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ABSTRACT

This paper presents a novel technique for producing high-
definition time-frequency representations by combining differ-
ent instances of short-time fan-chirp transforms. The proposed
method uses directional information provided by an image pro-
cessing technique named structure tensor, applied over a spectro-
gram of the input signal. This information indicates the best anal-
ysis window size and chirp parameter for each time-frequency bin,
and feeds a simple interpolation procedure, which produces the fi-
nal representation. The method allows the proper representation
of more than one sound source simultaneously via fan-chirp trans-
forms with different resolutions, and provides a precise reproduc-
tion of transient information. Experiments in both synthetic and
real audio illustrate the performance of the proposed system.

1. INTRODUCTION

Time-Frequency Representations (TFRs) of audio signals have
been used for decades in all sorts of audio processing tasks. Such
representations allow to observe the temporal evolution of the fre-
quency content present in a given signal by applying a time-to-
frequency mapping, e.g. the Fourier transform, to time frames of
the signal [1]. In this context, the availability of an appropriate
time-frequency representation for a song recording can improve
several tasks in Music Information Retrieval (MIR) [2, 3], e.g. au-
tomatic transcription, rhythmic analysis, identification of instru-
ments, sound source separation, etc.

The main problem concerning TFRs is the incapability of rep-
resenting both time and frequency content with arbitrarily high
resolutions simultaneously, which is dictated by the uncertainty
principle [1]. For instance, by increasing the length of the anal-
ysis window of a spectrogram, a higher frequency resolution is
achieved, while the time resolution decreases. Therefore, one
should choose the analysis window’s length within a compromise.

Having high-definition TFRs is essencial for many MIR
tasks [2, 3]. Although the uncertainty principle holds true, the
TFR field has been receiving several contributions aiming at pro-
viding better time-frequency resolution (i.e. sparser representa-
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tions) for audio tasks. A common approach is to perform some
sort of combination of TFRs, taking advantage of characteristics
of audio signals, in an attempt to locally optimize their representa-
tion [4, 5, 6, 7, 8, 9].

The Fan-Chirp Transform (FChT) [10, 11], in its discrete
short-time version, can provide a sparse representation for signals
containing harmonic content with fast fundamental frequency vari-
ation. This transform, presented here in Section 2, uses a basis
composed of complex exponentials whose frequency varies lin-
early in time, hence assuming linearity within the excerpts (time
frames) under analysis. When the transform properly models the
variation present in the signal, its tonal frequency content can be
sparsely described. This potentially overcomes the problem of en-
ergy smearing observed when a signal with fast frequency varia-
tions is represented by a spectrogram.

The main disadvantage of this transform is that it may only
well represent one sound source at a time, since the whole expo-
nential basis used follows a unique fundamental frequency varia-
tion rate. Unless the sources share the same slope parameter, an
only source will be sparsely represented in detriment to the oth-
ers. Therefore, the problem of dealing with multiple sources can
only be tackled by combining multiple instances of Short-Time
Fan-Chirp Transform (STFChTs), in a way that the best represen-
tations for each time-frequency bin remain in the final TFR.

To the authors’ knowledge, unfortunately no TFR found in the
literature seems capable of precisely representing polyphonic sig-
nals containing fast frequency variation and still preserve a nat-
ural and smooth representation of the magnitude of frequency
lines. When the standard spectrogram is used for this matter, espe-
cially with large analysis windows, a blurred representation results
whenever a frequency line presents a steep slope. For instance, this
undesired effect is frequently observed in vocal signals, whose fre-
quency content changes considerably fast. Having an appropriate
representation is an obvious requirement of tasks involving signals
with such characteristics.

In this work, we combine bins of different precomputed TFRs
using the information provided by an image processing technique,
namely, the structure tensor. This technique (presented in Sec-
tion 3) allows to compute the predominant orientation angle of
edges present in a given image [12, 13, 14, 15]. In the case of
musical signals, the frequency lines found in a spectrogram can be
interpreted as edges, whose direction can then be estimated. This
procedure has two outputs, for each time-frequency bin (pixel): a
priority angle, which indicates the direction of the edge; and the
anisotropy measure, which informs how relevant is that direction
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in terms of edginess. We use the information provided by the struc-
ture tensor to choose the best TFRs available (in terms of window
size and slope parameter) and combine them bin-wise. This proce-
dure allows one to attain a TFR with high resolution in frequency
lines with any desired slope and in sharp transient information.

A flow-chart of the proposed method is depicted in Figure 1.
Firstly, the audio signal x is processed to generate a set of differ-
ent STFChTs using predetermined sets of chirp slopes and analy-
sis window sizes, α and K, respectively. Then, all TFRs are in-
terpolated1 and assembled in a four-dimensional tensor X. From
the structure tensor of the standard spectrogram X, parameters A,
containing the preferable chirp rates (directional information), and
C, containing the preferable window sizes, are computed. Finally,
a simple linear combination of the set of TFRs is performed ac-
cording to A and C for each time-frequency bin (as described in
Section 4), resulting in the combined TFR XComb.

Structure 
tensor STFT 

Lin. 
comb. STFChT 

x

XComb

A,C
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Figure 1: Flow-chart of the proposed method.

A set of experiments presented in Section 5 attest the method’s
performance, and conclusions are drawn in Section 6.

2. TIME-FREQUENCY REPRESENTATIONS

2.1. The Spectrogram

The most used time-frequency transform is the popular spectro-
gram, which is comprised of the magnitude2 of the Short-Time
Fourier Transform (STFT):

X(τ, f) ,

∣∣∣∣∫ ∞
−∞

x(t)w(t− τ)e−j2πftdt

∣∣∣∣ , (1)

where | · | denotes the magnitude of its complex argument, w is
a real-valued analysis window, and x is a real valued signal. The
window w can be continuously shifted in time, providing a spec-
trum for each instant τ of the windowed version of x(t).

The discrete version of the spectrogram, X ∈ RK×M , follows
the same principle of using a window to focus on some part of the
signal. Considering that the time support of the analysis window
is limited toK samples, the discrete spectrogram can be described
by

Xk,m ,

∣∣∣∣∣
K−1∑
n=0

xn−hmwne−j
2π
K
kn

∣∣∣∣∣ , (2)

where k ∈ K , {0, 1, 2, ...,K/2} is the frequency index,
m ∈ M , {1, 2, 3, ...,M} is the time index of the STFT, wn
is the analysis window with K samples used for computation of
the spectrogram, and h ∈ N is the analysis hop.

As mentioned, this method, as well as any other TFR, has the
limitation stated by the uncertainty principle [1]: a signal cannot

1The different TFRs must be interpolated not only to have the same
dimensions, but also share the same time and frequency axes.

2The spectrogram can also be defined as the squared-magnitude of the
STFT.

be represented with arbitrarily high time and frequency resolutions
simultaneously. As the length of the analysis window grows, a
greater frequency resolution is achieved, as longer excerpts of the
signal are projected into the complex exponentials. For the same
reason, the time resolution decreases. Parts of the signal with fast
variations become blurred in the time-frequency map, for they are
integrated with their neighborhood. Another issue is related to fre-
quency variation within the period of the analysis window, which
spreads the energy frequency-wise.

In order to address this issue, the fan-chirp transform can be
used, allowing for representing harmonic signals whose funda-
mental frequency varies linearly in time. As long as the analysis
window is short enough for the signal to fit this model, a sparse
representation of fast frequency variations is attained.

