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(57) ABSTRACT 

The present invention provides an innovative technique for 
rapidly and accurately determining Whether tWo audio 
samples match, as Well as being immune to various kinds of 
transformations, such as playback speed variation. The rela 
tionship between the tWo audio samples is characterized by 
?rst matching certain ?ngerprint objects derived from the 
respective samples. A set (230) of ?ngerprint objects (231, 
232), each occurring at a particular location (242), is gener 
ated for each audio sample (210). Each location (242) is 
determined in dependence upon the content of the respective 
audio sample (210) and each ?ngerprint object (232) charac 
teriZes one or more local features (222) at or near the respec 
tive particular location (242). A relative value is next deter 
mined for each pair of matched ?ngerprint objects. A 
histogram of the relative values is then generated. If a statis 
tically signi?cant peak is found, the tWo audio samples can be 
characterized as substantially matching. 
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ROBUST AND INVARIANT AUDIO PATTERN 
MATCHING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is cross-referenced to and claims 
priority from PCT International Application PCT/US03/ 
12126 ?led on Apr. 18, 2003, and US. Provisional Applica 
tion No. 60/376,055 ?led on Apr. 25, 2002, Which are hereby 
incorporated by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to audio signal pro 
cessing over a large database of audio ?les. More particularly, 
it relates to an inventive technique for rapidly and accurately 
determining Whether tWo audio samples match, as Well as 
being immune to various transformations including playback 
speed variation. The inventive technique further enables 
accurate estimation of the transformations. 

DESCRIPTION OF THE BACKGROUND ART 

[0003] The need for fast and accurate automatic recogni 
tion of music and other audio signals continues to groW. 
Previously available audio recognition technology often 
traded off speed against accuracy, or noise immunity. In some 
applications, calculating a regression is necessary to estimate 
the slope of a time-time scatter-plot in the presence of 
extreme noise, Which introduced a number of di?iculties and 
loWered performance in both speed and accuracy. Previously 
existing audio recognition techniques Were therefore inca 
pable of performing fast and accurate recognition in the pres 
ence of signi?cant playback speed variation, for example, in 
recognizing a recording that is played at a speed faster than 
normal. 

[0004] Adding to the complexity of the problem is an 
increasingly popular kind of speed variation, pitch-corrected 
tempo variation, used by DJ’s at radio stations, clubs, and 
elseWhere. Currently, there is no robust and reliable technique 
that can perform fast and accurate audio recognition in spite 
of the playback speed variations and/or pitch-corrected 
tempo variations. 

SUMMARY OF THE INVENTION 

[0005] The present invention ful?lls the need in the audio 
recognition art by providing a fast and invariant method for 
characterizing the relationship betWeen tWo audio ?les. The 
inventive method is accurate even in the presence of extreme 
noise, overcoming the aforementioned draWbacks of existing 
technology. 

[0006] According to an aspect of the invention, the relation 
ship betWeen tWo audio samples can be characterized by ?rst 
matching certain ?ngerprint objects derived from the respec 
tive samples. A set of ?ngerprint objects is generated for each 
audio sample. Each ?ngerprint object occurs at a particular 
location Within the respective audio sample. Each location is 
determined in dependence upon the content of the respective 
audio sample and each ?ngerprint object characterizes one or 
more local features of the respective audio sample at or near 
the respective particular location. In one embodiment, each 
?ngerprint object is further characterized by a variant com 
ponent and an invariant component. A relative value is next 
determined for each pair of matched ?ngerprint objects. A 
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histogram of the relative values is then generated. If a statis 
tically signi?cant peak is found in the histogram, then the tWo 
audio samples can be characterized as, for example, substan 
tially matching. 

[0007] According to another aspect of the invention, the 
above-described technique can be further enhanced by pro 
viding an estimate of a global relative value With a location of 
the peak on an axis of the histogram. The global relative value, 
in turn, can be re?ned by selecting a neighborhood around the 
peak of interest and calculating an average of the relative 
values in the selected neighborhood. 

