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Abstract


Noise distortion in terms of musical tones is one of the
most important aspects of instrumental quality assessment
of noise reduction systems. While other aspects such as
speech component quality and the level of noise attenua-
tion can already be well measured instrumentally by sev-
eral proposals, instrumental musical tones measurement is
still not widely employed. Recently, the log kurtosis ra-
tio has been explored to measure musical tones instrumen-
tally, which leads to a white box test methodology requir-
ing specific information of the particular noise reduction
algorithm. Based on our previously published modified log
kurtosis ratio measure, in this paper we propose a weighted
log kurtosis ratio measure for instrumental musical tones
assessment in a black box test manner requiring no knowl-
edge about the noise reduction algorithm. The proposed
instrumental measure is verified by a subjective listening
test showing an improved overall correlation of |ρ|= 0.95,
and has been proposed as part of an ITU-T Recommenda-
tion in Study Group 12, FG CarCOM.


1 Introduction
Instrumental quality assessment of a noise reduction algo-
rithm can be conducted into two manners. The first way
can be called a white box test, requiring knowledge of
some internal variables. Different to the white box test,
no such knowledge is needed for a black box test. In the
context of these instrumental measurements, three quality
measures are typically of interest: the speech component
quality, the level of noise attenuation, and the noise distor-
tion, e.g., in terms of the amount of musical tones. Suitable
proposals have been shown in, e.g., ITU-T Recommenda-
tions P.1100 [1] and P.1110 [2] for instrumentally measur-
ing the speech component quality and the level of noise at-
tenuation. The instrumental assessment of musical tones,
however, still remains a challenging task. The instrumental
N-MOS (noise mean opinion score) using a psychoacousti-
cal hearing-model based relative approach [3] is employed
in [4] measuring the total noise transmission quality. N-
MOS, however, evaluates noise attenuation and noise dis-
tortion in a single measure. In contrast to that, we desire
to concentrate on noise distortion with musical tones only,
independent on a fullband attenuation factor. Recently, an
instrumental musical tones measurement based on the log
kurtosis ratio of the noisy input signal and the enhanced
speech signal has been reported in [5], which has shown a
high correlation to the perceived amount of musical tones.
The kurtosis ratio instead of the log kurtosis ratio of the
input noise signal and the output (processed) noise sig-
nal has been further investigated in [6, 7]. The musical
tones measurements presented in [5–7] utilize the assump-
tion of gamma-distributed squared speech and noise spec-
tral amplitudes and the knowledge of internal variables of
the noise reduction scheme (i.e., white box test) to obtain


an analytical function for calculating the (log) kurtosis ra-
tio. However, the derivation of such analytical function is
difficult in general and still cannot be solved for noise re-
duction algorithms applying the commonly used decision-
directed approach to a priori SNR estimation [8]. More-
over, the requirement to know the internal variables of the
noise reduction algorithm prevents its use in a black box
test.


In this paper, we improve the modified log kurtosis ra-
tio [9, 10] to a weighted log kurtosis ratio based on the in-
put noise signal and the processed noise signal. We show
that the formerly required voice activity detection in [9]
can be completely omitted, since noise-only signals can
be processed yielding an instrumental measure related to
musical tones only. The proposed measure does neither
require any assumption about squared spectral amplitude
statistics, nor is it related to a specific noise reduction algo-
rithm, it does not require knowledge of internal variables,
which makes it a comfortable-to-use black box measure-
ment approach.


2 Log Kurtosis Ratio Measure


2.1 White Box Approaches


In this section, the (log) kurtosis ratio based white box test
for instrumentally measuring musical tones is briefly re-
viewed. The noisy signal in the discrete Fourier transform
(DFT) domain can be formulated as Y (ℓ,k) = S(ℓ,k) +
N(ℓ,k) with additive noise N(ℓ,k) and clean speech S(ℓ,k)
at frame ℓ and frequency bin k. In [5], the spectral sub-
traction approach for noise reduction is investigated, which


is given as Ŝ(ℓ,k)=
√


|Y (ℓ,k)|2−ν · φ̂NN(ℓ,k)·e j arg(Y (ℓ,k)),


with Ŝ(ℓ,k) being the enhanced signal, φ̂NN(ℓ,k) being the
estimated noise power spectral density, ν being an overes-
timation factor, and arg(Y (ℓ,k)) being the phase of Y (ℓ,k),
respectively. Parameter ν controls how much of the es-
timated noise power spectrum will be subtracted from the
noisy microphone signal power spectrum. The authors cal-
culate the log kurtosis ratio as the log ratio of the kur-


tosis of |Y (ℓ,k)|2 and the kurtosis of |Ŝ(ℓ,k)|2. The kur-


tosis Ψ̃x of a random variable x is defined as Ψ̃x =
µ4


µ2
2


with µn =
∫ ∞


0 xn p(x)dx in [5]. The term p(x) denotes the
probability density function (pdf) of the random variable
x. Please note, µn is defined as a raw moment instead of
a central moment in [5], the latter being commonly used
to define the kurtosis in the theory of higher-order statistic
[11]. Strictly speaking, this makes Ψ̃x a modified kurto-
sis. In order to calculate the kurtosis, the authors of [5]
assume the squared speech and noise spectral amplitudes
being gamma-distributed. An analytical function can then
be formulated with the knowledge of the internal variables
of the noise reduction algorithm, e.g., the overestimation







factor ν . A high correlation of the perceived amount of
musical tones with the log kurtosis ratio has been shown in
[5]. The same method of formulating an analytical func-
tion for calculating the kurtosis ratio has been applied in
[6, 7]. Please note, in [6, 7] the kurtosis ratio instead of
the log kurtosis ratio is calculated based on the noise com-
ponents only, which makes it independent of any speech
distortion.


