will gradually drift. The greater the tempo
distortion, the faster the drift. To detect this drift the tertiary test can be performed at
a number of different trial tempos and the best result can be selected as the tempo
estimate for the maich. Since tempo distortions are relatively rare, in an example
embodiment, this selection process is biased towards believing that no tempo

distortion has occurred.
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{78] In the tertiary test, a scan backwards and forwards is performed from the
match point evaluating the similarity of programme hashes and tertiary test hashes,
and using the tempo estimate to determine the relative speed at which the scan is
performed in the programme and tertiary fest data. - As long as good matches
continue o occur at above a certain rate, this is taken as evidence that the
programme contains the track over that period. When good matches are no longer
seen, this is taken as evidence that the start or end of that use of the irack has been

found.

(791 It is unlikely that the initial estimate of tempo is exact. During the scan,
therefore, programme hashes slightly ahead of and slightly behind the nominal
computed position are tested. [If these match the tertiary test information better than
the hashes at the nominal position, a correction is applied fo the estimated tempo.
The tracking of a small amounts of drift in tempo is thus accommodated.

[80]  As the hashes used in an example embodiment depend on a single column of
the spectrogram, they are inherently resilient to a change in tempo. Efficiency is
enhanced in that analysis or searching with regard to tempo changes is postponed
until the tertiary test stage and at that stage there are only a few candidates to
examine and so an exhaustive search over possible tempo offsets is computationally

viabie.

[81]  Accordingly, in the tertiary testing phase a second database is used that can
contain a highly compressed version of the spectrograms of the original tracks. In an
examplie embodiment the database is based on similar hashes to the primary
database, with the addition of some extra side information. These data are arranged
to be quickly accessible by track and by position within that track. The system can be
'arranged such that indexes fit within a computer's RAM. During the tertiary testing
the programme audio on either side of a candidate match that has passed the
secondary test is compared against the database using a full probabilistic calculation.
This test is capable of rejecting false positives that have passed the secondary test,
and simultaneously finds the start- and end-points within the programme where the

track material is used.

[82] In summary, each hash that passes the secondary test undergoes the tertiary
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test based on an alignment of the programme material and the track material implied
by the secondary test stage. In the tertiary testing that alignment is extended
backwards and forwards in time from the point where the primary hit occurred by
comparing the programme and the candidate track using a database that contains
hashes along with other information to allow an accurate comparison o be made. If
the match cannot be extended satisfactorily in either direction it is discarded:;
otherwise the range of programme times over which a satisfactory match has been
found is reported (as an ‘in-point’ and an ‘out-point’), along with the identity of the
matching track and the range of track fimes that have been matched. In one
example embodiment, this forms one candidate entry on an output cue sheet.

Qutput Stage 22

[83] As mentioned earlier, one application of the audio recognition process is the
generation of a cue sheet. The result of the tertiary testing is a series of candidate
matches of the programme material against tracks in the original database. Each
match includes the programme start and end points, the identification number of the
track, the start and end point within the track, and an overall measure of the guality of
the match. If the quality of match is sufficiently high, then this match is a candidate
for entry into the cue sheet.

[84] When a new candidate cue sheet entry is found, it is compared against the
entries already in the cue sheet. If there is not a significant overlap in programme
time with an existing entry, it is added to the cue sheet. If there is a significant
overlap with another entry then the entry is displaced if its match quality is higher, and
otherwise the candidate will be discarded.

[85] When all the programme hashes have been processed, a completed cue
sheet can be output.

[86] As indicated earlier, the process that has been described is performed
automatically by one or more computer programs operating on one or more computer
systems, and can be integrated into a single process that is performed in real time, or
can be separated into one or more separate processes performed at different times
by one or more computer programs operating on one or more different computer



10

15

20

25

30

35

WO 2011/154722 PCT/GB2011/051042

18

systems. Further details of system operation are described in the following

passages.

{871 in the present example, the system as shown in Figure 5 is assumed to be a
computer server sysiem 30 that receives as an input an audio programme 32 and
outputs a cue sheet 34. The computer system includes one or more processors 42,
random access memory (RAM) 44 for programs and data and a database 46, as well
as other conventional features of a computer system, including input/output
interfaces, power supplies, etc. which are not shown in Figure 5.