2.2. The Fan-Chirp Transform

In the continuous time domain, the fan-chirp transform
XFChT(f, α) of a given signal x(t) is defined in [11] as

XFChT(f, α) ,

∞∫
−∞

x(t)φ′α(t)e−j2πfφα(t)dt, (3)

where φα(t) is a time linear warping function given by

φα(t) =

(
1 +

1

2
αt

)
t, (4)

and α is the chirp rate parameter.
This transform can be interpreted as a modification of the

Fourier transform (which corresponds to α = 0). By applying
the variable change τ = φα(t) to Equation (3), the time domain
itself can be warped:

XFChT(f, α) =

∞∫
−1/α

x(φ−1
α (τ))e−j2πfτdτ, (5)

where

φ−1
α (t) = − 1

α
+

√
1 + 2αt

α
. (6)

In Equation (5), it is possible to observe that the FChT has
the same formulation of the Fourier transform (Equation (1)), with
the differences that the input signal x(t) is pre-warped in time, and
the inferior integration limit is changed—in order to avoid aliasing,
x(t) = 0 for t ≤ −1/α [10] should be assured. This constrains
the usable values of α inside an analysis window with K samples
to be within the interval

− 2Fs/K ≤ α ≤ 2Fs/K. (7)

The Short-Time Fan-Chirp Transform (STFChT) XFChT is
implemented by applying the same windowing procedure em-
ployed to compute the spectrogram, after resampling [11] the input
signal x, and can be described as

XFChT
k,m,α ,

∣∣∣∣∣
K−1∑
n=0

x̃α,n−hmwne−j
2π
K
kn

∣∣∣∣∣ , (8)

where x̃n is the discrete version of the time warped signal
x(φ−1

α (τ)), as long as the aliasing condition has been satisfied.
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In practice, since x(t) is not available, x̃n must be obtained by re-
sampling xn. With this formulation, the FChT can profit from a
fast implementation of the Discrete Fourier Transform (DFT), i.e.
an FFT algorithm [11].

By applying this procedure, the input signal is modeled as a
sum of linear chirps for each time frame, and to this end, a value
of α must be estimated. This step is originally performed via an
exhaustive search, in which a predetermined set of values of α is
tested, and the choice of the best one is made by searching for the
α which provides maximum sparsity. Another reliable and signif-
icantly faster way to perform this estimation is proposed in [15],
which consists in using the structure tensor [12, 13] technique to
estimate priority directions. This procedure can also be used to es-
timate multiple simultaneous directions, which is useful for signals
with more than one sound source [15]. In this paper, the structure
tensor will also be used to estimate the target α’s; however, dif-
ferently from what is done in [15], the estimations are performed
locally in the TFR, and are used to guide a combination procedure.

3. THE STRUCTURE TENSOR

The structure tensor technique allows the computation of angles
of edges present in a given image [12, 13, 14, 15]. The idea is to
interpret the spectrogram3 as an image whose pixels are its time-
frequency bins. In this work, the absolute value of the spectrogram
compressed by the fourth-root X̂ = X

1
4 is used instead of the

logarithm, which will be explained latter in this section.

3.1. Computation of the Structure Tensor

Initially, two derivative versions of X̂ are computed by the ap-
plication of partial derivatives with respect to time index m and
frequency index k:

X̂m = X ∗D, (9)
X̂k = X ∗DT, (10)

where D is a discrete differentiation operator, more specifically
the Sobel-Operator

D =

 1 0 −1
2 0 −2
1 0 −1

 , (11)

and ∗ denotes the 2-dimensional convolution.
Then, X̂m and X̂k are combined, producing 4 other matrices:

T11 = [X̂m � X̂m] ∗G (12)

T12 = T21 = [X̂k � X̂m] ∗G (13)

T22 = [X̂k � X̂k] ∗G, (14)

where operator � denotes the Hadamard product (i.e., point-wise
matrix multiplication), and matrix G is a 2-D Gaussian smoothing
filter with standard deviations σm and σk in time- and frequency-
index directions, respectively, intended to reduce noise interfer-
ence. Matrix T11 contains information related to temporal (hor-
izontal) variation in the image, T22 contains information about
frequency (vertical) variation, and T12 and T21 convey both.

3In order to have more consistent results, the input signal is energy-
normalized.

Now, each time frequency bin (k,m) has a group of four other
values related to it: T 11

k,m, T 12
k,m, T 21

k,m, and T 22
k,m. Together, such

bins form a structure tensor element Tk,m, which is a 2× 2 sym-
metric and positive semi-definite matrix:

Tk,m =

[
T 11
k,m T 12

k,m

T 21
k,m T 22

k,m

]
. (15)

This matrix, whose values depend on the time-frequency bin
under analysis of the given spectrogram, has interesting properties,
since it carries information regarding amplitude variation in differ-
ent directions. By computing its eigenvalues and eigenvectors, the
direction of frequency lines near the analyzed time-frequency bin
can be estimated, as well as the anisotropy measure, which in-
dicates the degree of edginess of the given bin, as shown in the
following section.

3.2. Computation of Angles and Anisotropy Measure

As mentioned, the information required to compute the angle and
the anisotropy of a given time-frequency bin (k,m) is embedded
in the eigenvalues and eigenvectors of the structure tensor element
Tk,m. Consider the eigenvalues λk,m and µk,m of Tk,m, with
λk,m ≤ µk,m, and their respective eigenvectors vk,m and wk,m.
Since vk,m = [v1k,m, v

2
k,m]T is related to the smallest eigenvalue,

it is pointing in the direction of the smallest change, i.e. parallel to
the direction of a frequency line near bin (k,m). Then, the angle
of orientation θk,m, in a horizontal perspective, is given by

θk,m = arctan

(
v2k,m
v1k,m

)
∈ [−π/2, π/2], (16)

with v1k,m being the horizontal (temporal) component and v2k,m
being the vertical (frequency) component of vk,m.

The eigenvalues can also indicate the edginess of each bin
(k,m) by informing how different from each other are the changes
in the directions of the eigenvectors. This is called the anisotropy
measure Ck,m ∈ [0, 1], defined as

Ck,m =


(
µk,m − λk,m
µk,m + λk,m

)2

, µk,m + λk,m ≥ ε

0, else,

where ε ∈ R+ is a threshold used to limit the range of what
should be considered anisotropic [14], in order to increase robust-
ness against background noise.

Bins within a more homogeneous neighborhood yield smaller
values of Ck,m, while bins close to frequency lines in the spectro-
gram yield higher values of Ck,m. Here is where the use of the
fourth-root compression is useful, since it presents much reduced
dynamic range for amplitude variations at bins with small magni-
tude, when compared to the logarithm. With the fourth root com-
pression, small magnitude values in the spectrogram, e.g. back-
ground noise, will lead to much smaller anisotropy values. A sim-
ilar result could be obtained by applying an offset of 1 to the mag-
nitude spectrogram before applying the logarithm.

3.3. Computation of α

Since the angles θ are related to the time-frequency bins of the
given spectrogram, they live in the discrete time-frequency do-
main. Nevertheless, the fan-chirp transform is computed using α,
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which is related to the analog time-frequency domain; therefore, a
transformation must be performed in order to compute the set of
α’s from a set of θ’s.

Let the angle ϑ be the continuous time-frequency domain ver-
sion of the angle θ, and vector ν = [ν1, ν2]T the continuous time-
frequency domain version of vector v = [v1, v2]T. This last con-
version can be computed by ν1 = v1h/Fs and ν2 = v2Fs/K,
where Fs is the sampling rate, h is the hop-size of the STFT, and
K is the number of samples used in the Fourier transform. Figure 2
depicts the geometrical relation between ϑ and α.

0
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Figure 2: Geometrical relation between the orientation angle ϑ
and variable α, in the continuous time-frequency domain.

By analyzing the triangle highlighted in green in Figure 2, one
can verify that

tanϑ = fα, (17)

which using the aforementioned conversions is written as

tanϑ =
ν2

ν1
=
v2Fs/K

v1h/Fs
= tan θ

F 2
s

Kh
. (18)

Using the relation f = kFs/K,

αk,m = tan θk,m
Fs

hk
. (19)

Therefore, by performing this conversion one has a set of α pa-
rameters for each time-frequency bin (k,m) of the spectrogram.

4. COMBINATION METHOD

4.1. Principles of the Method

The structure tensor outputs, i.e. the set of angles θ and the set
anisotropy measures C, comprise the information of direction and
proximity to a straight edge of each time-frequency bin. Figure 3
depicts a small region of the spectrogram of an audio signal with
blue arrows representing vectors pointing at direction θ, and hav-
ing magnitude C. It is possible to observe that the arrows cor-
rectly follow the direction of frequency lines, and that the regions
presenting only background noise, far from the frequency lines,
exhibit no arrows (C = 0). In Figure 3, two different regions are
highlighted: the arrows inside region 1 present smaller magnitude
than the ones inside region 2. This occurs because the latter is
surrounded by a much more linear frequency line excerpt than the
former, and linear edges provide maximum difference between the
eigenvalues. This effect depends on the dimensions of the smooth-
ing filter G (Section 3.1): a small-dimension G induces smaller
regions, which favor a linear model, and thus decreases the effect.
Also, it is worth noting that the magnitudes vary smoothly over
the whole time-frequency domain, which will assure smooth tran-
sitions between different TFRs in the combined result.