However, all (log) kurtosis ratio calculations in [5–7]
need internal access to the noise reduction algorithm, e.g.,
the overestimation factor ν for spectral subtraction [5, 6],
and also for the Wiener filter family in [7], which is imple-
mented in a spectral subtraction-like manner. It is further
stated in [6, 7], that since the derivation of an analytical
function for calculating the (log) kurtosis ratio is difficult,
an analytical solution cannot be given for noise reduction
algorithms applying the decision-directed approach to a
priori SNR estimation. Therefore, the referenced method
for calculating the (log) kurtosis ratio is not applicable to a
wide range of state-of-the-art noise reduction algorithms.
This makes it an improper musical tones measure for arbi-
trary and internally unknown noise reduction algorithms.


2.2 Black Box Approaches


In [9, 10], a different noise log kurtosis ratio has been de-
fined as


∆Ψlog = ln


(


Ψñ


Ψn


)


, (1)


with ln(·) being the natural logarithm operator, Ψn and Ψñ


being the kurtosis related to the noise signal (n(n)) and to
the processed noise signal (ñ(n)), respectively. It is worth
to mention, that in [9] the noisy speech signal is processed,
so that a VAD is needed to extract non-speech related seg-
ments from the noise signal and the processed noise signal.
However, such a VAD is not needed in [10], since only the
noise signal is processed. ∆Ψlog as defined in (1) is used to
quantify the amount of musical tones. Different from [5–
7], where |N(ℓ,k)|2 are assumed to be gamma-distributed
in the power spectral domain, no such statistical assump-
tion is needed here. According to the strict mathemati-
cal definition of kurtosis [11], the kurtosis Ψx of a random
variable x is given as


Ψx =
E{[x−E{x}]4}


(E{[x−E{x}]2})2
, (2)


where E{·} is the expectation operator. Similar to (2),
an instantaneous kurtosis of squared amplitude noise DFT
coefficients for each frame ℓ can be computed as


Ψn(ℓ)=


1
K


K−1


∑
k=0


[


|N(ℓ,k)|2 −|N(ℓ,κ)|2
]4


(


1
K


K−1


∑
k=0


[


|N(ℓ,k)|2 −|N(ℓ,κ)|2
]2
)2


, (3)


with |N(ℓ,κ)|2 = 1
K


K−1


∑
κ=0


|N(ℓ,κ)|2. The kurtosis Ψñ(ℓ) can


straightforwardly be computed by applying |Ñ(ℓ,k)|2 in
(3). The respective terms Ψn and Ψñ can then be calculated


as Ψn = 1
C(Λ) ∑ℓ∈ΛΨn(ℓ), Ψñ = 1


C(Λ) ∑ℓ∈ΛΨñ(ℓ). C(Λ) is


the number of elements in set Λ, which represents a subset
of frames where no speech-dominant parts exist in Ñ(ℓ,k)
[9], or just all frames as in [10] (since only noise is pro-
cessed in [10]). Inserting Ψn and Ψñ into (1), the log kur-
tosis ratio ∆Ψlog can finally be computed.


3 New Weighted Log Kurtosis Ratio


Measure
The log kurtosis ratio as proposed in [9, 10] needs only the
noise signal and the processed noise signal from a noise re-
duction system under test. No further knowledge about the
noise reduction is necessary. This makes it an instrumen-
tal black box measurement for musical tones. However,
further investigations led us to the finding, that the results
of the log kurtosis ratio measure in [9, 10] are inconsis-
tent when applying wideband noise signals with a sam-
pling frequency of 16 kHz and narrowband noise signals
with a sampling frequency of 8 kHz. In order to deal with
this problem, a weighted log kurtosis measure is presented
in this paper, which makes the measurement consistently
working both for wideband and narrowband instrumental
musical tones assessment. The main difference of the new
approach is that we modify the calculation of Ψn(ℓ) in (3)
to become a weighted kurtosis Ψw


n (ℓ) defined as


Ψw
n (ℓ)=


1
K


K−1


∑
k=0


[


αn(k)·|N(ℓ,k)|2−αn(κ)·|N(ℓ,κ)|2
]4


(


1
K


K−1


∑
k=0


[


αn(k)·|N(ℓ,k)|2−αn(κ)·|N(ℓ,κ)|2
]2
)2


,


(4)


with αn(κ)·|N(ℓ,κ)|2= 1
K


K−1


∑
κ=0


αn(κ)·|N(ℓ,κ)|2. The weight-


ing factor αn(k) =


(


1
L


L


∑
ℓ=1


|N(ℓ,k)|2
)−1


is being calcu-


lated for each frequency bin as the inverse mean value
of |N(ℓ,k)|2 across all L frames. αn(k) can be inter-


preted as a normalization factor of |N(ℓ,k)|2 for each
frequency bin along all frames. The weighted kurtosis
Ψw


ñ (ℓ) can be computed by applying |Ñ(ℓ,k)|2 and αñ(k)=
(


1
L


L


∑
ℓ=1


|Ñ(ℓ,k)|2
)−1


in (4). The respective terms Ψw
n and


Ψw
ñ can then be calculated using Ψw


n (ℓ) and Ψw
ñ (ℓ) instead


of Ψn(ℓ) and Ψñ(ℓ), respectively. ∆Ψw
log can then be com-


puted applying Ψw
n and Ψw


ñ instead of Ψn and Ψñ in (1).