The Reference Database 46

[88] The database 46 is built from a collection of source music files in a number of

stages.

[89] In an example embodiment, the database is generated by the following
processes:

1. Each source music file is converted to a plain WAV format, sampled at, for
example, 12 kHz, in stereo if possible, or mono if not, with, for example, 16 bits per
sample. Stereo audio comprising a left channel and a right channel is converted to
sum (left plus right} and difference (left minus right) channels.

2. A file (e.g., called srclist) is made containing a numbered list of the source file
names. Each line of the file can contain a unigue identifying number (a “frack ID" or
‘segment 1D7), followed by a space, foliowed by the file name.

3. Hashes are generated from the source music tracks to create a file (e.g.,
called rawseginfo) containing the hashes of the source tracks. An auxiliary file (e.g.,
called rawseginfo.aux) is generated that contains the track name information from
srclist.

4, The hashes are sorted into track |D and time order.

5. The tertiary test data is generated and indexes are made into it to form a
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mapped rawseginfo file.
6. The mapped rawseginfo file is sorted in ascending order of hash value.
7. A first cluster index (see format description below) is generated.
8. An auxiliary data file (e.g., called auxdata) is generated, the auxiliary data file

being used for displaying file names in cue sheet output.

g The various files are then assembled into the database.

For an example embodiment of the system designed to work with a database of ten
million seconds of audio, various system parameters to be discussed below are set

as follows.

- Maximum leaf size = 400
- First cluster depth = 20

[o0] It should be noted, however, that these are examples of the system
parameters only, and that different embodiments will employ different parameters.
For example, for larger databases the first cluster depth could be increased to, for
example, about 23 or 24 bits for one hundred million seconds of audio and about 26
or 27 bits for one billion seconds of audio. In the example described in more detail
below, a first cluster depth of 24 bits is assumed.

[911  In an example embodiment, in order fo keep file sizes manageable, various
data structures used are packed into bytes and bits for storage as part of the
database.

Raw Hash

[92]  In an example embodiment, a raw hash is stored as six bytes, or 48 bits. The
most significant bits are those used for the primary database look-up.
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Database Leaves and Rawseginfo

[93] Each leaf in the database contains a sequence of rawseginfo structures. A
programme to be analysed is also converted to a sequence of rawseginfo structures
before look-ups are done in the database.

[94] Each rawseginfo structure holds a raw hash along with information about
where it came from (its track ID and its position within that track, stored as four bytes
each) and a 16-byte field of secondary test information.

[9s]  When initially generated, position information is set to indicate the time of the
hash relative to the start of the track, measured in units of approximately 20
milliseconds. During the database build procedure this value is replaced by a direct
offset into the tertiary test data (the ‘mapped’ rawseginfo).

961 The rawseginfo data structures are stored sequentially in order of hash in a
flat file structure called the BFF (‘big flat file'). Each leaf is a contiguous subsection of
the BFF consisting of precisely those rawseginfo data structures whose hashes have
their first d (‘depth’) bits equal, where d is in each case chosen such that the number
of rawseginfo data structures within the leaf is no greater than the applicable
‘maximum leaf size’ system parameter. The selection of the depth value can be
performed by first dividing the BFF into leaves each with depth value set to the value
of the ‘first cluster depth’ system parameter. Then any leaf with depth value d whose
size exceeds the ‘maximum leaf size' system parameter can be divided into two
leaves, each with a depth value of d plus one; this division procedure being repeated
until no leaves remain whose size exceeds the ‘maximum leaf size’ system
parameter.

[971 Figure 6 is a schematic diagram giving an overview of the structure of the
database 46 and the look-ups associated with each hash derived from the
programme audio.

[98]  There are two levels of index into the leaves of the daiabase.

[99] As discussed above, the database 46 takes the form of a binary tree of non-
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uniform depth.

