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Abstract
In this contribution, a new instrumental measure for end-to-end
speech transmission quality is presented which is based on per-
ceptually relevant dimensions. The paper describes the com-
plete scientific development process of such a measure, starting
off from the general framework and concluding with the con-
crete realization. The measure is based on the dimensions “dis-
continuity”, “noisiness”, and “coloration”, which were identi-
fied through multidimensional analyses. Three dimension esti-
mators are introduced which are capable to predict so-called di-
mension impairment factors on the basis of signal parameters.
Each dimension impairment factor reflects the degradation with
respect to a single perceptual dimension. By combining the im-
pairment factors, integral quality can be estimated. A maximum
correlation of r = 0.9 with auditory test results is achieved for
a wide range of perceptually different conditions.
Index Terms: Speech transmission quality, evaluation.

1. Introduction
The quality of a transmitted speech signal depends on a multi-
tude of elements of the transmission system it was sent through.
It is the user who finally determines the quality by judging the
degree of deviation from the desired quality. The quality judg-
ment is based on different features of the perceived speech, de-
scribing its auditory characteristics (e.g., by means of attributes
like noisy, bright, or interrupted). These perceptual features
may be of different importance for the integral quality, and
hence weighted differently in the users’ process of coming to
a quality judgment.

Assuming that speech quality is completely determined by
a set of known auditory features, it is then possible to obtain
a quality estimate by combining estimates of the features, for
example by appropriate signal-based instrumental measures.

Triggered by this notion, a research project funded by the
German Research Foundation (DFG) was initiated aiming at de-
veloping an instrumental measure that is based on capturing rel-
evant quality features in a speech signal and combining their
ratings to an integral quality score [1]. Two major advantages
over current models like PESQ [2] are expected:

• The approach is based on a more or less complete set
of perceptual features of modern telephone connections,
which are described by orthogonal dimensions. Thus, a
dimension-based model should principally be indepen-
dent of the database it was trained on. It is assumed that
such a measure will even be able to reliably judge un-
known kinds of degradations. If necessary, however, the
functions mapping the dimensions onto integral quality
can be adapted for future applications.

• Besides predicting integral quality, the single dimension
estimators provide perceptually adequate diagnostic in-
formation on the composition of the quality. This allows
for identifying the potential source of the quality degra-
dation for system developers or network providers. A
similar approach is pursued in [3] which is, however, not
strictly based on the auditory feature-level.

The current state of the scientific development process for a
feature-based model is described in detail in the present paper,
starting off from revealing the relevant dimensions of end-to-
end speech transmission (Sec. 2). The quality impact of these
dimensions can be quantified using the concept of dimension
impairment factors introduced here; such factors constitute the
interface between physical magnitudes and perceptual quality
scores. On the basis of different databases described in Sec. 3,
signal parameters were found suitable to estimate the dimension
impairment factors, see Sec. 4. In Sec. 5, the resulting integral-
quality model is described by combining the dimension impair-
ment factors. Conclusions are given in Sec. 6.

2. Perceptual dimension framework
2.1. Perceptual dimensions

The dimension-based quality prediction approach can only pro-
vide valid and reliable estimations if all perceptually relevant
dimensions are covered by the model. Hence, extensive au-
ditory tests (with a total of 80 participants) were carried out
following the paradigms of similarity scaling of pairwise pre-
sented stimuli with subsequent Multidimensional Scaling, and
attribute-scaling in the fashion of Semantic Differentials [4].
Both methods aim at representing the test stimuli in a percep-
tual space of low dimensionality, whereas the space’s axes re-
flect the underlying perceptual dimensions. The dimensions, in
turn, can be interpreted by means of the particular point config-
uration: A large distance between two points representing two
stimuli corresponds to either a high dissimilarity (Multidimen-
sional Scaling), or to a highly differing characteristic in terms
of describing attributes (Semantic Differential).

Both the test conditions and the attributes were chosen with
particular diligence. It is vital that the test stimuli cover virtually
all kinds of potential degradations in modern networks. These
include electro-acoustic properties of user terminals, send-side
room acoustics, narrowband and wideband codecs, signal en-
hancement algorithms, and variation of behavior of the under-
lying network (e.g., packet loss). The set of attributes for the
Semantic Differential was derived from additional experiments
and extended using those found in the relevant literature; it is
assumed that they capture the whole range of semantic descrip-
tions for the given stimuli.
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Figure 1: Biplot for the Semantic Differential data (cf. [4][5]).

Wideband (50-7000 Hz) speech transmission is yet unfa-
miliar to most listeners, in contrast to traditional narrowband
(300-3400 Hz) transmission. In order to account for the dif-
ferences in listening experience, narrowband [4] and wideband
samples were investigated separately in a first step. The result-
ing perceptual dimensions are compared in [5], showing that
three common dimensions cover the major part of the experi-
mental variances. As an example, Fig. 1 depicts the so-called
biplot of the three-dimensional narrowband configuration, rep-
resenting the attributes and the dimension scores (point coor-
dinates) in a single plot. The configuration was derived from
the Semantic Differential data by Principle Component Anal-
ysis and subsequent VARIMAX rotation. The interpretation of
the underlying axes by means of their relation to the attributes of
the Semantic Differential and their point coordinates (see Fig. 1)
leads to the following dimension labels (degradation types as-
sociated with the respective dimension are given in brackets):

• Discontinuity (packet loss, silence insertion, time-
varying effect of signal-correlated noise, time-varying
codec non-linearities, musical noise),

• noisiness (signal-correlated noise, additive circuit and
background noise), and

• coloration (linear distortions due to bandpass filtering
and room acoustics).