4 Experimental Setup and Results


As in [10], four state-of-the-art noise reduction algorithms
with noise-only input signals are tested. 18 in-car back-
ground noise signals are chosen from the ETSI noise
database [12], each having a length of 8s. All signals are
sampled with 16 kHz and are scaled to -26 dBov according
to ITU-T Recommendation P.56 [13]. The following setup
is used: A DFT with length K = 512 and a frame shift of
50% are applied, using the square root Hann window as
analysis and synthesis windows, respectively. Four noise
reduction algorithms are then applied in the DFT domain:
the MMSE-SA (SA) estimator [8], the MMSE-LSA (LSA)
estimator [14], the a priori SNR-driven Wiener filter (WF)
[15], and the super-Gaussian joint MAP (SG) estimator
[16]. For all weighting rules, an estimation of the a pri-


ori SNR defined as ξ (ℓ,k) = E{|S(ℓ,k)|2}
E{|N(ℓ,k)|2}


is needed, being


addressed by Ephraim and Malah in their decision-directed
(DD) approach [8] as


ξ ′(ℓ,k) = β ·
|Ŝ(ℓ−1,k)|2


φ̂NN(ℓ−1,k)
+(1−β )·P[γ(ℓ,k)−1], (5)


ξ (ℓ,k) = max{ξ ′(ℓ,k), ξmin},
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Figure 1: Weighted log kurtosis ratio for the four weight-
ing rules


with a smoothing factor β , the a posteriori SNR γ(ℓ,k) =
|Y (ℓ,k)|2


φ̂NN (ℓ,k)
, P[x] = max{x,0}, and ξmin=−15dB, respectively.


The estimated noise power spectrum φ̂NN(ℓ,k) is obtained
by minimum statistics [17]. Setting β close to unity yields
a strong smoothing of the a priori SNR estimate, which
helps to significantly reduce musical tones [18]. A simula-
tion over the full range of 0 ≤ β < 1 is performed to eval-
uate the weighted log kurtosis ratio measure. We change
β from 0 to 1 only to show the weighted log kurtosis ratio
measurement results for different values of β , however, no
information of β is needed for calculating the weighted log
kurtosis ratio measure ∆Ψw


log. For the weighted log kurtosis


ratio, we use a DFT length K = 512, a frame shift of 50%,
and a square root Hann analysis window, respectively.


The results of the weighted log kurtosis ratio ∆Ψw
log are


shown in Fig. 1. Using ∆Ψw
log, we observe: Once β in-


creases beyond 0.9 for LSA and SA, and beyond 0.94 for
SG and WF, respectively, ∆Ψw


log will decrease very fast to-


wards zero. This means that the weighted kurtosis of ñ(n)
becomes more similar to the weighted kurtosis of n(n),
meaning higher statistical similarity of n(n) and ñ(n), or,
less musical tones. This matches the observation in [18]
well, where β has been increased from 0.98 to 0.998. How-
ever, in [18, 19] the smoothing effect of β in (5) for reduc-
ing musical tones is only investigated for β being chosen
very close to unity. We found that this smoothing comes
only strongly in effect for LSA and SA with β ≥ 0.9 and
for SG and WF with β ≥ 0.94. This corresponds nicely
to our above mentioned observation with the weighted log
kurtosis ratio. On the contrary, changing β from 0 to 0.9
for LSA and SA (untypical setup for the decision-directed
approach), the perceived amount of musical tones hardly
changes. Also, ∆Ψw


log of LSA and SA remain nearly un-


changed within 0 < β ≤ 0.9. In contrast to our first expec-
tation, the weighted log kurtosis ratio increased with in-
creasing β in the range 0 ≤ β < 0.94 for SG and WF. This
is further illustrated in Fig. 2 employing SG with three dif-
ferent β s: Using β = 0, much more peaks (red points) are
being generated in the spectrum of the weighted processed
noise signal using the weighting factor αñ(k) as compared
to using β = 0.94. However, since for β = 0 too many such
peaks are generated within each frame ℓ, they are not iso-
lated any more, leading to spectral distortions of broader
bandwidth. For β = 0.94, however, we observe less peaks,
but in a more isolated fashion, clearly indicating the effect
of musical tones. That’s why Ψw


ñ and consequently ∆Ψw
log


Figure 2: Spectrum of a weighted processed noise signal
using SG with (a) β = 0, (b) β = 0.94, and (c) β = 0.999


increase for β →0.94. When we compare the case of us-
ing β = 0.94 and β = 0.999, strong smoothing comes into
effect for β →0.999, indicating removal of isolated peaks
(musical tones) also by a decrease of ∆Ψw


log. With this ob-


servation we show that the decision-directed approach has
a different smoothing extent within different β ranges. It
is further indicated in [19], that the decision-directed ap-
proach provides much less smoothing effect with SG and
WF than with LSA and SA. This effect is well reflected
in our weighted log kurtosis ratio measurements, where
∆Ψw


log of SG and WF is higher than LSA and SA for all


β s. We found that by changing β in (5), the lower the
weighted log kurtosis ratio is, the less musical tones are
observed, especially for β ≥ 0.94, which are mostly em-
ployed for the decision-directed approach.