100} To simplify indexing the database, each leaf has a depth of at least the first
cluster depth parameter 62, say 24 bits. The part of the tree above a node at first
cluster depth is known as a ‘cluster’. There are 2" clusters, where F= the first cluster
depth, and each of these clusters corresponds to a contiguous section of the BFF 74,
which in turn contains a number of leaves 72.

{101] A programme hash 60 is shown at the fop left of Figure 6. A number of the
most significant bits (set by a parameter FIRSTCLUSTERDEPTH 62) are used as an
offset into a RAM-based index 66 (the first cluster index’) which contains information
about the shape of a variable-depth tree. The top level 68 of the database index 66
contains one entry per cluster. It simply points to a (variable-length) record 70 in the
second index, which contains information about that cluster. Further bits are used
from the programme hash to traverse the final few nodes of the tree formed by the
second index. In the example iliustrated, a further three bits (‘101") are taken.
Foliowing the tree structure shown in Figure 6, had the first of these bits been a zero,
a total of only two bits would have been taken. The information stored in the RAM-
based first cluster index is sufficient to find the corresponding database record for a
leaf 72 directly.

[102] Thus, the second level index describes the shape of the binary tree in a
cluster and the sizes of the leaves within it. An entry consists of the following.

(i) An offset into the BFF 74 where the data for this cluster start.

(if) An encoding of the shape of the binary tree in the cluster. This is a bit stream
with one bit for each node (interior and leaf) of the tree, considered in the order
encountered in a depth-first traversal of the tree. The bit is a zero if the node is
interior, and 1 if it is a leaf. The bit stream is padded with 0 bits to the end of the last
byte if necessary.

(i)  The size of each leaf 72 in the cluster, in the order encountered in a depth-first
traversal of the tree, encoded in a compressed form such that most sizes are
expressed in a single byte.
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[103] In the small number of cases where a cluster contains only hashes with little
entropy (i.e., where the cluster is relatively large), a special flag value can replace (i)
and (i) above, and the corresponding BFF entries are not indexed.

[104] In an example embodiment, both levels of index 66/70 are designed to fit into
RAM in the server system, allowing the contents of any database leaf to be fetched
with a singie random access to the BFF.

[105] In the BFF, along with each matching hash, further information derived from
the spectrogram is stored in a similar manner to that described earlier with respect to
the programme hashes. Since only a few hundred matches are to be considered at
the secondary test stage a distance metric can be used to determine whether there
is indeed a good match between the programme and a reference track identified in
the primary test stage. Evaluating such a metric over the whole database would be
prohibitively expensive in computation time. As indicated earlier, the threshold for this
test is set so that only a very small number of potential matches, perhaps as few as

one or two, pass.

[106] To further increase the value extracted from the single random database disk
access the secondary test information can be compressed using an appropriate
compression algorithm.

[107] The tertiary test information consists of a sequence of tertiary test data 76
structures in order of frack ID and time offset within that track. Each of these
contains a time offset (in units of approximately 20 milliseconds) from the previous
entry, stored as a single byte, and a raw hash.

(108} The database 46 includes an index 78 into the tertiary test data 76 giving the
start point of each track. This index is designed to be small enough to fit into RAM

and therefore allow any desired item of tertiary test data to be fetched with a single

random access to the database file. Data 80 defining an entry into the tertiary test
data index 76 is provided with the secondary test data 82 in the BFF 74.

{1097 In order to reduce database access times, the database is advantageously
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held on solid state disks rather than a traditional hard disks, as the random access (or
‘seek’} times for a solid stage disk are typically of the order of a hundred times faster
that a traditional hard disk. Where the database size allows, all the information can
be stored in a computer's RAM. Further, as indicated, with a variable-depth tree
structure as many bits of a hash can be taken as are required to reduce the number
of secondary tests performed below a set threshold, for example, a few hundred.

(110} Although particular example embodiments have been described above,
modifications and additions are envisaged in other embodiments.

Hash Functions

(111}  For example, the hash functions can be adapted to provided various degrees
of robustness, for example to choose the order of bits within the hash to maximise its
robustness with respect to the exact-match database look-up. Other pitch shift
invariant sources of entropy could be used with the full-scale database in addition to
the cepstral-type hash coefficients.

