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ABSTRACT

A method is described, with which two stable sinusoids can be represented with asingle sinusoid with time-
varying parameters and in some @nditions approximated with a stable sinusoid. The method is utilized in an
iterative sinusoidal analysisalgorithm, which combines the ammponents obtained in different iteration steps
using described the method. The proposed agorithm improvesthe qudity of the andysis a the expense of an

increased number of components.

INTRODUCTION

Sinusoidadl modeling is a powerful parametric representation for
audo sgnds It represents the periodic components of a sgnal
with snusoids with timevarying frequencies amplitudes and
phases. The parameters are updated from frame to frame, and
snuidal andydsagaithmsare usudly frame-based, too.

In poyphonic, red-world dSgnds the dendty of gnusoidd
components can be very high. Al the snuids are usudly na
dable, which makes it difficult to edimae their parameters
accurately.

There are omplex dgarithms, which do the adyss in only one
pass, and iterative methads that try to get a better etimation of the
parameters in each iteration, for example [1]. Because of errors and
inaccurecies in the snuwidd andyss there might be some
harmonic components left in the residual. One approach to correct
this phenomenom is to detect snusoids iteratively from the
resdual. There ae dgorithms, which detect only one snusoid a
time, synthesze it, and then remove from the resdua, for example
[2]. Our sydem detects ®veral snuwids at each pass therefore
requiring orly two or three iteraions.

ITERATIVE ANALYSIS

The snusoids that are not detected are left in the reddual. If the
parameters of the detected snusoids are inaccurate, there remain
snuids in the resdual, the frequencies of which are dose to the
original ones.

A naura approach to remove the snusoids from the resdud is to
analyze the resdua iteratively with the same analyss dgarithms
If the snusoids obtained from the reddual are combined with the
trajectories obtained from the origind dgnal, a snusid which
parameters were inaccurate becmes presented with two o more
snuids. Normally, this is an undesrable stuation. The proposed
method combines the snusoids obtained in different iterations
therefore reducing the tota number of the parameters

The block diagram of the sysem is illugtrated in Figure 1. In the
firg iteration, the input dgna is andyzed usng a nwentiond
snupidal analyss gstem. This block can itsdf be very complex,
but badcdly any snusidal andyss ysem cen be used. In our
experiments, Snusoidal likeness meaaure was used to detect the
meaningful dnusoidal pesks [3]. The frequency resolution was
improved usng quadratic interpolation [4]. The amplitudes and
phases are obtained usng ron-iteratively the leagt-squares lution
proposed in [1]. The pe&ks are tracked into trgectories by
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Figure 1: Block diagram of theiterative analysis system.

gynthesizing the possble @ntinuations and comparing them to the
original dgnal. The trgectories are filtered usng the methods
presented in [5]. The obtained trgectories are then syntheszed and
subtraded from the origindl sgnal in time domain to dbtain the
residual.

In the following iterations the resduds are adyzed with the
same dnuoidd andyss dgaithms The parameters of the
analyss, for example the sendtivity in the pesk detection, can be
vaied from iteration to iteration The snusidal trajectories
obtained in dfferent iterations are fused together using the
methods proposed in the next section. Udng the trgjectories
obtaired in the firgt iteration and the remaining errors obtained in
the following iterations, the parameters of the underlying snusoids
can be etimated. Again, the @mbined snupids are synthedzed
and the iteration continues. The iterative procedure can be repeated
as long as desired. For example, the iteration can be sopped if no
dgnificant harmonic components are found from the resdud. In
our analyss ystem, two iterationswas found to be quite enough.

The iterative dgarithm is computationdly expendve, snce eah
iteration requires one pass of a mnventiond analyss, and synthesis
of the dnusoids too. Compared to the andlyss and syntess the
fuson d snusidsis computatiordly cheap.