[0008] In yet another embodiment, in Which a relative play 
back speed value is determined from the peak of the histo 
gram, a compensated relative time offset value is calculated 
for each pair of matched ?ngerprint objects. Another histo 
gram is generated based on the compensated relative time 
offset values. If a statistically signi?cant peak is found in the 
second histogram, then the relationship betWeen the tWo 
audio samples can be further characterized by the peak, pro 
viding further enhancement to the accuracy of the invention. 

BRIEF DESCRIPTION OF THE FIGURES 

[0009] FIG. 1 is a spectrogram representation of an ana 
lyzed audio sample. 

[0010] FIG. 2 is an exemplary diagram shoWing ?ngerprint 
objects being generated from an audio sample in accordance 
With an aspect of the invention. 

[0011] FIG. 3 illustrates tWo audio samples being com 
pared in accordance With the principles of the present inven 
tion 

[0012] FIGS. 4A-B shoW exemplary histograms With and 
Without a statistically signi?cant peak. 

[0013] FIGS. SA-B illustrate the motion of time-frequency 
points as the playback speed varies. 

[0014] FIGS. 6A-B shoW corresponding times in a ?rst 
audio sample (sample sound) and a second audio sample 
(database sound) of matching hash tokens. The slope equals 
one When the playback speed of the sample sound is the same 
as the database sound. 

[0015] FIGS. 7A-D illustrate fast and e?icient slope ?nding 
and histogramming techniques of the present invention. 

DETAILED DESCRIPTION 

[0016] The present invention enables fast, robust, invariant, 
and scalable indexing and searching over a large database of 
audio ?les and is particularly useful for audio pattern recog 
nition applications. In some embodiments, the techniques 
disclosed herein improve and enhance the audio recognition 
system and methods disclosed in the above-referenced US. 
patent application. 

[0017] A very fast and ef?cient comparison operation 
betWeen tWo audio sample ?les is essential in building a 
commercially viable audio recognition system. According to 
an aspect of the invention, the relationship betWeen tWo audio 
samples can be characterized by ?rst matching certain ?nger 
print objects derived from a spectrogram, such as one shoWn 
in FIG. 1, of the respective audio samples. The spectrogram is 
a time-frequency representation/ analysis that is generated by 
taking samples 2*K at a time in a sliding WindoW frame and 
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computing a Fourier Transform, thereby generating K fre 
quency bins in each frame. The frames may overlap to 
improve the time resolution of the analysis. The particular 
parameters used depend on the kind of audio samples being 
processed. Preferably, discrete-time audio ?les With an 8 
kilohertz sampling rate, frames With K=512, and a stride of 64 
samples are used. 

Fingerprint Objects 

[0018] After a spectrogram of each audio sample is gener 
ated, it is scanned for local features, e.g., local energy peaks, 
as shoWn in FIG. 2. The matching process starts by extracting 
a set of ?ngerprint objects from the corresponding local fea 
tures for each audio sample. In an exemplary embodiment, 
one audio sample is an unknown sound sample to be recog 
nized and the other audio sample is a knoWn recording stored 
in a database. Each ?ngerprint object occurs at a particular 
location Within the respective audio sample. In some embodi 
ments, each ?ngerprint object is located at some time offset 
Within an audio ?le and contains a set of descriptive informa 
tion about the audio ?le near its respective time coordinate. 
That is, descriptive information contained in each ?ngerprint 
object is computed With dependency on the audio sample near 
the respective time offset. This is encoded into a small data 
structure. Preferably, the location and descriptive information 
are determined in a Way that is generally reproducible even in 
the presence of noise, distortion, and other transformations 
such as varying playback speed. In this case, each location is 
determined in dependence upon the content of the respective 
audio sample and each ?ngerprint object characterizes one or 
more local features of the respective audio sample at or near 
the respective particular location, e. g., location (tl,f1) or (t2, 
f2) as shoWn in FIG. 1. 