Database Tree

[112] In the above example, the database tree structure 70 is organised on a binary
basis. However, in other examples, the number of children of a node could be a
number other than two, and indeed, it could vary over the tree. This approach could
be used to further facilitate equalising the sizes of the leaves. As an alternative, or in
addition, a tree structure may be used where a hash can be stored for each of the
children of a node, for example for both the left and the right children of a node in a
binary free (known as a ‘spill tree’).

identification of Duplicate Tracks

[113] Optionally, one could search the track database for dupiicated sections of
music. The unique sections (which we will call ‘'segments’) would then be stored in
the database and identified as described above; a subsequent processing stage will
convert the list of recognised segments into a list of tracks. Such an approach would
involve further pre-processing, but would reduce the storage requirements of the
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database and could accelerate real-time processing.

Absolute Time Information

[114] In the above described embodiment, an absolute time for a tertiary test data
entry is determined by scanning forward to it from the start of that segment,
accumulating time deiltas. Optionally, absolute time markers could be included in a
sequence of tertiary test data entries.

Database Thinning

[115) [n order to reduce the size of the secondary test database, database thinning
can be used. This involves computing a ‘hash of a hash' to discard a fixed fraction of
hashes in a deterministic fashion. For example, to thin the database by a factor of
three, the following modifications can be employed. For each hash generated those
bits which will need to be maiched exactly in the database are considered as an
integer. If this integer is not exactly divisible.by three, the hash is discarded, that is it
does not get included in the database built from the source track material. Likewise,
if a hash that fails this criterion is encountered when processing programme material,
it is known immediately that it will not be in the database and therefore no look up
would be performed. A deterministic criterion that is a function of the bits involved in
the exact match to accept or reject hashes is used rather than simply accepting or
rejecting at random with a fixed probability, as the latter approach would have a much
greater adverse effect on the hash hit rate, especially at greater thinning ratios.

Alternative Embodiments

116} The embodiments described above are by way of example only. Alternative
embodiments can be envisaged within the spirit and scope of the claims.

[117] For example, in the example embodiments described with respect to the
Figures, the primary evaluation includes performing an exact maich of digits of a
source vector to entries in the look-up table, wherein each entry in the look-up table is
associated with a group of reference vectors. The secondary evaluation then
includes determining a degree of similarity between the source vector and each of the
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group of reference vectors to identify any reference vectors that are candidates for
matching the source media content {o the reference media content. The terliary
evaluation then involves determining a degree of similarity between one or more
further source vectors and one or more further reference vectors, the further source
veciors and the further reference vectors each being separated in time from the
source vector and the candidate reference vector, respectively. . The secondary and
{ertiary evaluations involve random accesses to the storage holding the database of
reference vectors. It is to be noted that the database of reference vectors can be of a

substantial size, for example of the order or larger than 10 terabytes.

[118] Where the processing is performed using an apparatus that is formed by a
stand-alone or networked computer system, for example a computer system with one
or more processors and shared storage, it is advantageous that the database is heid
in solid state memory devices (SSDs) to increase the processing speed and therefore
speed up the secondary and tertiary processing stages. However, such storage is
currently expensive. Processing can be performed in this manner using slower, lower
cost storage devices such as disk storage, but this can slow the recognition process,

especially where the reference database is large.

[119] Anocther alternative is to use an apparatus employing an array approach dr a
cloud approach to processing, where the processing tasks are distributed to muitiple
computer systems, for example operating as background tasks, with the results of the
cloud processing being coordinated in a host computer system.