Figure 3: Vectors in θk,m directions with magnitudes Ck,m.

Note that the discrete fan-chirp transform models the input
signal as a series of harmonically related linear frequency chirps,
which means that the resulting TFR will present sparse results
when the input signal matches this model within the analysis win-
dow period. As a result, using a larger analysis window allows the
increase of the number of frequency chirp bins in the transform,
providing minimum energy smearing only if the signal under anal-
ysis is indeed linearly varying with slope α for a longer period.

Such observations are key to the strategies used in the pro-
posed combination procedure. The idea is to use the anisotropy
measure as an indicator of the local linearity of frequency lines,
and therefore an indicator of the analysis window length to be ap-
plied; and, in order to choose the best fan-chirp representation for
each time-frequency bin, parameter α can then be inferred from
the angle θ obtained for each bin. In the end, the method consists
in performing a linear combination of time-frequency bins of the
best candidates among a set of STFChTs with different α’s and
analysis window lengths K.

4.2. Computation of Tensor X

The tensor X comprises TFRs which will be used in the combi-
nation. The objective is to span a broad variety of TFRs for audio
signals. Three general situations can be observed in musical audio
signals: (i) some sort of broadband noise produced, for instance,
by blows, brushes in drums, fricative syllables in vocals, or just
background noise; (ii) percussive information, as that contained in
the attack of a note or a drum hit; and (iii) tonal information, pos-
sibly varying continually over time, as in the case of an instrument
performing a vibrato. Figure 4 depicts the spectrogram of the on-
set of a harmonic pulse, zoomed in a region close to the attack.
From left to right, it is possible to observe three distinct regions:
background noise, the attack, and tonal information. Note that the
angles computed by the structure tensor are very close to π/2 or
−π/2 at the attack, indicating that the energy is distributed verti-
cally.

Since the attacks are much better defined by transforms using
short analysis windows, it is useful to define a maximum angle
above which transient information should be considered predom-
inant. This angular threshold ϑmax is then chosen in order to de-
fine two different regions: angles that represent attacks, for which
STFTs with short windows will be used in the combination pro-
cedure, and angles that indicate the presence of tonal information,
which will be represented by STFChTs with proper window length
and parameter α. These two angular regions are indicated in Fig-
ure 5, similarly to what is done in [14].

For computation of the optimum α’s distribution, an equally
spaced distribution of angles ϑ is adopted, in order to minimize
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Figure 4: Spectrogram: onset of a harmonic pulse. Vectors in θk,m
directions with magnitudes Ck,m.
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Figure 5: Angular regions associated to transients and tonal infor-
mation.

the energy smearing in tonal regions. Consider that the angular
region [0, ϑmax] will be divided in I parts. This maximum analog
angle is related to an αmax by the same relation described in Equa-
tion (17), which indicates that the analog angle ϑ is proportional to
tanα. Since parameter α better describes the behavior of varying
harmonic frequency content,4 instead of setting a global maximum
angle, it is better to consider a global αmax. This parameter can be
set, for instance, considering Equation (7), since there is a range of
α values that can be used given the analysis window size and the
sampling frequency.

Now, angles ϑk,m that produce αk,m > αmax will be con-
sidered transient information, while the others will be considered
tonal information. Considering again the relation in Equation (17),

tan(ϑmax) = fαmax. (20)

Considering a generic f , e.g. f = 1, and given αmax and the
number of α’s I ,

ϑmax = arctan(αmax), (21)

and

ϑi = i
ϑmax

I
= i

arctan(αmax)

I
. (22)

Finally, we can project a linear distribution of ϑ into α by comput-
ing αi as

αi = tan(ϑi) = tan(i arctan(αmax)/I), (23)

and the set of α’s that we shall use to compute the STFChT sym-
metrically spans this distribution with positive and negative values:

α = [−ᾱI ,−ᾱI−1, . . . ,−ᾱ1, ᾱ0, ᾱ1, . . . , ᾱI−1, ᾱI ]. (24)

4Lower frequencies will have much smaller frequency variation than
higher frequencies, for they follow a proportional relation.

For choosing the best distribution of K = [K1,K2, . . . ,KJ ],
since the FFT algorithm is used, having analysis window lengths
of powers-of-two is desirable. This criterion is used to choose
the elements of K, optimizing this way the computational cost
of this step. The parameters to be set are, then, K following the
aforementioned criterion and the number of α values I . A set of
TFRs is then composed of several instances of STFChTs using
the combinations of K and α and an STFT computed with K1

(for the transients). Note that the sets of STFChTs also include
spectrograms, since XFChT

α=0 = X.
Then, all the representations suffer two-dimensional linear in-

terpolation in such a way that the highest time and frequency res-
olutions are preserved. All representations must have KJ fre-
quency bins after the interpolation, and must be synchronized. In
the present implementation, the same hop size is used for comput-
ing all TFRs, but this does not guarantee by itself the correct time
alignment between analysis windows, reason why the time-wise
interpolation (or a previous time shift in x) is also necessary. The
set of parameters α andC computed via structure tensor procedure
must also be interpolated, generating matrices A and C, respec-
tively. The best results are obtained when the conversion from θ to
α is performed before the interpolation.

The last step is to equalize the energy of the TFRs and store
them in a four-dimensional tensor X, with the element Xk,m;j,i

being related to the k-th frequency bin, at the m-th time frame,
from a representation that has been computed with an analysis
window of length Kj and a chirp rate parameter ᾱi. Since the
transient information will be represented by a spectrogram com-
puted with K1, it is allocated at the first and at the last positions
in dimension α, and therefore it will not be necessary to compute
STFChTs using the first and the last values of α, i. e. ᾱI and−ᾱI .
Figure 6 depicts the tensor X, where groups of TFRs with differ-
ent α’s are illustrated clustered according to the original length of
their analysis windows, Kj .
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k
<latexit sha1_base64="bEhCVoWIqJXRb8imCCRLjtSjCjQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp611W3eVOp1/I4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBz+CM5g==</latexit>

↵
<latexit sha1_base64="M0M//raoHhIhAcHEar8Z3j3cy8U=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V4jHgxWME84BkCb2TSTJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1ZQ2qhNLtCA0TXLKG5VawdqIZxpFgrWh8O/NbT0wbruSDnSQsjHEo+YBTtE5qdlEkI+yVyn7Fn4OskiAnZchR75W+un1F05hJSwUa0wn8xIYZasupYNNiNzUsQTrGIes4KjFmJszm107JuVP6ZKC0K2nJXP09kWFszCSOXGeMdmSWvZn4n9dJ7eAmzLhMUsskXSwapIJYRWavkz7XjFoxcQSp5u5WQkeokVoXUNGFECy/vEqal5XgquLfX5dr1TyOApzCGVxAAFWowR3UoQEUHuEZXuHNU96L9+59LFrXvHzmBP7A+/wBiNyPDw==</latexit>

m
<latexit sha1_base64="Lkliuu56KInbK/v56oYIBhgLJzI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W966rbvKnUa3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A0uiM6A==</latexit>

k
<latexit sha1_base64="bEhCVoWIqJXRb8imCCRLjtSjCjQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp611W3eVOp1/I4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBz+CM5g==</latexit>

↵
<latexit sha1_base64="M0M//raoHhIhAcHEar8Z3j3cy8U=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V4jHgxWME84BkCb2TSTJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1ZQ2qhNLtCA0TXLKG5VawdqIZxpFgrWh8O/NbT0wbruSDnSQsjHEo+YBTtE5qdlEkI+yVyn7Fn4OskiAnZchR75W+un1F05hJSwUa0wn8xIYZasupYNNiNzUsQTrGIes4KjFmJszm107JuVP6ZKC0K2nJXP09kWFszCSOXGeMdmSWvZn4n9dJ7eAmzLhMUsskXSwapIJYRWavkz7XjFoxcQSp5u5WQkeokVoXUNGFECy/vEqal5XgquLfX5dr1TyOApzCGVxAAFWowR3UoQEUHuEZXuHNU96L9+59LFrXvHzmBP7A+/wBiNyPDw==</latexit>

K1<latexit sha1_base64="OWH5MNZdV+ul0xsbXbRAsMJ3DPc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FL4KXivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Gbqt55QaR7LRzNO0I/oQPKQM2qs9HDX83qlsltxZyDLxMtJGXLUe6Wvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezUyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDKz7hMUoOSzReFqSAmJtO/SZ8rZEaMLaFMcXsrYUOqKDM2naINwVt8eZk0qxXvvFK9vyjXrvM4CnAMJ3AGHlxCDW6hDg1gMIBneIU3RzgvzrvzMW9dcfKZI/gD5/MHxfmNbw==</latexit>

K2<latexit sha1_base64="xNCYHJqJmmwGmy4XuySdSwHi3+c=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FL4KXivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6387K6tr6xmZhq7i9s7u3Xzo4bJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7XrVXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7NQJObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOkUbgrf48jJpViveeaV6f1GuXedxFOAYTuAMPLiEGtxCHRrAYADP8ApvjnRenHfnY9664uQzR/AHzucPx32NcA==</latexit>

KJ
<latexit sha1_base64="nnGCMYHmEZvyrKXu6hB+82PAJ1k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8CJ6iWgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH804Rj+kA8n7nFFjpYe77m23WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/6adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNCpl76xcuT8vVa+yOPJwBMdwCh5cQBVuoAZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A+vdjYg=</latexit>

Figure 6: Scheme of the four-dimensional TFR tensor X.