[0019] In an exemplary embodiment, each ?ngerprint 
object is characterized by its location, a variant component, 
and an invariant component. Each local feature is a spectro 
gram peak and each frequency value is determined from a 
frequency coordinate of a corresponding spectrogram peak. 
The peaks are determined by searching in the vicinity of each 
time-frequency coordinate and selecting the points that have 
a greater magnitude value than its neighbors. More speci? 
cally, as shoWn in FIG. 2, an audio sample 210 is analyzed 
into a spectrogram representation 220 With regions 221 and 
222 of high energy shoWn. Information related to local energy 
regions 221 and 222 is extracted and summarized into a list 
230 of ?ngerprint objects 231, 232, etc. Each ?ngerprint 
object optionally includes a location ?eld 242, a variant com 
ponent 252, and an invariant component 262. Preferably, a 
neighborhood is selected such that each chosen point is the 
maxima Within a 21x21 unit block centered around thereof. 
Readers are referred to the above-referenced US. patent 
application for more discussion on neighborhoods and point 
selection. Next, a relative value is determined for each pair of 
matched ?ngerprint objects. In some embodiments, the rela 
tive value is a quotient or difference of logarithm of paramet 
ric values of the respective audio samples. A histogram of the 
relative values is then generated. If a statistically signi?cant 
peak is found in the histogram, then the tWo audio samples 
can be characterized as substantially matching. 

[0020] Referring to FIG. 3, ?ngerprint object lists 310 and 
320 are respectively prepared as described above for audio 
samples 1 and 2, respectively. Respective ?ngerprint objects 
311 and 322 from each list are compared. Matching ?nger 
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print objects are paired, e. g., using respective invariant com 
ponents Inv and Inv' in step 351, and put into a list in step 352. 
Relative values are computed for each matched pair in step 
353. Next, in step 354, a histogram of relative values is gen 
erated. The histogram is searched for a statistically signi?cant 
peak in step 355. If none is found in step 356, then the audio 
samples 1 and 2 do not match, e.g., histogram 410 ofFIG. 4A. 
Alternatively, if a statistically signi?cant peak is detected, 
then the audio samples 1 and 2 match, e. g., histogram 420 of 
FIG. 4B. 

[0021] The above-described technique can be further 
enhanced by providing an estimate of a global relative value 
R With a location of the peak on an axis of the histogram, as 
illustrated in step 361. In some embodiments, R canbe re?ned 
by ?rst selecting a neighborhood around the peak of interest. 
In FIG. 1, this is shoWn as an area of interest 110 around a 
particular location (tl,f1). Next, an average of the relative 
values in the selected neighborhood is calculated. The aver 
age may be a Weighted average calculated With number of 
points at each relative value in the selected neighborhood. In 
some embodiments, R can be further re?ned to generate a 
relative time offset value t'—R*t for each matched pair. Steps 
362-364 shoW that, With these relative time offset values, a 
second histogram is generated, alloWing a compensated time 
offset to be calculated. 

[0022] Other kinds of time-frequency analyses may be 
implemented for extracting ?ngerprint objects, e.g., the 
Wigner-Ville distribution or Wavelets. Also, instead of spec 
trogram peaks, other features, e.g., cepstral coe?icients, can 
be used. Further, super-resolution techniques could be used to 
obtain ?ner frequency and time estimates of the time-fre 
quency coordinates provided by the spectrogram peaks. For 
example, parabolic interpolation on frequency bins could be 
used to increase the frequency resolution. Related exemplary 
teachings can be found in “PARSHL: AnAnalysis/ Synthesis 
Program for Non-Harmonic Sounds Based on a Sinusoidal 
Representation”, Julius O. Smith III and Xavier Serra, Pro 
ceedings of the International Computer Music Conference 
(ICMC-87, Tokyo), Computer Music Association, 1987, and 
in “Modem Spectral Estimation: Theory andApplication,” by 
Steven M. Kay (January 1988) Prentice Hall, both of Which 
are incorporated herein by reference. 

Matching 

[0023] In a matching operation, tWo audio samples are 
compared via their respective ?ngerprint objects. As dis 
cussed before With reference to FIG. 3, pairs of matched 
?ngerprint objects are generated, each pair containing sub 
stantially matching components. One Way of preparing the 
data to alloW for fast searching is to encode the ?ngerprint 
objects into numeric tokens, such as 32-bit unsigned integers, 
and using the numeric tokens as a key for sorting and search 
ing. Techniques for e?icient data manipulation are Well 
knoWn in the art, for example, “Art of Computer Program 
ming, Volume 3: Sorting and Searching (2nd Edition),” by 
Donald Ervin Knuth (April 1998) Addison-Wesley, Which is 
incorporated herein by reference. 