[120] A further approach that is also envisaged in that a source database of source
vectors is generated from a source programme and then reference media of a
reference database is matched against the source database in a linear, or streamed
manner. This has the advantage that a source database of source vectors of, for
example, a day's programming from a radio station could be held in a few gigabytes
of random access memory and then the reference database could be streamed from
low cost storage, for example a disk or tape, and the process of comparison could be
performed in a low cost batch manner. Accordingly, using such an approach, a
source media database of source vectors for the source programme material (for
example from one radio programme, or an appropriate period of programming (say
one hour, a part or a whole of a day, etc,) could be generated in the manner
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described for the reference media database of reference vectors of Figure 6. The
source vectors could be stored in random access memory sorted into order of
increasing hash value, in a hash table, or in a database structure similar to the one
described for the reference media database of reference vectors of Figure 8. The
reference veciors could then be compared to the source media database by
sequentially streaming reference vectors from the reference media database (which
is much guicker than random accesses in the case of a low cost storage such as disk
or tape). This process could include a primary evaluation of performing an exact
match of digits of each reference vector against entries in the source database table,
wherein each entry in the source database table is associated with a group of source
vectors. The secondary evaluation could then include determining a degree of
similarity between the current reference vector and each of the groups of source
vectors to identify any source vectors that are candidates for matching the source
media content to the reference media content. The tertiary evaluation then could
then involve determining a degree of similarity between one or more further source
vectors and one or more further reference vectors, the further source vectors and the
further reference vectors each being separated in time from the source vector and
the candidate reference vector, respectively. The secondary evaiuations would
involve random accesses o the storage holding the database of source vectors, but
as this is relatively small, it can be held in random access memory. The tertiary
evaluations would involve accesses to the storage holding the database of source
vectors and the database of reference vectors. In one embodiment the database of
reference vectors is stored in natural order, that is, frack by track and with the vectors
stored in time order within each track. In this embodiment the lookups involved in the
tertiary evaiuations will relate to adjacent entries in the database and so sequential
accesses can be used to storage o reduce access times. In an alternative
embodiment the database of reference vectors is stored in order of increasing hash
value for the purposes of performing secondary tests, and the set of candidates for
tertiary evaluation would be collected and sorted by track number to allow sequential
accesses to be used to storage for the purposes of performing tertiary tests.
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Claims

1. An automatic recognition method for the automatic recognition of source media
content from a source signal by comparison to reference media content, the method
including:

generating a spectrogram from the source signal by applying a Fourier
transform to the source signal, the spectrogram including a plurality of columns, each
column being representative of a time slice and including a plurality of frequency bins
each representative of a respective range of frequency components for the time slice of
the source signal;

generating at least one source vector for a time slice of the source signal by
calculating ratios of magnitudes of selected frequency bins from the column for the time
slice and quantising the ratios to generate digits of a source vector, wherein generating
at least one vector for a time slice includes, for at least one selected frequency bin of a
time slice, calculating ratios of that bin and an adjacent or a near adjacent frequency
bin from the column for the time slice, and dividing the ratios into ranges to generate at
least one selected digit for each ratio;

performing a primary evaluation by exact matching of digits of first vectors to
entries in a look-up table, wherein each entry in the look-up table is associated with a
group of second vectors and wherein the number of digits of the first vectors used to
perform the exact match differs between entries in the look-up table; and

performing a secondary evaluation to determine a degree of similarity between
the first vectors and each of the group of second vectors to identify any second vectors
that are candidates for matching the source media content to the reference media
content,

wherein a database stores the look-up table and the second vectors, and

wherein the first vectors are either source vectors or reference vectors and the
second vectors are the other of the source vectors and the reference vectors, each

reference vector representing a time slice of the reference media content.

2. The method of claim 1, wherein generating at least one vector for a time slice
includes:

for at least one selected frequency bin of a time slice, calculating ratios of that
bin and an adjacent or near adjacent frequency bin from the column for the time slice;
and

dividing the ratios into ranges to generate two binary digits for each ratio.
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3. The method of claim 1 or claim 2, wherein:
the ranges differ between selected ratio bins to equalise distribution of ratio

values between ranges.

4, The method of any one of claims 1 to 3, including:

generating a said source vector using frequency bins selected from at least one
of a frequency band from 400Hz to 1100Hz and a frequency band from 1100Hz to
3000Hz.