FUSION OF TWO SINUSOIDS

Representation of Two Sinusoids with a Single Sinusoid
and Time-varying Parameters
Let us have two dnusoids the amplitudes frequencies and phases
of which are ay, a,, w;, W2, ¢, and ¢,, respectively. The sum of the
snuoidsa timet isdenated by x(t):

X(t) = a sin(yt + ;) +a, sin(yt +¢,) @
Using the basc trigonometric formulas this can be converted into a

form where the two terms have eual frequencies and time-varying
amplitudes

X(t) =siné(m2 “*)1)[2’“4’2 -9, Eaz —al)cos%(mz +‘*)1)[2+¢2 +0, E,
CO%(‘*)Z “*)1)[2’“4’2 ~$ Eaz +a1)siné(m2 +‘*’1)2+¢2 +9; E
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The sre and cosne of equd frequency can be combined into a
snde term, the amplitude and phase of which are time-varying:

X(t) = a3(t)sin ((.02 +"0_L)2+¢2 +¢1 +¢3(t)é’

where

ay(t) = /a2 +a2 + 23,3, COS((3; ~ @)t + b, ~ 6,) @

and

da(t) = arctar%a (0 = wl)t; 02 =% % 9, 3

where @rrection teem 0 takes the negative amplitudes into
accourt:

e_%‘[ E<Mmod2<3_n
= 2 2 2

B otherwise

©

By teking a derivative of the phase we @n represent the time-
varying phase with an initid phese ¢3(0) plus a time-varying

integral of the frequency ws(t) :

$3(0) = arcta%a%%e, (5)
_d
ws(t) = dt<I>3(t)

l+tanzé(w2 —w)t+dr -9y E
_ 2 E‘A’z -0y E(az )
2

1+ tan® E(mz o)ty —¢ E(az - al)z (az +ay)
2 (ap +ay)

()

Now we can represent the original sgnal X(t) with a single snusoid
with time-varying amplitude and frequency:

B(ooz o)ty g

X(t) = ag(t)sin >

. H
Iwg(u)duwg(om @
g H

Approximation with Constant Parameters

In the snuwmidd model, the parameters are a&umed condant
indgde a frame. In certain conditions, the derived time-varying
parameters can be goproximated with corgtant values The
condtionsin our iterative sysem are:

1. Timet is near zero. This means tha the gproximated
vdues are vaid oy in a andl time frame The
parameters of the snuidal modd are updated from
frame to frame, 0 this condtion is fufilled. The
shorter thetime frameis, the better.

2. The frequencies are dose to each dher. When
condtions 1 and 2 hold, term (w, —w;)t in the
equations 2 and 3 becomes neglible.
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3. The amplitude ewvelope of the sum of the two snusoids
does nat have a locd maximum or minimum insde the
time frame. This depends on the phases and frequencies
of the original dnusids The ndition is fulfilled if

0< (60 —))T +E&>2 0, +g§”nodns 10, T being the
length o the frame.

4. The raio o the amplitudes &, and &, is large. This
happens in stuaions where the fird dnuid is
obtained on the firg analyss pass and the second one
is the aror remaining from the fire ore If this

al)g is near
1)

If these onditions are fulfilled, the snusoid with time-varying
parameters can be gproximated with a snusoid with congant
parameters

condtion is fulfilled, the term

unity.

x(t) = a, sin(@,t +b,) (C)

where ongants a,, w, and ¢, are parameters of the new snusoid
which replacesthe old ones. The gpproximationsare:

8, = a2 +a3 + 2,3, c0s0; ~0) ©
@, = W3y +Wya)
al + a2
(10)
and
bn =amtar§ar%¢2 ~ % 32_31%'%_% +0. (11)
2 fa,+ta 2

An example of the gproximation is illusrated in Figure 2. In
gynthess, the parameters of the snusoids are interpolated from
frame to frame. Therefore, it is difficult to meaure the validity of
the gproximation in a dnge time frame. The amplitudes are
interpolated linearly, and if there is no locd maxima or minima

15
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Figure 2: An example of thefusion of two sinusoids. In the upper
plot the dashed lineisa sum of two snusoids, the frequencies
and of which are 500 and 20 Hz and the amplitudes 1 and 03.
The solid lineisthe result of the gpproximation. In the lower plot
isill ustrated the eror between thetwo originad snusoidsand the
one gpproximated snoid.

ACCURATE SINUSOIDAL ANALYSIS

between the frames the interpolation should work wel. The linear
interpolation of the amplitude envelope of a aum of two sSnusids
is illusrated in Figure 3. It can be seen clealy that nea zero the
approximaionisbetter.