[0024] In an exemplary embodiment, each ?ngerprint 
object contains an invariant component and a variant compo 
nent. The invariant component refers to the ratios of fre 
quency values corresponding to spectral peaks, as Well as 
ratios of delta time (i.e., time difference) values betWeen 
spectral peaks are invariant under time stretch. For example, 
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referring to FIGS. 5A and 5B, if an audio sample’s spectro 
gram has some local spectral peaks With coordinates (tl,fl), 
(t2,f2), and (t3,f3) then an invariant for tWo points is f2/fl, i.e., 
f2'/fl'=f2/fl. Additional invariants for 3 points are given by 
f3/fl, (t3—tl)/(t2—tl), or (t3—t2)/(t2—tl), or any other combi 
nation created by permuting the points and/or computing 
functions of these quantities or combinations of these quan 
tities. For example, f2/f3 couldbe created by dividing f2/ fl by 
f3/fl. Furthermore, if the audio sample is linearly stretched, 
such as simply being played back faster, then additionally 
frequency and delta time enjoy a reciprocal relationship, so 
that quantities such as fl*(t2—tl) are also invariant. Loga 
rithms of these quantities may be used, substituting addition 
and subtraction for multiplication and division. To discover 
both the frequency and time stretch ratios, assuming they are 
independent, it is necessary to have both a frequency variant 
and a time variant quantity. 

[0025] To make matching ef?cient, We use the invariant 
part to index the ?ngerprints and use approximate or exact 
values to search. Searching using approximate matches 
alloWs for some extra robustness against distortions and 
rounding error, but incurs more cost if the search over the 
invariant components becomes a multidimensional range 
search. In the preferred embodiment, the invariant component 
of respective ?ngerprint objects is required to match exactly, 
thus yielding a system that is very fast, With a minor tradeoff 
against sensitivity of recognition in the presence of noise. It is 
important to note that this method Works Well even if only a 
minority of ?ngerprint objects in corresponding audio 
samples match correctly. In the histogram peak detection 
step, a peak may be statistically signi?cant even if as feW as 
l-2% of the ?ngerprint objects are correctly matched and 
survive. 

[0026] The variant component can also be used to narroW 
doWn the number of matching ?ngerprint objects, in addition 
to, or instead of the invariant component. For example, We 
could require that a variant component V from the ?rst audio 
sample match a corresponding V' from the second audio 
sample Within +/—20%. In that case, We can form a represen 
tation of the numeric tokens such that the upper portion (e.g., 
most signi?cant bits) contains the invariant components, and 
the loWer portion (e. g., least signi?cant bits) contains the 
variant components. Then, searching for an approximate 
match becomes a range search over the tokens composed 
using the loWest and highest values of the variant component. 
The use of an invariant component in matching is thus not 
strictly necessary if searching is done using a variant compo 
nent. HoWever, using an invariant component in the matching 
process is recommended since it helps to reduce the number 
of spurious matches, thus streamlining the histogramming 
process and reducing the amount of processing overhead. 

[0027] On the other hand, the novel variant component 
itself may or may not be a part of the matching criteria 
betWeen tWo ?ngerprint objects. The variant component rep 
resents a value that may be distorted by some simple para 
metric transformation going from an original recording to a 
sampled recording. For example, frequency variant compo 
nents, such as fl, f2, f3, and time variant components such as 
(t2-tl), (t3-tl), or (t3-t2) may be chosen as variant compo 
nents for playback speed variation. Suppose a second audio 
sample, say a matching rendition from a database, had a 
spectrogram With coordinates (tl',fl'), (t2',f2'), and (t3',f3'), 
corresponding to the same points listed above for the ?rst 