5. The method of any one of claims 1 to 4, including generating a further source
vector for a time slice by:

generating a further spectrogram from the first signal by applying a Fourier
transform to the source signal, the further spectrogram including a plurality of columns,
each column being representative of a time slice and including a plurality of frequency
bins each representative of a respective range of frequency components for the time
slice of the first signal;

applying a further Fourier transform to the respective frequency bins from the
column for the time slice to generate a respective set of coefficients;

generating the further source vector such that, for a set of N coefficients in a
column for a time slice, for each of elements 2 to N-1 of the further source vector, an
nth element is formed by the square of the nth coefficient divided by the product of the
(n-1)th coefficient and the (n+1)th coefficient and quantising the elements of the

resulting vector to generate at least one digit for each element.

6. An automatic recognition method for the automatic recognition of source media
content from a source signal by comparison to reference media content, the method
including:

generating a spectrogram from the source signal by applying a Fourier
transform to the source signal, the spectrogram including a plurality of columns, each
column being representative of a time slice and including a plurality of frequency bins
each representative of a respective range of frequency components for the time slice of
the source signal;

generating at least one source vector for a time slice of the source signal by
calculating ratios of magnitudes of selected frequency bins from the column for the time

slice and quantising the ratios to generate digits of a source vector;
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performing a primary evaluation by exact matching of digits of first vectors to
entries in a look-up table, wherein each entry in the look-up table is associated with a
group of second vectors and wherein the number of digits of the first vectors used to
perform the exact match differs between entries in the look-up table; and
performing a secondary evaluation to determine a degree of similarity between
the first vectors and each of the group of second vectors to identify any second vectors
that are candidates for matching the source media content to the reference media
content,
wherein a database stores the look-up table and the second vectors, and
wherein the first vectors are either source vectors or reference vectors and the
second vectors are the other of the source vectors and the reference vectors, each
reference vector representing a time slice of the reference media content;
the method further including generating a further source vector for a time slice
by:
generating a further spectrogram from the first signal by applying a
Fourier transform to the source signal, the further spectrogram including a
plurality of columns, each column being representative of a time slice and
including a plurality of frequency bins each representative of a respective range
of frequency components for the time slice of the first signal;
applying a further Fourier transform to the respective frequency bins
from the column for the time slice to generate a respective set of coefficients;
generating the further source vector such that, for a set of N coefficients
in a column for a time slice, for each of elements 2 to N-1 of the further source
vector, an nth element is formed by the square of the nth coefficient divided by
the product of the (n-1)th coefficient and the (n+1)th coefficient and quantising
the elements of the resulting vector to generate at least one digit for each

element.

7. The method of any one of claims 1 to 6, wherein the source signal is an audio
signal and the frequencies of the spectrogram bins are allocated according to a

logarithmic scale.
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8. The method of any one of claims 1 to 7, wherein:

the look-up table is organised as a variable depth tree leading to leaves, the
table being indexed by the first vector;

each leaf forms an entry in the look-up table associated with a respective group
of second vectors;

the number of digits leading to each leaf is determined to equalise the size of

groups of second vectors for each leaf.

9. The method of claim 8, wherein:
the number of digits leading to each leaf forms the number of digits of the first

vector used to perform the exact match for a given leaf.

10. The method of claim 8 or claim 9, wherein each leaf of the look-up table
identifies a group of second vectors having d matching digits, wherein d corresponds to
the depth of the tree to that leaf.

11. The method of any one of claims 1 to 10, including performing the secondary
evaluation using a distance metric to determine the degree of similarity between the

first vector and each of the group of second vectors.

12. The method of any one of claims 1 to 11, including performing a tertiary
evaluation for any second vector identified as a candidate, the tertiary evaluation
including determining a degree of similarity between one or more further first vectors
and one or more further second vectors corresponding to the candidate second vector

identified in the secondary evaluation.

13. The method of claim 12, wherein the further first vectors and the further second
vectors are separated in time from the first vector and the candidate second vector,

respectively.

14, The method of any one of claims 1 to 13, wherein the source signal is a

received programme signal.

15. The method of claim 14, including generating a record of the matched media

content of the programme signal.
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16. The method of claim 15, including generating a cue sheet identifying the

matched media content.

17. The method of any one of claims 1 to 16, wherein the second vectors are the
source vectors and the apparatus is configured to generate the database from the

source vectors.

18. A computer program product including program instructions operable to carry

out the method of any one of claims 1 to 17.