4.3. Combination Procedure

The combination procedure is independently performed for each
time-frequency bin (k,m), using αk,m, from A, and Ck,m, from
C. A linear combination is performed using two different weights,
one being related to αk,m, and another being related to Ck,m. The
idea is to combine the representations that best suit these two pa-
rameters by using a simple linear interpolation, which can be rep-
resented as triangular complementary functions.

Figure 7 depicts an example of the weights related to the α
parameters, λα, for I = 2. The weight λαi is applied to the i-th
layer of X, so the centered weight in the image, λα0 , in black, is
related to the layers in X which were computed with ᾱ0, the others
in blue, λα1 and λα−1, are related to the layers computed with ᾱ1

and ᾱ−1, and the last ones, λα2 and λα−2, in orange, are related to
the STFT, which is used to represent the transients. For this reason,
these last curves have a plateau in 1 for representing ‖α‖ ≥ ᾱ2.
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Analogously, λC (depicted in Figure 8) will be used for weighting
the layers of X along dimension j, which is related to K.

. . .
<latexit sha1_base64="cDM6hKdSYEnC4yK9Yy3lMduf1VE=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBHEQ0lU0GPBi8cK9gPaUDabTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+nZXVtfWNzdJWeXtnd2+/cnDYMirTlDWpEkp3QmKY4JI1kaNgnVQzkoSCtcPR7dRvPzFtuJIPOE5ZkJCB5DGnBK3U6g0jhaZfqXo1bwZ3mfgFqUKBRr/y1YsUzRImkQpiTNf3UgxyopFTwSblXmZYSuiIDFjXUkkSZoJ8du3EPbVK5MZK25LoztTfEzlJjBknoe1MCA7NojcV//O6GcY3Qc5lmiGTdL4ozoSLyp2+7kZcM4pibAmhmttbXTokmlC0AZVtCP7iy8ukdVHzL2ve/VW1fl7EUYJjOIEz8OEa6nAHDWgChUd4hld4c5Tz4rw7H/PWFaeYOYI/cD5/AK9xjx4=</latexit>

↵
<latexit sha1_base64="cGNb8TUXW1gbCNWj85P6A4sOrIY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBDEQ9hVQY8BLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/eyura+sbm4Wt4vbO7t5+6eCwYVSmKatTJZRuRWiY4JLVLbeCtVLNMIkEa0bD26nffGLacCUf7ChlYYJ9yWNO0Tqp0UGRDrBbKvsVfwayTIKclCFHrVv66vQUzRImLRVoTDvwUxuOUVtOBZsUO5lhKdIh9lnbUYkJM+F4du2EnDqlR2KlXUlLZurviTEmxoySyHUmaAdm0ZuK/3ntzMY34ZjLNLNM0vmiOBPEKjJ9nfS4ZtSKkSNINXe3EjpAjdS6gIouhGDx5WXSuKgElxX//qpcPc/jKMAxnMAZBHANVbiDGtSBwiM8wyu8ecp78d69j3nripfPHMEfeJ8/hPOPAg==</latexit>

�↵
<latexit sha1_base64="1CaV4coS0Fpqx7mAXCAcLvjC2gg=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBHERUlU0GXBjcsK9gFNWm4mk3bo5MHMRCmh/+HGhSJu/Rd3/o3TNgttPTBwOOdc7p3jp4Irbdvf1srq2vrGZmmrvL2zu7dfOThsqSSTlDVpIhLZ8VExwWPW1FwL1kklw8gXrO2Pbqd++5FJxZP4QY9T5kU4iHnIKWoj9VxhogH2XBTpEPuVql2zZyDLxClIFQo0+pUvN0hoFrFYU4FKdR071V6OUnMq2KTsZoqlSEc4YF1DY4yY8vLZ1RNyapSAhIk0L9Zkpv6eyDFSahz5JhmhHqpFbyr+53UzHd54OY/TTLOYzheFmSA6IdMKSMAlo1qMDUEqubmV0CFKpNoUVTYlOItfXiati5pzWbPvr6r186KOEhzDCZyBA9dQhztoQBMoSHiGV3iznqwX6936mEdXrGLmCP7A+vwBf3eSbQ==</latexit>

1<latexit sha1_base64="kyBNFlMyrTinn7YTmVwlB1dTFL0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBT0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKDa9frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LqXVXdxnWldpHHUYQTOIVz8OAGanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fdA+Mnw==</latexit>
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<latexit sha1_base64="b+IkurI8REgfOjwDi7xEKsZkJoc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UQFyVRQZcFNy4r2Ac0MdxMJu3QySTMTAol9E/cuFDErX/izr9x2mahrQcGDuecy71zwowzpR3n26qsrW9sblW3azu7e/sH9uFRR6W5JLRNUp7KXgiKciZoWzPNaS+TFJKQ0244upv53TGViqXiUU8y6icwECxmBLSRAtv2uAlH8OQBz4YQuIFddxrOHHiVuCWpoxKtwP7yopTkCRWacFCq7zqZ9guQmhFOpzUvVzQDMoIB7RsqIKHKL+aXT/GZUSIcp9I8ofFc/T1RQKLUJAlNMgE9VMveTPzP6+c6vvULJrJcU0EWi+KcY53iWQ04YpISzSeGAJHM3IrJECQQbcqqmRLc5S+vks5lw71qOA/X9eZFWUcVnaBTdI5cdIOa6B61UBsRNEbP6BW9WYX1Yr1bH4toxSpnjtEfWJ8/JwCTQg==</latexit>
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<latexit sha1_base64="/sDgLm3rNH9ik1xjB9Oj0nT2gts=">AAAB+XicbVBNS8NAFNzUr1q/oh69LBZBPJSkCnosePFYwdZCE8PLZtMu3WzC7qZQQv+JFw+KePWfePPfuG1z0NaBhWFmHu/thBlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjrkpzSWiHpDyVvRAU5UzQjmaa014mKSQhp4/h6HbmP46pVCwVD3qSUT+BgWAxI6CNFNi2x004gicPeDaEoBnYdafhzIFXiVuSOirRDuwvL0pJnlChCQel+q6Tab8AqRnhdFrzckUzICMY0L6hAhKq/GJ++RSfGSXCcSrNExrP1d8TBSRKTZLQJBPQQ7XszcT/vH6u4xu/YCLLNRVksSjOOdYpntWAIyYp0XxiCBDJzK2YDEEC0aasminBXf7yKuk2G+5lw7m/qrcuyjqq6ASdonPkomvUQneojTqIoDF6Rq/ozSqsF+vd+lhEK1Y5c4z+wPr8ASiEk0M=</latexit>
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<latexit sha1_base64="IoyzfWLh8G7tufH9F8fWQKkSGcE=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAgiWJIq6LLgxmUF+4AmhpvJpB06mYSZiRBC/RU3LhRx64e482+ctllo64GBwznncu+cIGVUKtv+NlZW19Y3Nitb1e2d3b198+CwK5NMYNLBCUtEPwBJGOWko6hipJ8KAnHASC8Y30z93iMRkib8XuUp8WIYchpRDEpLvllzmQ6H8OACS0fgF+fNiW/W7YY9g7VMnJLUUYm2b365YYKzmHCFGUg5cOxUeQUIRTEjk6qbSZICHsOQDDTlEBPpFbPjJ9aJVkIrSoR+XFkz9fdEAbGUeRzoZAxqJBe9qfifN8hUdO0VlKeZIhzPF0UZs1RiTZuwQioIVizXBLCg+lYLj0AAVrqvqi7BWfzyMuk2G85Fw767rLfOyjoq6Agdo1PkoCvUQreojToIoxw9o1f0ZjwZL8a78TGPrhjlTA39gfH5A2ewlIY=</latexit>
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�1

