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ABSTRACT

In mixtures of musical sounds, the problem of overlapped har
monics poses a significant challenge to source separatiammon
Amplitude Modulation (CAM) is one of the most effective meth-
ods to resolve this problem. It, however, relies on nondayged
harmonics from the same note being available. We proposé-an
ternate technique for harmonic envelope estimation, basddir-
monic Temporal Envelope Smilarity (HTES). We learn a harmonic
envelope model for each instrument from the non-overlapysed
monics of notes of the same instrument, wherever they occtlvel
recording. This model is used to reconstruct the harmonielepes
for overlapped harmonics. This allows reconstruction ofipketely
overlapped notes. Experiments show our algorithm perfdoais
ter than an existing system based @AM when the harmonics of
pitched instruments are strongly overlapped.

Index Terms— Music Source Separation, Common Ampli-
tude Modulation, Harmonic Temporal Envelope Similarity

1. INTRODUCTION
Musical source separation is the process of isolating iddal parts
from audio containing multiple concurrent musical instents. A
solution to this problem has potential applications to measks,
such as music transcription, content-based analysis, aad/ @y
humming. Almost all music source separation systems hadeab
with harmonics that overlap in the time-frequency domainiel®
lapped harmonics are very common in tonal music based or2the 1
tone equal tempered scale. This includes most Westerniadhss
jazz, pop, folk, blues and rock music. Resolving this probis key
to music source separation.

Systems inspired byomputational auditory scene analysis

(CASA) [1] rely on various assumptions about the audio tol dea

with overlapped harmonics.Spectral smoothness [2, 3] assumes
that the spectral envelope of every instrument sound is #moo
The amplitude of an overlapped harmonic is estimated froen th
amplitudes of the neighboring non-overlapped harmonigsyugar-
ious weighting techniquesCommon Amplitude Modulation (CAM)

[4, 5] assumes that the amplitude envelopes of differennbaics

of the same note tend to be similar. Assuming CAM, the ampli-

tude envelope of the overlapped harmonic is approximated the
envelopes of the non-overlapped harmonics of the same note.

Tonal music makes extensive use of simultaneous instrignent

playing consonant intervals, such as the octave (FO ofuimstnt 1
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is twice FO of instrument 2) or the fifth (FO of instrument 1 i2 3
FO of instrument 2). The result is that the harmonics of theelo
pitched instrument partially or completely (in the case ofawes)
overlap the harmonics of the higher pitched instrument. dthave-
mentioned methods based on CAM and spectral smoothneds fail
deal with the complete overlap problem.

We proposed a new separation system, illustrated in Figo 1, t
solve the overlap problem. We address the separation pnoisle
four stages. The first stage 4armonic Mask Estimation where
pitches are used to construct harmonic masks to identifyotee-
lapped harmonics. In the second stagarmonic Envelope Estima-
tion, the harmonic envelopes of the overlapped harmonics are est
mated. The amplitudes and phases of overlapped harmoriesar
timated in the stage dflarmonic Phase and Amplitude Estimation.
The resulting spectrogram estimate for each source is deave a
time-domain estimate by overlap-add in fResynthesis stage.
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Fig. 1. System overview

We propose a new method to solve the “complete overlap” prob-
lem. It is inspired by scene completion [6] that patches uleho



in image using sections of other images. We utilize the pitgpe of four consecutive notes played by a clarinet and bassolthodgh
that notes played by the same instrument within a short gesfo  these notes have different pitches and lengths, their &mpglien-
time (e.g. within musical phrase boundaries) have simidantonic  velopes of the strong harmonics evolve similarly acrosgsoiVe
envelopes. In a mixture containing several instrumentsJesen  call the similarity of harmonic envelope among differentasoof the
the harmonic envelope model for each instrument from the nonsame instrumenrtiarmonic Temporal Envelope Smilarity (HTES).
overlapped harmonics of notes played by that source thautghe Fig.5 shows the amplitude envelope of the first harmonicoé ni
recording. To recover a completely overlapped note fromntire notes played on a clarinet as a solid line. Periods where tbe fi
ture, this model is applied to reconstruct the harmonic lepesfor ~ harmonic was strongly overlapped by another instrumenirafie
each overlapped harmonic. Our proposed method incorotiage  cated by asterisks along the top horizontal axis. Estimatiothe
advantages dfAM but also deals with completely overlapped notes.harmonic envelope by CAM and by HTES are plotted as dotted and
Scene completion is done based on the audio withinthe file s>  dashed line respectively. Reconstruction of the overldgipst har-
cessed. There is no need for an outside library of similandeuWe  monic using CAM results in a poor approximation, since the ha
focus our paper on the stagtarmonic Envelope Estimation due to monic envelope of the first harmonic has little similaritytvihe