In order to further validate ∆Ψw
log as an applicable in-


strumental musical tones measurement, a subjective listen-
ing test in an absolute category rating (ACR) fashion is
conducted to judge the audible level of musical tones. Six-
teen test persons (experts and non-experts) had to rate the
audibility of the musical tones according to an ACR listen-
ing scale with seven categories: (1) intolerably audible, (2)
loudly audible, (3) rather loudly audible, (4) moderately
audible, (5) slightly audible, (6) just audible, (7) inaudi-
ble. Three noise signals from the 18 in-car background
noises have been randomly chosen. Each noise signal has
been processed by the spectral weighting rules SA, LSA,
WF and SG. Three values of β with 0.96, 0.98 (being the
optimal value for SA [8]), and 0.993 (being the optimal
value for SG [9]) are chosen for each spectral weighting
rule. Altogether 36 output (processed) noise signals had to
be rated by each subject. The related instrumental ∆Ψw


log


measurements are shown in Fig. 3 for comparison with the
subjective listening test results shown in Fig. 4. It can be
seen that the ACR results match the ∆Ψw


log results nicely


for all weighting rules. In order to evaluate the weighted
log kurtosis ratio quantitatively, Pearson’s correlation [20]
between the subjective measures ACRi and the instrumen-
tal measures ∆Ψw


log,i is calculated as


ρ =
∑i(ACRi −ACRi)(∆Ψw


log,i −∆Ψw
log,i)


√


∑i(ACRi −ACRi)2
√


∑i(∆Ψw
log,i −∆Ψw


log,i)
2


, (6)


where ACRi and ∆Ψw
log,i are the mean value of ACRi and


∆Ψw
log,i for i =1, 2, 3 (for three β s), and the summation also


goes over the three values of ACRi and ∆Ψw
log,i in Figs. 3
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Figure 3: Weighted log kurtosis ratio for the four weight-
ing rules with β = 0.96,0.98,0.993


and 4, respectively, to compute ρSG, ρWF, ρLSA, and ρSA,
respectively. Finally, all 12 values of ACRi and ∆Ψw


log,i


are used for computing an overall ρ for all weighting
rules combined. The correlation results are calculated as
ρSG =−0.95, ρWF =−0.94, ρLSA =−0.97, ρSA =−0.98,
and ρ = −0.95, respectively. It can be seen that the ACR
results correlate with the weighted log kurtosis ratio mea-
sures very well for each weighting rule and all weighting
rules combined. By using the newly proposed weighted
log kurtosis ratio measure instead of the log kurtosis mea-
sure in [10], we have improved overall the correlation to
the subjective ACR results. Especially for the weighting
rule LSA, we have significantly improved |ρLSA| from 0.56
to 0.97. Both instrumental results and subjective results
reveal that the larger β is, the less musical tones are per-
ceivable (in the β ≥ 0.94 region). The overall correlation
of |ρ| = 0.95 between instrumental and subjective results
verifies that the weighted log kurtosis ratio is an adequate
instrumental measure for musical tones within a black box
test environment. Please note, the same evaluation with a
separate subjective listening test has been also performed
with a sampling frequency of 8 kHz in the same manner
[21], showing an overall correlation of 0.98.


5 Conclusions
In this paper we propose a new instrumental measure for
musical tones assessment by using the weighted log kur-
tosis ratio. The weighted log kurtosis ratio measure shows
advantages against the white box musical tones measures,
which require specific noise reduction approaches, assume
specific noise (and speech) distributions, and need access
to internal parameters of the noise reduction under test.
The weighted log kurtosis ratio is a black box musical
tones measure and improves the overall correlation results
to the subjective listening test, yielding |ρ| = 0.95.
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Introduction


Instrumental noise distortion measurements of a noise reduc-
tion algorithm in terms of musical tones can be conducted in
two manners. The first is a white box test, requiring knowl-
edge of the internal parameters. Different to the white box
test, no such knowledge is needed for a black box test. Re-
cently, an instrumental musical tones measurement based on
the (log) kurtosis ratio of the noise input signal and the pro-
cessed noise signal has been reported in [1, 2], showing a high
correlation of the perceived amount of musical tones. The
musical tones measurements presented in [1, 2] utilize the as-
sumption of gamma-distributed squared noise spectral am-
plitudes and the knowledge of internal variables of the noise
reduction scheme (i.e., white box test) to obtain an analyti-
cal function for calculating the (log) kurtosis ratio. However,
the derivation of such analytical function is difficult in gen-
eral and still cannot be solved for noise reduction algorithms
applying the commonly used decision-directed approach to
a priori SNR estimation [3]. Moreover, the requirement to
know the internal variables of the noise reduction algorithm
prevents its use in a black box test.