Oct. 22, 2009 

audio sample. Then the frequency component fl' could have 
a scaled value fl'=Rf*fl, Where Rf is a linear stretch param 
eter describing hoW much faster or sloWer the ?rst sample 
recording Was compared to the second. The variant compo 
nent from each of the tWo matching audio samples can be 
used to calculate an estimate of the global stretch value, Which 
describes a macroscopic parameter, by calculating the ratio 
betWeen the tWo frequency values, Rf=fl'/fl. This gives the 
relative pitch ratio of the tWo matched time-frequency points; 
for example, Rf=2 means that the ?rst audio sample has half 
the pitch (frequency) of the second. Another possibility is to 
use Rt=(t2'—tl ')/(t2—tl). In this case, the relative value R is the 
relative playback speed ratio, i.e., Rt=2 means that the ?rst 
audio sample is playing back tWice as fast as the second audio 
sample. 
[0028] If Rf=l/Rt, i.e., f‘/f=(t2—tl)/(t2'—tl'), then the tWo 
audio samples are related by a linear time stretch, due to the 
reciprocal time-frequency relationship for such audio 
samples. In this case, We can ?rst use the histogramming 
method disclosed herein to form an estimate Rf of the relative 
frequency ratio using corresponding variant frequency com 
ponents, and again to form an estimate of Rt of the relative 
playback speed, then perform a comparison to detect Whether 
the playback relationship is linear or nonlinear. 

[0029] In general, a relative value is calculated from 
matched ?ngerprint objects using corresponding variant 
components from the ?rst and second audio samples. The 
relative value could be a simple ratio of frequencies or delta 
times, or some other function that results in an estimate of a 
global parameter used to describe the mapping betWeen the 
?rst and second audio sample. But generally, any 2-input 
function F( ) may be used, eg R=F(vl ,vl'), Where v1 and v1‘ 
are respective variant quantities. It is best if F( ) is a continu 
ous function so that small errors in measuring v1 and v1‘ 
result in small errors in the output R. 

Histogramming 
[0030] As described herein, a histogram is generated over 
the set of relative values calculated from the list of matching 
pairs of ?ngerprint objects. The histogram is then searched 
for a peak. The presence of a statistically signi?cant peak in 
the histogram indicates that a possible match has occurred. 
This method particularly searches for a cluster in the histo 
gram of relative values instead of differences of time offsets, 
such as (tl'—tl ). According to a principle of the present inven 
tion, a histogram serves to form bins of count values, each bin 
corresponding to a particular value along the independent 
axis of the histogram. For the purpose of this invention, gen 
erating a histogram may be accomplished by simply sorting 
the list of relative values. Therefore, a fast and ef?cient Way of 
detecting the peak of a histogram of a list of values is to sort 
the list in ascending order, then scan for the largest clump of 
items having the same or similar values. 

Statistical Signi?cance 
[0031] As discussed herein, With the present invention, tWo 
audio samples can be correctly matched even if only as feW as 
2% of the ?ngerprint objects survive all the distortions and are 
correctly matched. This is possible by scoring the comparison 
betWeen the tWo audio samples. Speci?cally, a neighborhood 
is chosen around the peak of the histogram and all the match 
ing pairs falling into the neighborhood are counted, giving the 
score. Additionally, a Weighted score may be computed, dis 
counting the contribution of pairs that are farther from the 
center of the peak. 
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[0032] One Way to estimate the cutoff criterion is to assume 
that the probability distribution of the score of a non-match 
ing track falls off With an exponential tail. The model is 
applied to the actual measured distribution of scores of non 
matching tracks. Next the cumulative probability distribution 
of the highest score over a database of N tracks (e.g., taken as 
the Nth poWer of the cumulative probability distribution of a 
single non-matching score) is calculated. Once the probabil 
ity curve is knoWn and a maximum level of false positives is 
chosen (e.g., 0.5%), then a numeric threshold can be chosen 
and used to determine Whether the histogram peak has a 
statistically signi?cant number of matching pairs. 

Hyper?ne Estimation 

[0033] Once a statistically signi?cant histogram peak is 
found, a high-resolution “hyper?ne” estimate of the global 
relative value (such as relative playback speed) may be com 
puted. This is accomplished by choosing a neighborhood 
around the peak, e.g., including an interval about 3 or 5 bins 
Wide centered on the peak histogram bin, and calculating an 
average of the relative values in the neighborhood. Using this 
technique, We can ?nd relative playback speed accurate to 
Within 0.05%. With offset derivation disclosed herein, the 
global time offset may be estimated With better than 1 milli 
second accuracy, Which is ?ner than the time resolution of the 
spectrogram frames discussed above. 