In practise, the condtion 3 sets the maximum for the difference
between the frequencies. The amaller the time frame, the larger the
difference can be.

Fusion of Sinusoidal Trajectories

In the snusoidd model, the harmonic comporents are represented
with trajectories that consst of spedral pe&ks in succesice time
frames. Each trgjectory has an orset and dfset time, which define
the range in which the trgjedory exists In the parameter fuson the
am is to combine two closely paced trgectories. For dl trgectory
pars that overlap each other in time, the individua pesks are
examined if they fulfil the cnditions required for the fuson. In
pradise, the mog important condition is the dosenes of the
frequencies.

If dl the peaks of the two trgectories that overlgp with each aher
fufil the ondtions, new parameters are etimated using the
appromations presented above. The old trgjectories are replaced
with the new ore. In practise, na dl the pesks have to fulfil dl the
condtionsif the trgectories otherwise match well with each other.

EXPERIMENTAL RESULTS

In complex red-world d€grds the dendty of snusoidd
components can be very high, and there are no dbvious numerica
ways to measure the performance of a sSnusoidsthoise adyss
sysgem. Therefore the performance of the andyss agorithms was
sudied by caculaing some datigics from analyss and synthess
results obtained for a st of musc samples and for a generated test
sgnd.

The same dnusidal analyss sysem described in the previous
chapter was used for the iterative and non-iterative dgorithms. In
iterative andyds two iterations were used, 0 the resdua was
analysed orly once

Comparison Using a Generated Test Signal

The tet sgrd introduces phenomena usually encountered in
muscd dgnas different kinds of changes in amplitude ad
frequency, harmonic sounds composed o snusoids thet overlep

amplitude
N

amplitude
-

06 7 1 06

04t 7 B 0.4

0.2 1 0.2

0 0
0 0.01 0.02 0.03 0 0.01 0.02 0.03

time/s time/s
Figure 3: Linea interpolation of the anplitude envelope of a
sum of two sinusoids. The solid lineis the original amplitude
envelope and the dashed lineislinear approximation. In the
left plot the amplit ude envelope has no local extreme values
the gpproximation isvalid. In right plot thereisalocd
maximum so the approximation isnot valid.
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Table 1. Description of the generated test signal.

Section Signal  dexcription. Amplitude is unity (0 dB)

unl ess otherwise sated.

1 Steble dnumids at different  frequencies ore
snuid at atime.

2 Frequency sweep of a snusoid from 20 Hz to 10
kHz. The speed o the sweep was exponential on
frequency scae.

3 Singe snusoid the amplitude of which fades
exporentidly from 0 dB to-40 dB

4 Mix of snusoids with different amplitude and

frequency modulations (tremolo and vibrato). The
modulaion frequencies vary from 0 to 20 Hz,
amplitude deviaon from 0 to 1 and frequency
deviation from 0 to 15 semitones (0 to 905% of

the center frequency).

5 Frequency crosing of two sSnusids a severd
different frequencies.

6 Stable harmonic sounds at different fundcamental

frequencies. All the sounds had 10 firg¢ harmonic
partials, with urity amplitudes

7 A frequency sweep of a harmonic sound, ten
harmonic partials
8 Vibrato o a harmonic sound The modulation

frequency and depth of the vibrato were time-
varying likeinsection4.

9 Different kind of sharp attacks of a Shephard tone.
The harmonics were & frequencies 100, 200, 400,
..., 3200, 6400 Hz.

10 Frequency sweep of a harmonic sound mixed with
a ongant harmonic sound.

with each other, colliding snuids etc. The sSgnad was divided
into ten sections, which are described in Table 1.

The generated ted dgnal was andyzed in three different noise
condtions: The levels of additive white noise were no naise, low -
14 B noise ad loud +6 dB nase The reference level 0 dB is a
snde snusoid with urity amplitude. The noise eergy is for the
whole 0-22 kHz frequency range.