<latexit sha1_base64="FHPFSc30WIal2h+EFpE2geVlqJM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwY0lUqMuCG5cV7AOaGG4mk3boZBJmJkII9VfcuFDErR/izr9x2mahrQcGDuecy71zgpRRqWz726isrW9sblW3azu7e/sH5uFRTyaZwKSLE5aIQQCSMMpJV1HFyCAVBOKAkX4wuZn5/UciJE34vcpT4sUw4jSiGJSWfLPuMh0O4cEFlo7BL86dqW827KY9h7VKnJI0UImOb365YYKzmHCFGUg5dOxUeQUIRTEj05qbSZICnsCIDDXlEBPpFfPjp9apVkIrSoR+XFlz9fdEAbGUeRzoZAxqLJe9mfifN8xUdO0VlKeZIhwvFkUZs1RizZqwQioIVizXBLCg+lYLj0EAVrqvmi7BWf7yKuldNJ3Lpn131Wi3yjqq6BidoDPkoBZqo1vUQV2EUY6e0St6M56MF+Pd+FhEK0Y5U0d/YHz+AGoUlJI=</latexit>
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<latexit sha1_base64="f2dSo9pcjk+ryCCZbVAj47FClds=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUSFuiy4cVnBPqCN4WYyaYdOJmFmIpaQX3HjQhG3/og7/8Zpm4W2Hhg4nHMu984JUs6Udpxva219Y3Nru7JT3d3bPzi0j2pdlWSS0A5JeCL7ASjKmaAdzTSn/VRSiANOe8HkZub3HqlULBH3eppSL4aRYBEjoI3k27UhN+EQHobA0zH4uVP4dt1pOHPgVeKWpI5KtH37axgmJIup0ISDUgPXSbWXg9SMcFpUh5miKZAJjOjAUAExVV4+v73AZ0YJcZRI84TGc/X3RA6xUtM4MMkY9FgtezPxP2+Q6ejay5lIM00FWSyKMo51gmdF4JBJSjSfGgJEMnMrJmOQQLSpq2pKcJe/vEq6Fw33suHcXdVbzbKOCjpBp+gcuaiJWugWtVEHEfSEntErerMK68V6tz4W0TWrnDlGf2B9/gD4dpRa</latexit>
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<latexit sha1_base64="G0kfmftnZ0GUuMmdNVCfSkOfQEE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIV6rLgxmUF+4AmhpvJpB06mYSZSaGE/okbF4q49U/c+TdO2yy09cDA4ZxzuXdOmHGmtON8W5WNza3tnepubW//4PDIPj7pqjSXhHZIylPZD0FRzgTtaKY57WeSQhJy2gvHd3O/N6FSsVQ86mlG/QSGgsWMgDZSYNseN+EInjzg2QiC68CuOw1nAbxO3JLUUYl2YH95UUryhApNOCg1cJ1M+wVIzQins5qXK5oBGcOQDgwVkFDlF4vLZ/jCKBGOU2me0Hih/p4oIFFqmoQmmYAeqVVvLv7nDXId3/oFE1muqSDLRXHOsU7xvAYcMUmJ5lNDgEhmbsVkBBKINmXVTAnu6pfXSfeq4V43nIebeqtZ1lFFZ+gcXSIXNVEL3aM26iCCJugZvaI3q7BerHfrYxmtWOXMKfoD6/MHLfGTUQ==</latexit>
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<latexit sha1_base64="hzuVuqjhvFgv0kc7jIb+v/JLiys=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAhuLIkV6rLgxmUF+4AmhpvJpB06mYSZiRBC/RU3LhRx64e482+ctllo64GBwznncu+cIGVUKtv+NtbWNza3tis71d29/YND8+i4J5NMYNLFCUvEIABJGOWkq6hiZJAKAnHASD+Y3Mz8/iMRkib8XuUp8WIYcRpRDEpLvllzmQ6H8OACS8fgFxfNqW/W7YY9h7VKnJLUUYmOb365YYKzmHCFGUg5dOxUeQUIRTEj06qbSZICnsCIDDXlEBPpFfPjp9aZVkIrSoR+XFlz9fdEAbGUeRzoZAxqLJe9mfifN8xUdO0VlKeZIhwvFkUZs1RizZqwQioIVizXBLCg+lYLj0EAVrqvqi7BWf7yKuldNpxmw767qrdbZR0VdIJO0TlyUAu10S3qoC7CKEfP6BW9GU/Gi/FufCyia0Y5U0N/YHz+AG0elJQ=</latexit>

...
<latexit sha1_base64="cDM6hKdSYEnC4yK9Yy3lMduf1VE=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBHEQ0lU0GPBi8cK9gPaUDabTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+nZXVtfWNzdJWeXtnd2+/cnDYMirTlDWpEkp3QmKY4JI1kaNgnVQzkoSCtcPR7dRvPzFtuJIPOE5ZkJCB5DGnBK3U6g0jhaZfqXo1bwZ3mfgFqUKBRr/y1YsUzRImkQpiTNf3UgxyopFTwSblXmZYSuiIDFjXUkkSZoJ8du3EPbVK5MZK25LoztTfEzlJjBknoe1MCA7NojcV//O6GcY3Qc5lmiGTdL4ozoSLyp2+7kZcM4pibAmhmttbXTokmlC0AZVtCP7iy8ukdVHzL2ve/VW1fl7EUYJjOIEz8OEa6nAHDWgChUd4hld4c5Tz4rw7H/PWFaeYOYI/cD5/AK9xjx4=</latexit>

�↵̄3
<latexit sha1_base64="z7lzk2ezNzJKppAHi+1APdwQ8d0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgxZJYoR4LXjxWsB/QhDLZbtqlm03c3RRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgoQzpR3n2ypsbG5t7xR3S3v7B4dH5eOTtopTSWiLxDyW3QAV5UzQlmaa024iKUYBp51gfDf3OxMqFYvFo54m1I9wKFjICGoj+VdegNJDnoywX+uXK07VWcBeJ25OKpCj2S9/eYOYpBEVmnBUquc6ifYzlJoRTmclL1U0QTLGIe0ZKjCiys8WR8/sC6MM7DCWpoS2F+rviQwjpaZRYDoj1CO16s3F/7xeqsNbP2MiSTUVZLkoTLmtY3uegD1gkhLNp4YgkczcapMRSiTa5FQyIbirL6+T9nXVrVXdh5tKo57HUYQzOIdLcKEODbiHJrSAwBM8wyu8WRPrxXq3PpatBSufOYU/sD5/ACNlkaY=</latexit>

↵̄3
<latexit sha1_base64="/kRpZpCa+CQV3jgTgyqVMINFN+w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeCF48V7Ac0oUy2m3bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcSR5xisZKvh+i8lGkYxxcD6o1t+4uQNaJV5AaFGgNql/+MKFZzKShArXue25qghyV4VSwWcXPNEuRTnDE+pZKjJkO8sXNM3JhlSGJEmVLGrJQf0/kGGs9jUPbGaMZ61VvLv7n9TMT3QY5l2lmmKTLRVEmiEnIPAAy5IpRI6aWIFXc3kroGBVSY2Oq2BC81ZfXSeeq7l3XvYebWrNRxFGGMziHS/CgAU24hxa0gUIKz/AKb07mvDjvzseyteQUM6fwB87nD7gMkW8=</latexit>