Robust Regression 

[0034] As discussed in the above-referenced US. patent 
application, in the case that the samples actually matched, a 
diagonal line could be seen in a scatterplot Where matching 
samples have the corresponding time coordinates (t',t) of 
matching ?ngerprint objects plotted against each other, as 
shoWn in FIG. 6A. The challenge is to ?nd the equation of the 
regressor, Which is determined by the slope and offset of the 
line, in the presence of a high amount of noise. The slope 
indicates the relative playback speed, and the offset is the 
relative offset from the beginning of one audio sample to the 
beginning of the second. Conventional regression techniques, 
such as least-mean square ?tting, are available, for example, 
“Numerical Recipes in C: The Art of Scienti?c Computing 
(2nd Edition),” by William H. Press, Brian P. Flannery, Saul 
A. Teukolsky, and William T. Vetterling (January 1993), 
Cambridge University Press, Which is incorporated herein by 
reference. Unfortunately, these conventional techniques suf 
fer from disproportionate sensitivity, Wherein a single far 
outlier can drastically skeW the estimated regression param 
eters. In practice, points are often dominated by outliers, 
making it very dif?cult to detect the correct diagonal line. 
Other techniques for robust regression can be used to over 
come the outlier problem to ?nd a linear relation among 
points in the presence of noise, but these tend to be sloW and 
iterative and have the possibility of getting stuck in a local 
optimum. A Wide variety of techniques exist in the literature 
for ?nding an unknoWn linear regressor. The Matlab toolkit, 
available from The MathWorks and incorporated herein by 
reference, contains a variety of softWare routines for regres 
sion analysis. 

[0035] The present invention provides an inventive method 
of estimating the relative playback speed (or, equivalently, the 
reciprocal of the relative pitch, in the case of a linearplayback 
relationship) that solves the problem of ?nding a regression 
line in the time-time scatterplot even if the slope of the match 
does not equal to one, e.g., FIG. 6B. The use of the histogram 
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of local relative playback speeds, as disclosed herein, takes 
advantage of information not previously considered and pro 
vides an unexpected advantage of quickly and e?iciently 
solving the regression problem. 

[0036] To ?nd the offset, assume that the corresponding 
time points have the relation 

Where Rt is obtained as discussed before. This is the compen 
sated time offset and serves to normalize the time coordinate 
systems betWeen the tWo audio samples. This can also be seen 
as a shear transformation on the time-time scatterplot that 
makes the diagonal line of unknoWn slope in FIG. 7A vertical 
in FIG. 7C. Histogram 720 of FIG. 7B illustrates a peak of 
accumulated relative playback speed ratios indicating the 
global relative playback speed ratio R. NeW relative values 
are then given by the offset formula, and a neW histogram 740 
is generated, as seen in FIG. 7D. The peak of the neW histo 
gram 740 gives an estimate of the global offset, Which can be 
sharpened by using an average of the values in the peak’s 
neighborhood, as described above. 

[0037] In summary, the ?rst histogramming stage provides 
a Way to estimate the relative playback speed, as Well deter 
mining Whether a match exists. The second histogramming 
stage ensures that the candidate matching audio samples have 
a signi?cant number of ?ngerprint objects that are also tem 
porally aligned. The second histogramming stage also serves 
as a second independent screening criterion and helps to 
loWer the probability of false positives, thus providing a 
stronger criterion for deciding Whether tWo audio samples 
match. The second histogramming stage may be optionally 
performed only if there is a statistically signi?cant peak in the 
?rst histogram, thus saving computational resource and 
effort. A further optimiZation may be optionally performed, 
e. g., to reduce computational clutter, instead of computing the 
second histogram over all the pairs of matched ?ngerprint 
objects in the list, the second histogram can be generated 
using only the matching pairs corresponding to the ?rst his 
togram peak. 