the length constraint. A full description of our system igdh average of the non-overlapped harmonics. The envelopesdfrtit
harmonic is better approximated based on the envelopes tliem
2. HARMONIC TEMPORAL ENVELOPE SIMILARITY neighboring non-overlapped notes played on clarinet Udifi§S.
Existing work based o@ommon Amplitude Modul ation assumes the 7

harmonic amplitude envelopes from the same note are ctadela
CAM holds most of the time for the first few strong harmonics and
fails to hold for those with weak energy. Fig. 2 showed the lamp
tude envelopes of first 20 harmonics of a clarinet. We canlsee t
envelopes of the first 8 harmonics that contztfi; of the energy, do
share the same general modulation trend, while the enveloftbe
remaining harmonics have little correlation with each athe
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3. HARMONIC ENVELOPE ESTIMATION
Given a harmonic sound source within an analysis frame (90thes
observed frequency-domain sigd&lm, k) at timem and frequency

Fig. 2. First 20 harmonic envelopes of the note F4 note played by & is the sum of individual signak; (i, k) modeled by sinusoidal
clarinet. Amplitude envelopes are normalized in volumehsa the ~ modelin Eq.2.
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where F; denotes the fundamental frequency afadthe sam-
pling frequency.af” (m) is the amplitude parameter a@(ji(m) is
the phase of the; € {1, ..., H;} harmonic of source. f, = fs/N
is the frequency resolution aniid the analysis window of DFT.
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Given the non-overlapped harmonics identified by Harmoresks,
the amplitude from a non-overlapped harmohjf sourcei is es-
timated by finding the amplitude”: (m) that minimizes Eq.3:

Fig. 3. The first 10 harmon- Fig. 4. The first 10 harmon-
ics of four consecutive notesics of four consecutive notes
of 400Hz, 375Hz, 300Hz andof 132Hz, 147Hz, 197Hz and

330Hz played by a clarinet 100Hz played by a bassoon ol (m)

, - > 1Z0m k)| - SW (kfy — B (3)
The harmonic envelope of notes played by different instmine

may be very different, but the envelopes of different notagexd by

the same instrument within a short period of time usuallyspeeat ~ where|Z(m, k)| is the observed spectrogram of the mixture arel

resemblances. Fig. 3 and 4 showed the first 10 harmonic gre&lo Kf” (m) the set of frequency bins associated with

kK" (m)



The minimization of the above equation is

90(1’1) 91(1’1) Gjyj(ml)
ol (m) = 23 herchi(my |2k, m)| - W (kfo — hiFi(m))] @ . Oo(z2)  O1(x2) ... Om(w2) .
Sre st (my W RSy = hiFi(m))? =l S ®
This gives us an estimation of the amplitude parameter ®ntmn- bo(zn) Or(zn) ... Om(zn)
overlapped harmonics of each source. For every note that is not completely overlapped, we constru

For one single note, let = (ma,...,my)" denote the time  a note model(w*, N) for it, wherew* is the set of polynomial
frame indices associated with it, amd= (r1,....,mn)" denote  coefficients andV is the length of the note. In Fig. 6, we showed an
the corresponding normalized harmonic envelope where=  example of the result of fitting polynomial having order = 4 to a
ai(my)/a™i (my) estimated using Eq.4. Assune, is the avail-  harmonic envelope. Fig.7 showed more note model fittingltetm
able non-overlapped harmonic with strongest energy fr@mtite.  different kind notes played by a clarinet.

We re-index the frame indeces Wy, ...,zn)T = (1,...,N)T.

Fig. 6 shows a plot of a normalized harmonic envelope of a note ’
with length N = 24. This envelope is obtained by estimating the § E
harmonic amplitude of the first harmonic of a note played biaa c g §
inet using Eq.4 and normalized by the amplitude of its firahfe. i 3
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g Given a completely overlapped note of lendthwe could approxi-
z mate its harmonic envelop€ using an existing note modekv ™, V)
1 1 learned from another non-overlapped harmonics of lengtly Eq.9
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Fig. 6. Original harmonic envelope20f a clarinet Z;nd its note n]f)del'where:ci —14(i—1)x 12:11 fori=1,.., L.
y = 0.4019+0.7804 x £ —0.1158 x 2% +0.0069 x 2* —0.0001 x When a note is not “completely overlapped”, we use the note

model built from the envelope of the strongest non-overappar-
monic of the same note to approximate the overlapped hagsoni
Otherwise, we find another note that has the closest lengtheto
length of the target note, and use the note model learned tham
note to generate a new envelope by Eq.9. These re-estimated e
M velopes are used in the next stage of our system to estineieitial
y(x, w) = wo +wiz + wor? + .. +wyz™ = ijgj(x) (5) amplitude value of the overlapped harmonics.

i=o Fig.5 showed an example of the estimated harmonic envelope
by proposed method. The first, second, fourth and eighttsraote
completely overlapped by another instrument playing lopitrhes.
The estimation based &AM (dotted line) is very unstable and dif-
ferent from the original envelope. The dashed line is theekepe
estimated by utilizing the note model from the third and taste of
the example. Our proposed model produces much better @evelo
hestimates for the completely overlapped notes thaiCid does.