19. Apparatus for carrying out the method of Claim 1 or any Claim dependent
thereon, the apparatus including:

a spectrogram generator operable to generate a spectrogram from the source
signal by applying a Fourier transform to the source signal, the spectrogram including a
plurality of columns, each column being representative of a time slice and including a
plurality of frequency bins each representative of a respective range of frequency
components for the time slice of the source signal,

a vector generator operable to generate at least one source vector for a time
slice of the source signal by calculating ratios of magnitudes of selected frequency bins
from the column for the time slice and to quantise the ratios to generate digits of a
source vector, wherein, for generating at least one vector for a time slice, the vector
generator is operable, for at least one selected frequency bin of a time slice, to
calculate a ratio of magnitudes of that bin and an adjacent or a near adjacent frequency
bin from the column for the time slice, and to divide the ratios into ranges to generate at
least one selected digit for each ratio;

a primary evaluator operable to perform a primary evaluation by performing an
exact match of digits of first vectors to entries in a look-up table, wherein each entry in
the look-up table is associated with a group of second vectors and wherein the number
of digits of the first vectors used to perform the exact match differs between entries in
the look-up table;

a secondary evaluator operable to perform a secondary evaluation to determine
a degree of similarity between the first vectors and each of the group of second vectors
to identify any second vectors that are candidates for matching the source media
content to the reference media content; and

a database comprising the look-up table and the second vectors,

wherein the first vectors are either source vectors or reference vectors and the
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second vectors are the other of the source vectors and the reference vectors, each

reference vector representing a time slice of the reference media content.

20. Apparatus for carrying out the method of Claim 6 or any Claim dependent
thereon, the apparatus including:

a spectrogram generator operable to generate a spectrogram from the source
signal by applying a Fourier transform to the source signal, the spectrogram including a
plurality of columns, each column being representative of a time slice and including a
plurality of frequency bins each representative of a respective range of frequency
components for the time slice of the source signal,;

a vector generator operable to generate at least one source vector for a time
slice of the source signal by calculating ratios of magnitudes of selected frequency bins
from the column for the time slice and to quantise the ratios to generate digits of a
source vector;

a primary evaluator operable to perform a primary evaluation by performing an
exact match of digits of first vectors to entries in a look-up table, wherein each entry in
the look-up table is associated with a group of second vectors and wherein the number
of digits of the first vectors used to perform the exact match differs between entries in
the look-up table;

a secondary evaluator operable to perform a secondary evaluation to determine
a degree of similarity between the first vectors and each of the group of second vectors
to identify any second vectors that are candidates for matching the source media
content to the reference media content; and

a database comprising the look-up table and the second vectors,

wherein the first vectors are either source vectors or reference vectors and the
second vectors are the other of the source vectors and the reference vectors, each
reference vector representing a time slice of the reference media content;

wherein, for generating a further source vector for a time slice:

the spectrogram generator is operable to generate a further spectrogram
by applying a Fourier transform to the source signal, the further spectrogram
including a plurality of columns, each column being representative of a time

slice and including a plurality of frequency bins each representative of a

respective range of frequency components for the time slice of the source signal

and to apply a further Fourier transform to the respective frequency bins from
the column for the time slice to generate a respective set of coefficients; and

the vector generator is operable to generate the further source vector
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such that, for a set of N coefficients in a column for a time slice, for each of
elements 2 to N-1 of the further source vector, an nth element is formed by the
square of the nth coefficient divided by the product of the (n-1)th coefficient and
the (n+1)th coefficient; and to quantise the elements of the resulting vector to

generate at least one digit for each element.

21. The apparatus of Claim 19 or Claim 20, further including a tertiary evaluator, the
tertiary evaluator for performing a tertiary evaluation for any second vector identified as
a candidate, the tertiary evaluator being operable to determine a degree of similarity
between one or more further first vectors and one or more further second vectors

corresponding to the candidate second vector identified in the secondary evaluation.

22. The apparatus of any one of Claims 19 to 21, the apparatus including at least
one processor and storage and computer software operable to implement the

spectrogram generator, the hash vector generator and the evaluators.
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