Synchronization of Multiple Recordings 

[0038] The present invention may be implemented for cue 
ing and time alignment of unsynchroniZed audio recordings. 
For example, suppose a DAT recorder and a cassette recorder 
Were operated independently With different microphones at 
slightly different locations or environments. If it is later 
desired to combine the tWo recordings from respective 
recorders into one mix, the tWo tracks may be synchroniZed 
using the robust regression technique described herein to 
obtain the time offset. As such, even if the unsynchroniZed 
recorders operate at slightly different speeds, the relative 
speed can be determined With a high degree of accuracy, 
alloWing one recording be compensated With reference to 
another. This is especially useful if it is found that one of the 
recordings has become corrupted and needs to be supple 
mented from another source. The time alignment and syn 
chroniZation as described herein thus alloW for transparent 
mixing. 

Database Search 

[0039] Since the comparison method is extremely fast, it is 
possible to pre-process a large database of audio samples into 
respective lists of ?ngerprint objects. As one skilled in the art 
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would appreciate, an unknown audio sample may therefore 
be pre-processed into its own respective list of ?ngerprint 
objects using currently available data processing techniques. 
The above described matching, histogramming, and peak 
detection techniques can then be carried out using the pre 
processed ?ngerprint objects in the database to ?nd a match. 

[0040] Although the present invention and its advantages 
have been described in detail, it should be understood that the 
present invention is not limited to or de?ned by what is shown 
or discussed herein. In particular, drawings and description 
disclosed herein illustrate technologies related to the inven 
tion, show examples of the invention, and provide examples 
of using the invention and are not to be construed as limiting 
the present invention. Known methods, techniques, or sys 
tems may be discussed without giving details, so to avoid 
obscuring the principles of the invention. As it will be appre 
ciated by one of ordinary skill in the art, the present invention 
can be implemented, modi?ed, or otherwise altered without 
departing from the principles and spirit of the present inven 
tion. For example, methods, techniques, and steps described 
herein can be implemented or otherwise realiZed in a form of 
computer-executable instructions embodied in a computer 
readable medium. Alternatively, the present invention can be 
implemented in a computer system having a client and a 
server. The client sends information, e.g., ?ngerprint objects, 
necessary for the characteriZation of the relationship between 
the ?rst and second audio samples to the server where the 
characterization is performed. Accordingly, the scope of the 
invention should be determined by the following claims and 
their legal equivalents. 

What is claimed is: 
1. A method of characterizing a relationship between a ?rst 

and a second audio samples, comprising the steps of: 

generating a ?rst set of ?ngerprint objects for the ?rst audio 
sample, each ?ngerprint object occurring at a respective 
location within the ?rst audio sample, the respective 
location being determined in dependence upon the con 
tent of the ?rst audio sample, and each ?ngerprint object 
characterising one or more features of the ?rst audio 
sample at or near each respective location; 

generating a second set of ?ngerprint objects for the second 
audio sample, each ?ngerprint object occurring at a 
respective location within the second audio sample, the 
respective location being determined in dependence 
upon the content of the second audio sample, and each 
?ngerprint object characterising one or more features of 
the second audio sample at or near each respective loca 
tion; 

pairing ?ngerprint objects by matching a ?rst ?ngerprint 
object from the ?rst audio sample with a second ?nger 
print object from the second audio sample that is sub 
stantially similar to the ?rst ?ngerprint object; 

generating, based on the pairing step, a list of pairs of 
matched ?ngerprint objects; 

determining a relative value for each pair of matched ?n 
gerprint objects; 

generating a histogram of the relative values; and 

searching for a statistically signi?cant peak in the histo 
gram, the peak characterizing the relationship between 
the ?rst and second audio samples. 
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2. The method according to claim 1 in which the relation 
ship between the ?rst and second audio samples is character 
iZed as substantially matching if a statistically signi?cant 
peak is found. 

3. The method according to claim 1 or 2, further compris 
ing the step of estimating a global relative value with a loca 
tion of the peak on an axis of the histogram, the global relative 
value further characteriZing the relationship between the ?rst 
and second audio samples. 

4. The method according to claim 3, further comprising the 
step of determining a hyper?ne estimate of the global relative 
value, wherein the step of determining comprises: 

selecting a neighbourhood around the peak, and 

calculating an average of the relative values in the neigh 
bourhood. 

5. The method according to claim 1 in which each ?nger 
print object has an invariant component, and the ?rst and 
second ?ngerprint objects in each pair of matched ?ngerprint 
objects have matching invariant components. 