↵̄2<latexit sha1_base64="1FBy6yNReo8ejI+V8yV9wsMQvHQ=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV6rHgxWMF+wFNKJPtpl262YTdjVBC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXpoJr47rfzsbm1vbObmmvvH9weHRcOTnt6CRTlLVpIhLVC1EzwSVrG24E66WKYRwK1g0nd3O/+8SU5ol8NNOUBTGOJI84RWMl3w9R+SjSMQ7qg0rVrbkLkHXiFaQKBVqDypc/TGgWM2moQK37npuaIEdlOBVsVvYzzVKkExyxvqUSY6aDfHHzjFxaZUiiRNmShizU3xM5xlpP49B2xmjGetWbi/95/cxEt0HOZZoZJulyUZQJYhIyD4AMuWLUiKklSBW3txI6RoXU2JjKNgRv9eV10qnXvOua93BTbTaKOEpwDhdwBR40oAn30II2UEjhGV7hzcmcF+fd+Vi2bjjFzBn8gfP5A7aIkW4=</latexit>

↵̄1<latexit sha1_base64="25g3YalXDrOjV3kqJRcbjFvAstA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeCF48V7Ac0oUy2m3bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcSR5xisZKvh+i8lGkYxx4g2rNrbsLkHXiFaQGBVqD6pc/TGgWM2moQK37npuaIEdlOBVsVvEzzVKkExyxvqUSY6aDfHHzjFxYZUiiRNmShizU3xM5xlpP49B2xmjGetWbi/95/cxEt0HOZZoZJulyUZQJYhIyD4AMuWLUiKklSBW3txI6RoXU2JgqNgRv9eV10rmqe9d17+Gm1mwUcZThDM7hEjxoQBPuoQVtoJDCM7zCm5M5L86787FsLTnFzCn8gfP5A7UEkW0=</latexit>

↵̄0
<latexit sha1_base64="F14Mgz0WlM3ks7+pOEEEvmHdk+w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeCF48V7Ac0oUy2m3bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcSR5xisZKvh+i8lGkYxy4g2rNrbsLkHXiFaQGBVqD6pc/TGgWM2moQK37npuaIEdlOBVsVvEzzVKkExyxvqUSY6aDfHHzjFxYZUiiRNmShizU3xM5xlpP49B2xmjGetWbi/95/cxEt0HOZZoZJulyUZQJYhIyD4AMuWLUiKklSBW3txI6RoXU2JgqNgRv9eV10rmqe9d17+Gm1mwUcZThDM7hEjxoQBPuoQVtoJDCM7zCm5M5L86787FsLTnFzCn8gfP5A7OAkWw=</latexit>

�↵̄1<latexit sha1_base64="5FDYzWYwIvF7vY1Tlf5oobS6cCQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBiyVRoR4LXjxWsLXQhDLZbtqlm03c3RRK6e/w4kERr/4Yb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yRVmTJiJR7RA1E1yypuFGsHaqGMahYI/h8HbmP46Y0jyRD2acsiDGvuQRp2isFFz4ISofRTrArtctV9yqOwdZJV5OKpCj0S1/+b2EZjGThgrUuuO5qQkmqAyngk1LfqZZinSIfdaxVGLMdDCZHz0lZ1bpkShRtqQhc/X3xARjrcdxaDtjNAO97M3E/7xOZqKbYMJlmhkm6WJRlAliEjJLgPS4YtSIsSVIFbe3EjpAhdTYnEo2BG/55VXSuqx6V1Xv/rpSr+VxFOEETuEcPKhBHe6gAU2g8ATP8Apvzsh5cd6dj0VrwclnjuEPnM8fIF2RpA==</latexit>

�↵̄2<latexit sha1_base64="Vbh5NojphCo25QczGpesVuHFJJU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgxZJUoR4LXjxWsB/QhDLZbtqlm03c3RRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgoQzpR3n2ypsbG5t7xR3S3v7B4dH5eOTtopTSWiLxDyW3QAV5UzQlmaa024iKUYBp51gfDf3OxMqFYvFo54m1I9wKFjICGoj+VdegNJDnoywX+uXK07VWcBeJ25OKpCj2S9/eYOYpBEVmnBUquc6ifYzlJoRTmclL1U0QTLGIe0ZKjCiys8WR8/sC6MM7DCWpoS2F+rviQwjpaZRYDoj1CO16s3F/7xeqsNbP2MiSTUVZLkoTLmtY3uegD1gkhLNp4YgkczcapMRSiTa5FQyIbirL6+Tdq3qXlfdh5tKo57HUYQzOIdLcKEODbiHJrSAwBM8wyu8WRPrxXq3PpatBSufOYU/sD5/ACHhkaU=</latexit>

. . .
<latexit sha1_base64="cDM6hKdSYEnC4yK9Yy3lMduf1VE=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBHEQ0lU0GPBi8cK9gPaUDabTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+nZXVtfWNzdJWeXtnd2+/cnDYMirTlDWpEkp3QmKY4JI1kaNgnVQzkoSCtcPR7dRvPzFtuJIPOE5ZkJCB5DGnBK3U6g0jhaZfqXo1bwZ3mfgFqUKBRr/y1YsUzRImkQpiTNf3UgxyopFTwSblXmZYSuiIDFjXUkkSZoJ8du3EPbVK5MZK25LoztTfEzlJjBknoe1MCA7NojcV//O6GcY3Qc5lmiGTdL4ozoSLyp2+7kZcM4pibAmhmttbXTokmlC0AZVtCP7iy8ukdVHzL2ve/VW1fl7EUYJjOIEz8OEa6nAHDWgChUd4hld4c5Tz4rw7H/PWFaeYOYI/cD5/AK9xjx4=</latexit>

↵
<latexit sha1_base64="cGNb8TUXW1gbCNWj85P6A4sOrIY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBDEQ9hVQY8BLx4jmAckS+idzCZjZmeWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlApurO9/eyura+sbm4Wt4vbO7t5+6eCwYVSmKatTJZRuRWiY4JLVLbeCtVLNMIkEa0bD26nffGLacCUf7ChlYYJ9yWNO0Tqp0UGRDrBbKvsVfwayTIKclCFHrVv66vQUzRImLRVoTDvwUxuOUVtOBZsUO5lhKdIh9lnbUYkJM+F4du2EnDqlR2KlXUlLZurviTEmxoySyHUmaAdm0ZuK/3ntzMY34ZjLNLNM0vmiOBPEKjJ9nfS4ZtSKkSNINXe3EjpAjdS6gIouhGDx5WXSuKgElxX//qpcPc/jKMAxnMAZBHANVbiDGtSBwiM8wyu8ecp78d69j3nripfPHMEfeJ8/hPOPAg==</latexit>

�↵
<latexit sha1_base64="1CaV4coS0Fpqx7mAXCAcLvjC2gg=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBHERUlU0GXBjcsK9gFNWm4mk3bo5MHMRCmh/+HGhSJu/Rd3/o3TNgttPTBwOOdc7p3jp4Irbdvf1srq2vrGZmmrvL2zu7dfOThsqSSTlDVpIhLZ8VExwWPW1FwL1kklw8gXrO2Pbqd++5FJxZP4QY9T5kU4iHnIKWoj9VxhogH2XBTpEPuVql2zZyDLxClIFQo0+pUvN0hoFrFYU4FKdR071V6OUnMq2KTsZoqlSEc4YF1DY4yY8vLZ1RNyapSAhIk0L9Zkpv6eyDFSahz5JhmhHqpFbyr+53UzHd54OY/TTLOYzheFmSA6IdMKSMAlo1qMDUEqubmV0CFKpNoUVTYlOItfXiati5pzWbPvr6r186KOEhzDCZyBA9dQhztoQBMoSHiGV3iznqwX6936mEdXrGLmCP7A+vwBf3eSbQ==</latexit>

1<latexit sha1_base64="kyBNFlMyrTinn7YTmVwlB1dTFL0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBT0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKDa9frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LqXVXdxnWldpHHUYQTOIVz8OAGanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fdA+Mnw==</latexit>

�↵
1

<latexit sha1_base64="b+IkurI8REgfOjwDi7xEKsZkJoc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UQFyVRQZcFNy4r2Ac0MdxMJu3QySTMTAol9E/cuFDErX/izr9x2mahrQcGDuecy71zwowzpR3n26qsrW9sblW3azu7e/sH9uFRR6W5JLRNUp7KXgiKciZoWzPNaS+TFJKQ0244upv53TGViqXiUU8y6icwECxmBLSRAtv2uAlH8OQBz4YQuIFddxrOHHiVuCWpoxKtwP7yopTkCRWacFCq7zqZ9guQmhFOpzUvVzQDMoIB7RsqIKHKL+aXT/GZUSIcp9I8ofFc/T1RQKLUJAlNMgE9VMveTPzP6+c6vvULJrJcU0EWi+KcY53iWQ04YpISzSeGAJHM3IrJECQQbcqqmRLc5S+vks5lw71qOA/X9eZFWUcVnaBTdI5cdIOa6B61UBsRNEbP6BW9WYX1Yr1bH4toxSpnjtEfWJ8/JwCTQg==</latexit>