In this paper, we improve the modified log kurtosis ratio [4, 5]
to a weighted log kurtosis ratio based on the input noise sig-
nal and the processed noise signal. We show that the formerly
required voice activity detection in [4] can be completely omit-
ted, since noise-only signals can be processed yielding an in-
strumental measure related to musical tones only. The pro-
posed measure does neither require any assumption about
squared spectral amplitude statistics, nor is it related to a spe-
cific noise reduction algorithm. It does not require knowledge
of internal variables, which makes it applicable for arbitrary
noise reduction systems.


New Black Box


Musical Tones Measurement


Investigations led us to the finding, that the results of the
log kurtosis ratio measure in [4, 5] are inconsistent when ap-
plying wideband noise signals with a sampling frequency of
16 kHz and narrowband noise signals with a sampling fre-
quency of 8 kHz. To deal with this problem, we define a new


weighted log kurtosis ratio as ∆Ψw
log = ln


(


Ψw


ñ


Ψw
n


)


with Ψw
n and


Ψw
ñ being the weighted kurtosis of the noise signal and the


processed noise signal, respectively. In order to calculate Ψw
n ,


an instantaneous weighted kurtosis of squared amplitude noise
DFT coefficients for each frame ℓ can be computed as


Ψw
n (ℓ)=


1
K


K−1
∑


k=0


[


αn(k)·|N(ℓ, k)|2−αn(κ)·|N(ℓ, κ)|2
]4


(


1
K


K−1
∑


k=0


[


αn(k)·|N(ℓ, k)|2−αn(κ)·|N(ℓ, κ)|2
]2
)2 , (1)


with αn(κ)·|N(ℓ, κ)|2 = 1
K


K−1
∑


κ=0


αn(κ)·|N(ℓ, κ)|2. The weight-


ing factor αn(k) =


(


1
L


L
∑


ℓ=1


|N(ℓ, k)|2
)−1


is being calculated


for each frequency bin as the inverse mean value of |N(ℓ, k)|2


across all L frames. The instantaneous weighted kurtosis
Ψw


ñ (ℓ) for ñ(n) can straightforwardly be computed in the same
manner. The respective terms Ψw


n and Ψw
ñ can then be cal-


culated using Ψw
n = 1


L


∑


ℓ
Ψw


n (ℓ), Ψw
ñ = 1


L


∑


ℓ
Ψw


ñ (ℓ). With
∆Ψw


log, we can achieve consistent results both for wideband
and narrowband instrumental musical tones measurements.


Experimental Setup and Results


18 in-car background noise signals as the only input signals
for noise reduction systems are chosen from the ETSI noise
database [6], each having a length of 8s. Since our experi-
mental evaluation is done for narrowband only, all signals are
downsampled to 8 kHz and scaled to -26 dBov (see to ITU-T
Rec. P.56 [7]). A DFT with length K = 256 and a frame shift
of 50% are applied, using the square root Hann window as
analysis and synthesis windows, respectively. Four noise re-
duction algorithms are then applied in the DFT domain: the
MMSE-SA (SA) estimator [3], the MMSE-LSA (LSA) estima-
tor [8], the a priori SNR-driven Wiener filter (WF) [9], and
the super-Gaussian joint MAP (SG) estimator [10]. For all
weighting rules, an estimation of the a priori SNR defined as


ξ(ℓ, k) = E{|S(ℓ,k)|2}


E{|N(ℓ,k)|2}
is needed, being addressed by Ephraim


and Malah in their decision-directed (DD) approach [3] as


ξ
′(ℓ, k) = β ·


|Ŝ(ℓ−1, k)|2


φ̂NN (ℓ−1, k)
+(1 − β)·P [γ(ℓ, k)−1], (2)


ξ(ℓ, k) = max{ξ′(ℓ, k), ξmin},


with a smoothing factor β, the a posteriori SNR γ(ℓ, k) =
|Y (ℓ,k)|2


φ̂NN (ℓ,k)
, ξmin=−15 dB, and φ̂NN (ℓ, k) being the estimated


noise power spectrum. A simulation over the full range of 0 ≤
β < 1 for generating less or more musical tones is performed
to evaluate the weighted log kurtosis ratio measure. For the
weighted log kurtosis ratio, we use a DFT length K = 256, a
frame shift of 50%, and a square root Hann analysis window,
respectively.