6. The method according to claim 5 in which the invariant 
component is generated using at least one of: 

(i) a ratio between a ?rst and a second frequency values, 
each frequency value being respectively determined 
from a ?rst and a second local features near the respec 
tive location of each ?ngerprint object; 

(ii) a product between a frequency value and a delta time 
value, the frequency value being determined from a ?rst 
local feature, and the delta time value being determined 
between the ?rst local feature and a second local feature 
near the respective location of each ?ngerprint object; 
and 

(iii) a ratio between a ?rst and a second delta time values, 
the ?rst delta time value being determined from a ?rst 
and a second local features, the second delta time value 
being determined from the ?rst and a third local features, 
each local feature being near the respective location of 
each ?ngerprint object. 

7. The method according to claim 6 in which each local 
feature is a spectrogram peak and each frequency value is 
determined from a frequency coordinate of a corresponding 
spectrogram peak. 

8. The method according to claim 1 or 5 in which each 
?ngerprint object has a variant component, and the relative 
value of each pair of matched ?ngerprint objects is deter 
mined using respective variant components of the ?rst and 
second ?ngerprint objects. 

9. The method according to claim 8 in which the variant 
component is a frequency value determined from a local 
feature near the respective location of each ?ngerprint object 
such that the relative value of a pair of matched ?ngerprint 
objects being characteriZed as a ratio of respective frequency 
values of the ?rst and second ?ngerprint objects and the peak 
in the histogram characteriZing the relationship between the 
?rst and second audio samples being characteriZed as a rela 
tive pitch, or, in case of linear stretch, a relative playback 
speed. 

10. The method according to claim 9, wherein the ratio of 
respective frequency values is characteriZed as being either a 
division or a difference of logarithms. 

11. The method according to claim 9, in which each local 
feature is a spectrogram peak and each frequency value is 
determined from a frequency coordinate of a corresponding 
spectrogram peak. 
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12. The method according to claim 8, in Which the variant 
component is a delta time value determined from a ?rst and a 
second local features near the respective location of each 
?ngerprint object such that the relative value of a pair of 
matched ?ngerprint objects being characterized as a ratio of 
respective variant delta time values and the peak in the histo 
gram characterizing the relationship betWeen the ?rst and 
second audio samples being characterized as a relative play 
back speed, or, in case of linear stretch, a relative pitch. 

13. The method according to claim 12, Wherein the ratio of 
respective variant delta time values is characterized as being 
either a division or a difference of logarithms. 

14. The method according to claim 12, in Which each local 
feature is a spectrogram peak and each frequency value is 
determined from a frequency coordinate of a corresponding 
spectrogram peak. 

15. The method according to claim 8, further comprising 
the steps of: 

determining a relative pitch for the ?rst and second audio 
samples using the respective variant components, 
Wherein each variant component is a frequency value 
determined from a local feature near the respective loca 
tion of each ?ngerprint object; 

determining a relative playback speed for the ?rst and 
second audio samples using the respective variant com 
ponents, Wherein each variant component is a delta time 
value determined from a ?rst and a second local features 
near the respective location of each ?ngerprint object; 
and 
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detecting if the relative pitch and a reciprocal of the relative 
playback speed are substantially different, in Which case 
the relationship betWeen the ?rst and second audio 
samples is characterized as nonlinear. 

16. The method according to claim 1, Wherein R is a rela 
tive playback speed value determined from the peak of the 
histogram of the relative values, further comprising the steps 
of: 

for each pair of matched ?ngerprint objects in the list, 
determining a compensated relative time offset value, 
t-R*t', Where t and t' are locations in time With respect to 
the ?rst and second ?ngerprint objects; 

generating a second histogram of the compensated relative 
time offset values; and 

searching for a statistically signi?cant peak in the second 
histogram of the compensated relative time offset val 
ues, the peak further characterizing the relationship 
betWeen the ?rst and second audio samples. 

17. A computer program product for performing a method 
according to any preceding claim. 

18. A computer system for performing a method according 
to any one of claims 1 to 16, the computer system comprising 
a client for sending information necessary for the character 
ization of the relationship betWeen the ?rst and second audio 
samples to a server that performs the characterization. 

* * * * * 