�↵
2

<latexit sha1_base64="/sDgLm3rNH9ik1xjB9Oj0nT2gts=">AAAB+XicbVBNS8NAFNzUr1q/oh69LBZBPJSkCnosePFYwdZCE8PLZtMu3WzC7qZQQv+JFw+KePWfePPfuG1z0NaBhWFmHu/thBlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjrkpzSWiHpDyVvRAU5UzQjmaa014mKSQhp4/h6HbmP46pVCwVD3qSUT+BgWAxI6CNFNi2x004gicPeDaEoBnYdafhzIFXiVuSOirRDuwvL0pJnlChCQel+q6Tab8AqRnhdFrzckUzICMY0L6hAhKq/GJ++RSfGSXCcSrNExrP1d8TBSRKTZLQJBPQQ7XszcT/vH6u4xu/YCLLNRVksSjOOdYpntWAIyYp0XxiCBDJzK2YDEEC0aasminBXf7yKuk2G+5lw7m/qrcuyjqq6ASdonPkomvUQneojTqIoDF6Rq/ozSqsF+vd+lhEK1Y5c4z+wPr8ASiEk0M=</latexit>

�↵
�2

<latexit sha1_base64="IoyzfWLh8G7tufH9F8fWQKkSGcE=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAgiWJIq6LLgxmUF+4AmhpvJpB06mYSZiRBC/RU3LhRx64e482+ctllo64GBwznncu+cIGVUKtv+NlZW19Y3Nitb1e2d3b198+CwK5NMYNLBCUtEPwBJGOWko6hipJ8KAnHASC8Y30z93iMRkib8XuUp8WIYchpRDEpLvllzmQ6H8OACS0fgF+fNiW/W7YY9g7VMnJLUUYm2b365YYKzmHCFGUg5cOxUeQUIRTEjk6qbSZICHsOQDDTlEBPpFbPjJ9aJVkIrSoR+XFkz9fdEAbGUeRzoZAxqJBe9qfifN8hUdO0VlKeZIhzPF0UZs1RiTZuwQioIVizXBLCg+lYLj0AAVrqvqi7BWfzyMuk2G85Fw767rLfOyjoq6Agdo1PkoCvUQreojToIoxw9o1f0ZjwZL8a78TGPrhjlTA39gfH5A2ewlIY=</latexit>

�↵
�1

<latexit sha1_base64="FHPFSc30WIal2h+EFpE2geVlqJM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwY0lUqMuCG5cV7AOaGG4mk3boZBJmJkII9VfcuFDErR/izr9x2mahrQcGDuecy71zgpRRqWz726isrW9sblW3azu7e/sH5uFRTyaZwKSLE5aIQQCSMMpJV1HFyCAVBOKAkX4wuZn5/UciJE34vcpT4sUw4jSiGJSWfLPuMh0O4cEFlo7BL86dqW827KY9h7VKnJI0UImOb365YYKzmHCFGUg5dOxUeQUIRTEj05qbSZICnsCIDDXlEBPpFfPjp9apVkIrSoR+XFlz9fdEAbGUeRzoZAxqLJe9mfifN8xUdO0VlKeZIhwvFkUZs1RizZqwQioIVizXBLCg+lYLj0EAVrqvmi7BWf7yKuldNJ3Lpn131Wi3yjqq6BidoDPkoBZqo1vUQV2EUY6e0St6M56MF+Pd+FhEK0Y5U0d/YHz+AGoUlJI=</latexit>

�↵
0

<latexit sha1_base64="f2dSo9pcjk+ryCCZbVAj47FClds=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUSFuiy4cVnBPqCN4WYyaYdOJmFmIpaQX3HjQhG3/og7/8Zpm4W2Hhg4nHMu984JUs6Udpxva219Y3Nru7JT3d3bPzi0j2pdlWSS0A5JeCL7ASjKmaAdzTSn/VRSiANOe8HkZub3HqlULBH3eppSL4aRYBEjoI3k27UhN+EQHobA0zH4uVP4dt1pOHPgVeKWpI5KtH37axgmJIup0ISDUgPXSbWXg9SMcFpUh5miKZAJjOjAUAExVV4+v73AZ0YJcZRI84TGc/X3RA6xUtM4MMkY9FgtezPxP2+Q6ejay5lIM00FWSyKMo51gmdF4JBJSjSfGgJEMnMrJmOQQLSpq2pKcJe/vEq6Fw33suHcXdVbzbKOCjpBp+gcuaiJWugWtVEHEfSEntErerMK68V6tz4W0TWrnDlGf2B9/gD4dpRa</latexit>

↵̄2<latexit sha1_base64="1FBy6yNReo8ejI+V8yV9wsMQvHQ=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV6rHgxWMF+wFNKJPtpl262YTdjVBC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXpoJr47rfzsbm1vbObmmvvH9weHRcOTnt6CRTlLVpIhLVC1EzwSVrG24E66WKYRwK1g0nd3O/+8SU5ol8NNOUBTGOJI84RWMl3w9R+SjSMQ7qg0rVrbkLkHXiFaQKBVqDypc/TGgWM2moQK37npuaIEdlOBVsVvYzzVKkExyxvqUSY6aDfHHzjFxaZUiiRNmShizU3xM5xlpP49B2xmjGetWbi/95/cxEt0HOZZoZJulyUZQJYhIyD4AMuWLUiKklSBW3txI6RoXU2JjKNgRv9eV10qnXvOua93BTbTaKOEpwDhdwBR40oAn30II2UEjhGV7hzcmcF+fd+Vi2bjjFzBn8gfP5A7aIkW4=</latexit>

↵̄1<latexit sha1_base64="25g3YalXDrOjV3kqJRcbjFvAstA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeCF48V7Ac0oUy2m3bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcSR5xisZKvh+i8lGkYxx4g2rNrbsLkHXiFaQGBVqD6pc/TGgWM2moQK37npuaIEdlOBVsVvEzzVKkExyxvqUSY6aDfHHzjFxYZUiiRNmShizU3xM5xlpP49B2xmjGetWbi/95/cxEt0HOZZoZJulyUZQJYhIyD4AMuWLUiKklSBW3txI6RoXU2JgqNgRv9eV10rmqe9d17+Gm1mwUcZThDM7hEjxoQBPuoQVtoJDCM7zCm5M5L86787FsLTnFzCn8gfP5A7UEkW0=</latexit>

↵̄0
<latexit sha1_base64="F14Mgz0WlM3ks7+pOEEEvmHdk+w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqMeCF48V7Ac0oUy2m3bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmKGvTRCSqF6JmgkvWNtwI1ksVwzgUrBtO7uZ+94kpzRP5aKYpC2IcSR5xisZKvh+i8lGkYxy4g2rNrbsLkHXiFaQGBVqD6pc/TGgWM2moQK37npuaIEdlOBVsVvEzzVKkExyxvqUSY6aDfHHzjFxYZUiiRNmShizU3xM5xlpP49B2xmjGetWbi/95/cxEt0HOZZoZJulyUZQJYhIyD4AMuWLUiKklSBW3txI6RoXU2JgqNgRv9eV10rmqe9d17+Gm1mwUcZThDM7hEjxoQBPuoQVtoJDCM7zCm5M5L86787FsLTnFzCn8gfP5A7OAkWw=</latexit>

�↵̄1<latexit sha1_base64="5FDYzWYwIvF7vY1Tlf5oobS6cCQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBiyVRoR4LXjxWsLXQhDLZbtqlm03c3RRK6e/w4kERr/4Yb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yRVmTJiJR7RA1E1yypuFGsHaqGMahYI/h8HbmP46Y0jyRD2acsiDGvuQRp2isFFz4ISofRTrArtctV9yqOwdZJV5OKpCj0S1/+b2EZjGThgrUuuO5qQkmqAyngk1LfqZZinSIfdaxVGLMdDCZHz0lZ1bpkShRtqQhc/X3xARjrcdxaDtjNAO97M3E/7xOZqKbYMJlmhkm6WJRlAliEjJLgPS4YtSIsSVIFbe3EjpAhdTYnEo2BG/55VXSuqx6V1Xv/rpSr+VxFOEETuEcPKhBHe6gAU2g8ATP8Apvzsh5cd6dj0VrwclnjuEPnM8fIF2RpA==</latexit>