Once β increases beyond 0.9 in Fig. 1, ∆Ψw
log will decrease


very fast towards zero for all weighting rules, meaning that
the weighted kurtosis of ñ(n) becomes more similar to the
weighted kurtosis of n(n), showing higher statistical similar-
ity of n(n) and ñ(n), or, less musical tones. This matches the
observation in [11] well, where β has been increased from 0.98
to 0.998. However, we found that smoothing comes only into
effect for β ≥ 0.9. This corresponds to our above mentioned
observation with the weighted log kurtosis ratio. On the con-
trary, changing β from 0 to 0.9 for LSA and SA, the perceived
amount of musical tones hardly changes, likewise ∆Ψw


log of
LSA and SA remaining nearly unchanged within 0 < β ≤ 0.9.
However, ∆Ψw


log increases with increasing β in 0 ≤ β < 0.9 for
SG and WF. This is illustrated in Fig. 3 employing SG with
three different βs: Using β = 0, much more peaks (red points)
are seen in the spectrum of the weighted processed noise sig-
nal as compared to using β = 0.9. However, since for β = 0
too many such peaks are generated within each frame ℓ, they
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Figure 2: Weighted log kurtosis ratio for the four weight-
ing rules with β = 0.96, 0.98, 0.993


are not isolated any more, leading to spectral distortions of
broader bandwidth. For β = 0.9, we observe less peaks, but
in a more isolated fashion, clearly indicating the effect of mu-
sical tones. That’s why Ψw


ñ and consequently ∆Ψw
log increase


for β→0.9. When we compare the case of using β = 0.9 and
β = 0.999, strong smoothing comes into effect for β→0.999,
indicating removal of isolated peaks (musical tones) also by a
decrease of ∆Ψw


log. To validate ∆Ψw
log, a subjective listening


test with 16 test persons (experts and non-experts) is con-
ducted in an absolute category rating (ACR) fashion to judge
the audible level of musical tones with 1 meaning intolera-
bly audible musical tones and 7 meaning inaudible musical
tones. Three noise signals have been randomly chosen with
β = 0.96, 0.98, 0.993 for all weighting rules, respectively. Al-
together 36 output (processed) noise signals had to be rated
by each subject. The related instrumental ∆Ψw


log measure-
ments are shown in Fig. 2 for comparison with the subjective
listening test results shown in Fig. 4. Accordingly, the Pear-
son’s correlation is computed for each weighting rules and
all weighting rules combined as ρSG = −0.99, ρWF = −0.98,
ρLSA = −0.99, ρSA = −0.99, and ρall = −0.98, respectively.
The overall correlation of |ρall| = 0.98 between instrumental
and subjective results verifies that the weighted log kurtosis
ratio is an adequate instrumental measure for musical tones
within a black box test environment.


Conclusions


In this paper, we propose the weighted log kurtosis ratio as a
new black box musical tones measure, yielding a high overall
correlation |ρall| = 0.98 with the subjective listening test.
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Limits of WLAKR for the Classification of QoS Level                                                            


and the Mapping Functions of WLAKR to ACR MOS Scores 


 


In this technical document we explain the procedure of obtaining the values of the objective 


noise distortion measure for classification into quality of serve (QoS) levels given in Table 


YYY for wideband signals and Table ZZZ for narrowband signals of the proposed “Annex 


XXX, Testing for Noise Distortion”. Two objective tests according to the test procedure as 


described in “Annex XXX, Testing for Noise Distortion” for wideband signals and for 


narrowband signals have been performed, respectively. Furthermore, two informal absolute 


category rating (ACR) subjective listening tests for wideband signals and narrowband signals 


have been conducted, respectively. Two mapping functions of the raw objective noise 


distortion measure to the ACR scores of the perceived amount of musical tones are derived 


for wideband signals and narrowband signals along with the test results. 


1. Test setup 


18 typical automobile background noises will be processed according to the test procedure as 


described in “Annex XXX, Testing for Noise Distortion”, to calculate the weighted log-


average kurtosis ratio WLAKR. The signal enhancement subsystem under test alternatively 


employed four spectral weighting rules: LSA, SA, SG and WF. All these spectral weighting 


rules use the so-called decision-directed approach for estimating the a priori SNR 


[Ephraim1984]. Three values of the parameter β of the decision-directed approach with 0.96, 


0.98, and 0.993 were used. More details can be found in [YU-KURTOSIS-WB] and [YU-


KURTOSIS-NB]. After the objective musical tones measurements, three background noises 


have been randomly chosen from the 18 background noises for conducting an informal 


absolute category rating (ACR) subjective listening test. The ACR test is employed for 


judging the audible level of musical tones. 16 test persons (experts and non-exports) had to 


rate the “audibility of musical tones” with seven categories on a mean opinion score (MOS) 


scale: (1) intolerably audible, (2) loudly audible, (3) rather loudly audible, (4) moderately 


audible, (5) slightly audible, (6) just audible, and (7) inaudible.  


The objective and subjective musical tones measurements have been conducted for wideband 


signals and narrowband signals separately. The results of the weighted log-average kurtosis 


ratio WLAKR and the corresponding MOS results for wideband subsystems and narrowband 


subsystems are shown in Tables 1 and 2. It can seen that the smaller the weighted log-average 


kurtosis ratio WLAKR is, the less musical tones are perceived in the processed background 


noise of the signal enhancement subsystem both for wideband and narrowband signals. 