Since the tet dgnal is composed of snusoids only, the remaining
eror of the resdud desribes the performance of the andyss
system. The dgnal-to-resdua ratios (SRRs) were caculated for dl
the sctions, and averaged over the three noie levels The reaults
are illustrated in Table 2. The naise removed before cdculating the
SRRs to get a measure how well the snusids have been detected
from the noise. It shodd be noted that for dngle, sable snusids it
is easy obtan SRRs of about 50 dB even with quite smple
methods in noisel ess environment.

Table 2: Signal-to-residual ratios obtained with theiterative and
non-iteraive analysis system.

Section SRR without | SRR with | Percentage of
iteration iteration additional Snusoids
1 17.4 17.4 0
2 11.0 13.4 50
3 31.0 40.0 0
4 12.4 14.1 15
5 9.8 115 10
6 2.3 2.6 6
7 1.7 2.2 50
8 6.7 10.0 15
9 24.6 24.3 2
10 14 1.8 39

ACCURATE SINUSOIDAL ANALYSIS

The generated test signd was made alvisedly difficult to bring out
the differences between the andyss agorithms In section 1, the
low SRRs are cused mogly by low-frequency snusoids, which
are difficult to detect with anormal analysswindow.

The performance of the iterative ad noniterative sysem was
sudied by cdculating the average aror of the parameters and the
number of mised pesks too. Thee dudes $ow that the
improvement in the SRRs is caused mogly by the additiond
snupids deteded. In a few cases the parameters become more
accurate with the iterative andyss like the SRRs of the section 3
show: the number of snusoids is the same but an improvement of
about 10 dB is gained. In misdess conditions the difference was
even larger: an improvement of 27 dB (56 to &) was gained. In
nasy environment the improvements are sndler, because the
edimation errors can be quite smdl compared to the ndise levels
In mogt sections the average parameter errors are dmogt equal with
iterative and nonviterdive system, and the improvement in the
quality comes a the epense of an increased number of
components

Comparison Using Musical Signals

The performance of the iterative awlyss was tested with four
musicd dgnds too. In muscd dgnals there ae non-periodic
components like drums that shodd mot be represented with
snuoids, and sgnal-to-resdual-ratios can be & low as only a
coude of dBs even though the snusoidd andysis was perfect.
Therefore, the SRRs should nd be the only performance measure
for muscd dgnads To prevent any ndse to be presented with
snuids, abit higher threshdd was used in the peek detection

The SRRs obtained usng only one analyss pass ranged from 2.8
to 9.0 dB. After two iterations the SRRs ranged from 3.5 to 10.8,
and an average improvement of 1.9 dB was gained. The percentage
of the alditional snusoids ranged from 75 to 8%. The results
were duded by ligening to the gyntheszed snusids and
resduals, too. The perceptud qudity was dearly better with the
iterative algorithm. The large number of additional sSnusoids
shows again that the largest improvement is obtained by finding
completely new snusoids nat by improving the parameters.

Parameter Reduction

Fuson of comporents has little use in ron-iterdive sysems It can
be used to reduce to rumber of comporents but usudly this only
makes further analys smore difficult.

The parameter fuson was teded drectly with the trajectories
obtained from the firg iteration. The objective was to reduce the
number of the dnusoids without affecting the qudity of the
gyntheszed dgnal. Sinusoidd  trajedories andyzed with severd
different dgorithm sets were available, 0 this tet was done d
with other analyd' s methods than the one described earlier.

The average number of the snusoids was reduced by 1.1%, while
the average SRR was reduced by Q08 dB. As one can expect, that
small difference was inaudble. With some sgrds the number of
parameters was reduced by 10%, but the average reduction was
dill very smal. Our sysem uses quite low frame rate (44
frames's). With a faster frame rate it might be possble to get more
reduction

CONCLUSIONS

A method is proposed to approximate two snusoids with a snde
snuoid with timevarying parameters. The gproximation is
utilized in the snusoidd analyss with an iterative dgorithm. The
agorithm was compared to a non-terdive adyss gsem by
uing a generated tet sgnal and a st of muscd sgnas In both
cases the iterative dgorithm cen improve the quality of the
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analyss if the remaining energy of the resdual is used to judge
the performance

In mogt cases better quality is obtained at the expense of an
increased number of comporents In a few cases the acuracy of
the parametersisimproved without additiond components
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