�↵̄2<latexit sha1_base64="Vbh5NojphCo25QczGpesVuHFJJU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgxZJUoR4LXjxWsB/QhDLZbtqlm03c3RRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgoQzpR3n2ypsbG5t7xR3S3v7B4dH5eOTtopTSWiLxDyW3QAV5UzQlmaa024iKUYBp51gfDf3OxMqFYvFo54m1I9wKFjICGoj+VdegNJDnoywX+uXK07VWcBeJ25OKpCj2S9/eYOYpBEVmnBUquc6ifYzlJoRTmclL1U0QTLGIe0ZKjCiys8WR8/sC6MM7DCWpoS2F+rviQwjpaZRYDoj1CO16s3F/7xeqsNbP2MiSTUVZLkoTLmtY3uegD1gkhLNp4YgkczcapMRSiTa5FQyIbirL6+Tdq3qXlfdh5tKo57HUYQzOIdLcKEODbiHJrSAwBM8wyu8WRPrxXq3PpatBSufOYU/sD5/ACHhkaU=</latexit>

...
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Figure 7: Example of the weights used for combining TFRs with
different α’s (I = 2).
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Figure 8: Example of the weights used for combining TFRs with
different K’s (J = 3).

The combined TFR XComb is then described by the following
two-dimensional interpolation for each time-frequency bin (k,m):

XComb
k,m =

J∑
j=1

I∑
i=−I

λCk,m;jλ
α
k,m;iXk,m;j,i. (25)

4.4. Practical Considerations

In practice, CPU processing can be saved by using only α = 0
for small window sizes, e.g. K = 1024 (≈ 21 ms), achieving
very similar results. Another practical consideration is regarding
the storage of X in memory. Since several TFRs may be stored,
it is useful to process the combined TFRs in small excerpts of x,
and then concatenate the results, giving a certain time margin to
guarantee the proper computation of all TFRs and the structure
tensor parameters. Once the combined TFR is processed for that
given excerpt, its tensor X is no longer needed, and therefore the
memory space can be freed up. Also, in order to reduce back-
wards smearing of attacks, asymmetrical analysis windows having
a longer tail on the left side can be used.

5. EXPERIMENTS

Experiments were conducted in order to assess the performance
of the proposed method, using both synthetic and real-world au-
dio signals. All input signals had sampling rate Fs = 48000 Hz.
The system was set according to the following configuration. In
the structure tensor procedure, the analysis windows of the spec-
trogram had length K = 1024 (21.3 ms); in the smoothing two-
dimensional filter G, σk corresponded to 90 Hz and σm to 15 ms;
and the threshold used in the anisotropy measure computation was
ε = 1. The analysis window sizes for the STFChTs were cho-
sen as K = [1024, 2048, 4096] (21.3, 42.6 and 85.3 ms); in order

to reduce backwards energy smearing, asymmetric5 analysis win-
dows were used for the computation of STFChTs withK2 andK3;
αmax = 23.4 resulted from the application of Equation (7); and
all TFRs were computed with hop size h = 256 samples.

5.1. Proof of Concept

As a proof of concept, synthetic signals were selected to asses the
method’s performance in specific challenging scenarios with re-
gards to time-frequency representations.

First, a pulse comprised of harmonically related sinusoids,
with onset at 0.1 s and offset at 0.5 s, contaminated by additive
white Gaussian noise (SNR = 50 dB), was used. Figures 9(a)
and (b) depict the spectrograms obtained for this signal, using
K1 = 1024 and K3 = 4096, respectively the shortest and longest
window sizes; and Figures 9(c) and (d) depict the resulting TFRs
using the proposed combination procedure, with I = 1 and I = 5
respectively. Red dashed lines indicate the onset and offset instants
to facilitate the visualization. As can be clearly observed, the two
TFRs computed with the proposed method yielded nearly identical
results, combining the time precision provided by the first spectro-
gram with the frequency resolution of the second one. Since the
frequency lines present in this signal are well represented by an
STFChT with α = 0 (i.e. a spectrogram), increasing the num-
ber of STFChTs available does not affect the result. This could be
the case of representing signals of instruments with stable f0, e.g.
piano or harp.

The second example uses a harmonic series whose f0 varies
in a sinusoidal fashion with increasing amplitude, also contami-
nated by additive white Gaussian noise (SNR = 50 dB). This sig-
nal allows one to verify the capability of handling a wide variety
of α’s. The results are depicted in Figure 10, where it is possible to
see the original spectrogram, and three resulting TFRs, computed
with I = 1, I = 3 and I = 5. As expected, increasing I also in-
creases the time-frequency resolution, yielding more concentrated
and consistent frequency lines. For instance, the results obtained
for I = 3 and I = 5 differ only in the steeper slopes, mainly on
the right side of the pictures.

Finally, the last synthetic signal is a sum of two harmonic
signals having different sinusoidal variations of f0, with additive
white Gaussian noise (SNR = 50 dB). Figure 11 depicts the spec-
trogram used for the computation of the structure tensor and the
combined TFR, for which I = 5 was used. The resulting TFR
represents the input signal with a much higher definition, and very
smooth transitions can be observed. It is worth highlighting that
even at places where more than one frequency line crosses the
same bin, the signal is fairly well represented.

5.2. Real-World Signals

The experiments with real-world signals used the MedleyDB [16]
dataset. From each track, an excerpt of 10 s containing part of the
main melody was selected, so that each song contributed the same
amount of data. These signals were divided into 1-s segments, to-
talling 1210 excerpts. In order to assess the method’s performance,
the Gini index6 [17] was chosen as an objective figure-of-merit.

5The asymmetric windows are computed by concatenation of the first
half of a Hanning window computed with K samples, and the second half
of a Hanning window computed with K/2 samples.

6The Gini index is a measure of sparsity that indicates within the range
[0, 1] how concentrated is the energy in a given set of bins.
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(a) K = 1024. (b) K = 4096. (c) I = 1. (d) I = 5.

Figure 9: Spectrograms for different K values and combined TFRs with different I values computed for a pulse composed of harmonically
related sinusoids. Onset and offset are indicated by the red dashed lines.

(a) K = 1024. (b) I = 1. (c) I = 3. (d) I = 5.

Figure 10: Varying vibrato: spectrogram and the combined TFRs with different I values.

Figure 11: Simultaneous vibratos: spectrogram (K = 1024) and
combined TFR (I = 5).

Each audio excerpt was then processed using the proposed method
and standard spectrograms (using K = 1024,K = 2048 and
K = 4096), and the Gini index was computed for each resulting
TFR.

Figure 12 depicts the percentage of times each representation
was ranked in each position according to the Gini index. The com-
bined TFR is by far the most effective in terms of sparsity, ranking
first in about 80% of the time. The STFT-1024 accounts for 50%
of the second position, the STFT-2048 for 65% of the third, and
the STFT-4096 for 50% of the fourth.

Finally, an excerpt from a piano and vocal recording was se-
lected to illustrate how the TFR of a real-world audio signal can
be improved by the proposed strategy. Figure 13 depicts its orig-
inal spectrogram next to its combined TFR. It is possible to ver-
ify that in the spectrogram the piano is barely noticeable, while
the TFR generated by the proposed method clearly represents both
the piano and the singing vocal—which is performing a very fast
melisma.

6. CONCLUSIONS

This paper presented a method for producing sparse TFRs by com-
bining different STFChTs using the information provided by the
structure tensor. We extract directional information from a spec-
trogram of the input signal, which guides an interpolation proce-
dure. Experiments comprising synthetic and real recorded audio
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Figure 12: Rank of different representations in terms of Gini Index
for the MedleyDB.

Figure 13: Vocal and piano: spectrogram (K = 1024) and com-
bined TFR (I = 5).

signals suggest that the proposed method provides high-definition
TFRs, improving the concentration of frequency lines with various
slopes and the definition of transient information, when compared
to standard TFRs, e.g. spectrograms. Given the method’s ability
to provide refined inputs for MIR tasks, such as main melody and
multi-pitch extraction, the natural continuation of this research is
the reformulation of state-of-the-art methods in MIR to take ad-
vantage of such representations in real application scenarios.
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