 


 


 


 


 


 


 







Table 1: Weighted log-average kurtosis ratio WLAKR and the corresponding MOS scores of 


the four spectral weighting rules for wideband subsystems 


 β WLAKR MOS 


LSA 0.96 0.99 4.7 


LSA 0.98 0.66 5.8 


LSA 0.993 0.16 6.5 


SA 0.96 0.89 4.8 


SA 0.98 0.71 5.5 


SA 0.993 0.32 6.4 


SG 0.96 2.17 1.8 


SG 0.98 1.82 3.8 


SG 0.993 0.75 5.6 


WF 0.96 1.85 1.6 


WF 0.98 1.63 3.7 


WF 0.993 0.55 5.9 


 


Table 2: Weighted log-average kurtosis ratio WLAKR and the corresponding MOS scores of 


the four spectral weighting rules for narrowband subsystems 


 β WLAKR MOS 


LSA 0.96 0.62 4.8 


LSA 0.98 0.14 6.1 


LSA 0.993 -0.31 7.0 


SA 0.96 0.63 4.7 


SA 0.98 0.27 5.7 


SA 0.993 -0.25 6.8 


SG 0.96 1.56 1.8 


SG 0.98 0.89 3.5 


SG 0.993 -0.10 6.0 


WF 0.96 1.54 1.5 


WF 0.98 1.11 3.4 


WF 0.993 0.14 5.6 


 


2. Correlation of WLAKR with MOS scores 


The correlation of the WLAKR measure with MOS scores for wideband signals is |ρ| = 0.97 


for LSA, |ρ|=0.98 for SA, |ρ| = 0.95 for SG, |ρ| = 0.94 for WF, and |ρ| = 0.95 for all spectral 


weighting rules combined. The correlation of the WLAKR measure with MOS scores for 


narrowband signals is |ρ| = 0.99 for LSA, |ρ| = 0.99 for SA, |ρ|=0.99 for SG, |ρ| = 0.98 for WF, 


and |ρ| = 0.98 for all spectral weighting rules combined. 


 


3. Mapping functions 


This section is just for information, it has no relevance w.r.t. WLAKR values. However, its 


focus is for transforming MOS thresholds into WLAKR thresholds, as needed in the next 


section. The raw points of Tables 1 and 2 for each spectral weighting rule are shown again in 


Figures 1 and 2 in the form (WLAKR, MOS), respectively. Based on these points, the 







mapping function between WLAKR and the corresponding MOS score for wideband signals 


can be derived with the quadratic polynomial regression:  


MOS = p0 + p1· (WLAKR) + p2 · (WLAKR)
2
, 


 
using p0= 6.86, p1 = -1.67, and p2= -0.31, 


respectively. Correspondingly, the mapping function between WLAKR and the corresponding 


MOS score for narrowband signals can be derived with the quadratic polynomial regression: 
 


MOS = p0 + p1· (WLAKR) + p2 · (WLAKR)
2
, using p0 = 6.19, p1 = -2.21, and p2 = -0.45, 


respectively. These mapping functions are depicted in Figures 1 and 2 for wideband and 


narrowband signals, respectively. With these mapping functions, an MOS score can be 


predicted by the objective measure WLAKR for both wideband and narrowband signals. 


 


 


Figure 1: MOS scores for different spectral weighting rules and the mapping function using 


quadratic polynomial regression for wideband signals 


 


 


Figure 2: MOS scores for different spectral weighting rules and the mapping function using 


quadratic polynomial regression for narrowband signals 
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4. Setting the limits of WLAKR for the classification of the QoS level 


The MOS scores of the wideband experiment and of the narrowband experiment are shown in 


Figures 3 and 5, respectively. Both for wideband and narrowband signals, an MOS score of 


larger than 5.5 is required for QoS level 1. QoS level 2 requires an MOS score of more than 


4.5, whereas QoS level 3 requires the MOS score to be higher than 3.5. In terms of the 


WLAKR one obtains the QoS thresholds as depicted in Figure 4 for wideband signals and 


Figure 6 for narrowband signals, respectively. 


 


    
 


Figure 3: MOS scores for different spectral weighting rules and the limits of MOS scores for 


the classification of the QoS level (Wideband) 


 


 
 


Figure 4: Weighted log-average kurtosis ratio WLAKR for different spectral weighting rules 


and the limits of WLAKR for the classification of the QoS level (Wideband) 
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Figure 5: MOS scores for different spectral weighting rules and the limits of MOS scores for 


the classification of the QoS level (Narrowband) 


 


 
 


Figure 6: Weighted log-average kurtosis ratio WLAKR for different spectral weighting rules 


and the limits of WLAKR for the classification of the QoS level (Narrowband) 
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Annex E

Testing for Noise Distortion

This Annex describes a test using an objective noise distortion measure specifically designed to quantify the amount of musical tones. The system under test is the noise reduction functionality in the signal enhancement subsystem as described in section 8.3. If comfort noise generation is part of the system, it should be switched off for the purpose of the test. The measure described in this Annex is to give guidance in the development and optimization process of the signal enhancement subsystem. The described test is recommended, although not mandatory.

1.1 Parameter description

The noise distortion is measured in send direction with the weighted log-average kurtosis ratio WLAKR of the signals at test point (S2) and at test point (S3) of the signal enhancement subsystem as shown in Fig. <SignalEnhancementSubsystem_with_TP>. The weighted log-average kurtosis ratio WLAKR describes the amount of musical tones by measuring the average ratio of the weighted kurtosis of the unprocessed background noise signals and the processed background noise signals using the signal enhancement subsystem.