Our goal is to exploit the harmonic envelopes from the non-
overlapped harmonics to make predictions for the overld -
monics. In this paper, we consider this as a curve-fittindolerm
and fit the envelope data using a polynomial function of thenfo

wherey(z,w) is the predicted envelope value at time indexM

is the order of the polynomial; (z) = 7 is thebasis function and

z’ denotesr raised to the power of. The polynomial coefficients
wo, ...,war are collectively denoted by the vectar. The values of
the coefficients are determined by fitting the polynomialie har-
monic envelope. This can be done by minimizingearor function

in Eq.6 given by the sum of the squares of the errors between t

predictionsy(x;, w) and the corresponding target valugs 4. EXPERIMENT
1 X The proposed system was evaluated on a dataset extracted @ro
E(w) = 3 Z{y(:cl, w) — 71} (6) Bach chorale recordings performed by local musicians onngg
=1 clarinet (trumpet) and violin, totaling about 330 seconfisudio.
The solutiomw* minimizing Eq. 6 is obtained by: We tested our algorithm on mixtures of two instruments witfe o
instrument (bassoon) playing the bass line and the othgimglahe
w* = (676)"10"r (7)  alto (clarinet or trumpet) or soprano line (violin) of a Bacifiorale.

The separation results on violin, clarinet and trumpet eported
wheref is anN x (M + 1) matrix, whose elements are given by because they are extensively “completely overlapped” (amcur-
015 = 0;(x1): rent pitches separated by an octave) with the bass line.



The separation results are measured using source-tatitiato
ratio (SDR), source-to-interfering ratio (SIR), and s@tc-artifacts
ratio (SAR) proposed in [8]. We compare the proposed systea t
state-of-art harmonic musical sound separation systerfdfsjoted
LWW) based orCAM. This approach has more difficulty with “com-
pletely overlapped” notes. The input to both system is thig-po
phonic mixture and the fundamental frequency of indivics@irce.
We concentrate on the separation of overlapped harmosielf #o
the ground truth fundamental frequency of each source isnass
to be given. The estimation of pitch tracks in a polyphonictonie
is another difficult problem. Our previous work on multigdigeh
tracking is described in [9] and has reached promising tesul

Fig. 8 showed a real separation example of clarinet from a mix

Table 1. Performance results of the proposed system and the LWW.

Numbers in bold indicate the difference between proposeithade
and LWW are statistically significant.

Mixture< SDR SAR SIR
Proposed] LWW Proposed| LWW Proposed| LWW
Clarinet 12.3 10.4 12.3 10.4 42.3 41.9
Trumpet 10.7 9.6 10.8 9.6 41.4 39.7
Violin 6.3 6.4 6.4 6.4 44.1 43.7

abassoon as the bass line

Our approach is based dfiarmonic Temporal Envelope Smilar-

ity, @ new assumption on instrumental harmonic envelope we ob-

served from the real audio data. Quantitative results staivat
when pitches can be estimated accurately, and the harmowés e

ture segment of clarinet and bassoon. There is an |mprovtemeﬂ)pe of the instrument is stable among different notes, ¢épaation

(SDR) by 5 dB for the proposed method over LWW. The wave-

form of the separated signal by LWW showed the “completelrov
lapped” notes (the first, second, fourth, seventh and eigtits) have
irregular envelope. Our proposed system successfullynéehthe
harmonic envelope for clarinet from the non-overlappedriwarics
of other notes. Comparing the separated signal by our pegp®gs-
tem to the original signal, we see that although the envslof¢he
completely overlapped notes are somewhat different frain trig-
inal envelopes, the regenerated envelopes preserve thectraiac-
teristics of the shape of “a clarinet note” in this segmefisEreates
a perceptually similar reconstruction of the overlappettsaising
the “texture” from the non-overlanned notes.
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Fig. 8. Separation example of a clarinet from a 6.5 seconds mixture

of clarinet and bassoon

performance achieves better separation performance tsiateaof-
art monaural music separation system that only explGAS. In
addition to the improvement in quantitive measurement oR%Dd
SAR, the authors feel the perceptual quality of the separsitmals
is improved, as is evidenced by the waveform of the sepasited
nals. This approach works especially well for instrumehtg have
a stable harmonic envelope. For instruments with unstads@bnic
envelope such as violin, more sophisticated models neeel itwvbs-
tigated to show the superiority of our method.
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