1.2 Test

In principle, the test could be carried out using noise signals acquired by the hands-free microphone in the car. A number of not less than 18 noise samples of length 8 seconds taken from typical stationary driving conditions should then be recorded and taken for the subsequent measurement. However, an even more relevant problem to solve may be to allow comparison to tests carried out for other signal enhancement subsystems in other labs. Therefore, as the recommended alternative, the noise data shall be taken from the inside-car background noise signals in section 8.2 (“Stereophonic Signals”) of [ETSI EG 202 396-1]. The left channel of all 9 signals including fullsize car1, midsize car1 and midsize car2 with 80 km/h, 100 km/h and 130 km/h are selected, respectively. Each signal is downsampled from 48 kHz to 16 kHz, the first 16 seconds are taken and segmented into 2 noise signals with a length of 8 seconds each. This leads to altogether 18 reference background noise signals. For the test of a wideband subsystem the ITU-T P.341 weighting filter [ITU-T P.341] for wideband signals (50, …, 7000 Hz) is applied. For the test of a narrowband subsystem the modified IRS (MIRS) weighting filter according to ITU-T Recommendation P.830 [ITU-T P.830] (300, …, 3400 Hz) is applied and subsequently downsampled to 8 kHz. The mean weighted log-average kurtosis ratio WLAKR is then computed from all 18 weighted log-average kurtosis ratios. For each of the 18 background noise signals, one weighted log-average kurtosis ratio WLAKR is calculated as follows:

1) The long-term rms level of the 16 kHz/8 kHz sampled background noise signal of length 8 seconds is adjusted to -26 dBov according to ITU-T Recommendation P.56 [13]. Then the signal is digitally stored as the reference signal, and fed into test point (S2) as an input to the signal enhancement subsystem.

2) The background noise signal processed by the signal enhancement subsystem is taken from test point (S3) and also digitally stored.

3) Now the signals are transformed into the Fourier domain. To accomplish this, a square root Hann window of length 512 (or 256 for narrowband signals) is applied, followed by a discrete Fourier transform (DFT) of the same length and a frame shift of 50%. These operations are separately performed for the stored reference signal and the processed noise signal with  being the time index, respectively.

4) Based on the DFT coefficients of the reference signal and the processed background noise signal, the weighted log-average kurtosis ratio WLAKR = is computed, where is the natural logarithm, and are the average weighted kurtosis of the reference signal and the processed noise signal, respectively. is calculated by averaging the instantaneous weighted kurtosis of the squared amplitude reference signal DFT coefficientsover all frames

 	(1)

with   and  being the frame index and frequency bin, respectively, and K being the DFT length. The weighting factor  is being calculated for each frequency bin as the inverse mean value of  across all L frames. The average weighted kurtosis  can be calculated in the same way by using   and  instead of and  in equation (1), respectively. The noise distortion, i.e., the amount of musical tones produced by the signal enhancement subsystem, shall be evaluated in terms of the mean of the weighted log-average kurtosis ratio WLAKR. More details can be found in [YU-KURTOSIS-WB] and [YU-KURTOSIS-NB].

1.3 Classification of QoS level based on values of this parameter

To claim compliance with a certain QoS class the WLAKR of the signal enhancement subsystem in send direction has to meet the requirement for the applicable QoS classes as defined in Table YYY for wideband subsystems and in Table ZZZ for narrowband subsystems. The audibility of musical tones is rated with seven categories on a mean opinion score (MOS) scale: (1) intolerably audible, (2) loudly audible, (3) rather loudly audible, (4) moderately audible, (5) slightly audible, (6) just audible, and (7) inaudible.

Table YYY –Limits for the mean of the weighted log-average kurtosis ratio WLAKR of the signal enhancement subsystem in send direction (wideband)

		QoS Class

		WLAKR

		Mean Opinion Score (MOS)

		Audibility of Musical Tones



		1

		<0.72

		>5.5

		Just audible or inaudible



		2

		<1.16

		>4.5

		Slightly audible



		3

		<1.56

		>3.5

		Moderately audible



		4

		≥1.56

		≤3.5

		Intolerably audible or loudly audible or rather loudly audible





Table ZZZ –Limits for the mean of the weighted log-average kurtosis ratio WLAKR of the signal enhancement subsystem in send direction (narrowband)

		QoS Class

		WLAKR

		Mean Opinion Score (MOS)

		Audibility of Musical Tones



		1

		<0.30

		>5.5

		Just audible or inaudible



		2

		<0.67

		>4.5

		Slightly audible



		3

		<1.00

		>3.5

		Moderately audible



		4

		≥1.00

		≤3.5

		Intolerably audible or loudly audible or rather loudly audible







1.4 Design guidance and root-cause analysis

Noise distortion introduced by the signal enhancement subsystem may lead to a high degradation of the overall perceived speech quality. Therefore, the described noise distortion measure should be evaluated during the optimization of the signal enhancement subsystem, and judged along with speech signal-related quality measures. A high noise distortion may indicate a too low spectral gain floor in spectral noise reduction, or a too low noise overestimation factor in spectral noise power estimation, or a too low SNR floor and/or a too weak temporal smoothing in SNR estimation.
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