In the present study, it is focussed on the narrowband sce-
nario.

2.2. Dimension impairment factors

From the analysis described in the previous section, both the
global quality dimensions and the distortions they are associated
with are known. In the following, the contribution to a decrease
in overall quality of each dimension is denoted as a “dimension
impairment factor”, Idis, Inoi, and Icol, respectively. Assuming
that the perceptual dimensions cover the whole range of impair-
ments in modern networks, the total dimension impairment fac-
tor Itot can be formulated as a function of the single dimension
impairment factors: Itot = f(Idis, Inoi, Icol).

The notion of impairment factors is adopted from the so-
called E-Model, a computational model for predicting overall
quality during telephone-network planning [6]. This model uses
a perceptually-motivated quality scale, the so-called R-scale,
to integrate the effects of degradations of different origin. The
magnitude of impairment increases with lower quality. Thus,

we obtain dimension impairment factors by linearly transform-
ing mean opinion scores (MOS) obtained on a continuous qual-
ity rating scale [7] in the auditory tests (MOSC ∈ [0; 6]) to the
R-scale (R ∈ [0;R0,max]), and computing I = R0,max −R:

R = R0,max · MOSC −MOSC,min

MOSC,max −MOSC,min
. (1)

Here, MOSC,min and MOSC,max correspond to the min-
imum and maximum of MOSC obtained in the test over all
conditions (it is assumed that the range of distortions in the test
is balanced, resulting in a more or less complete coverage of
the scale). R0,max depends on the scenario (narrowband, NB,
or wideband, WB) in which the quality scores were obtained.
Since NB-only conditions are considered in this study, it holds
R0,max = R0,NB,max = 100 [6].

The instrumental measure we describe in the following
aims at predicting an estimate Îtot of Itot, computed by com-
bining estimates Îdis, Înoi, and Îcol of the dimension impair-
ment factors described in this section.

3. Databases
For the development of the measure, a total of four databases
containing different conditions and corresponding MOSC -
values were available. The databases were obtained by audi-
tory experiments following ITU-T Rec. P.800, however using
an extended and continuous instead of a category rating scale,
because the latter has proven to show saturation effects at its
extremities (cf. [7]). In all tests, “naı̈ve” participants rated the
quality on the continuous scale. Four different speaker/sentence
combinations were considered. The MOSC -values correspond
to the mean rating over all speaker/sentence combinations and
participants.

The first database (database 1) contains 50 conditions, rated
by 20 participants (11f, 9m, ∅32.2 years), that cover the
whole range of relevant dimensions, including G.711, G.728,
G.729A, and AMR codecs, different rates of silence insertion
and packet loss (bursty and random), front-end clipping, dif-
ferent types of terminal characteristics at send side (handset,
mobile phones, hands-free terminals including the effect of a
realistic office room and a car interior), different frequency
characteristics at send side (flat, narrow bandpass, IRSmod-
send), signal-correlated noise, circuit and realistic background
noise (“Hoth”, babble, jackhammer), and noise reduction (Boll,
Ephraim-Malah).

Dimension impairment factors were derived via Eq. (1) and
evaluating Itot = 100−R. According to the findings described
in Sec. 2.1 and the framework introduced in Sec. 2.2, each type
of these degradations can be assigned to one dimension impair-
ment factor, such that

• Idis = Itot (with Inoi = Icol = 0) for degradations in
continuity,

• Inoi = Itot (with Idis = Icol = 0) for noisy samples,
and

• Icol = Itot (with Idis = Inoi = 0) for conditions with
timbre coloration.

Although the classification of the conditions to single dimen-
sions is not valid in all cases (e.g., an acoustic recording of
a hands-free terminal situation includes both “coloration” and
“noisiness”), this approach was chosen in order to obtain a de-
fined scope of a single dimension estimator (cf. Sec. 4). In addi-
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tion, 19 combinations of these types of degradations were pro-
duced in order to test the influence of degradation-interactions
on overall quality.

The degradations of database 1 constitute the basis for three
further databases (database 2-4), each of which contains degra-
dations that can be associated with just a single dimension.
Therefore, further conditions of a similar type of degradation
were added to each of the three groups. MOSC -values for
a total of 42 conditions (two speakers) in each database were
obtained by three separate auditory experiments for “discon-
tinuity” (database 2: 20 participants, 7f, 13m, ∅26.8 years),
“noisiness” (database 3: 20 participants, 5f, 15m,∅26.7 years),
and “coloration” (database 4: 20 participants, 6f, 14m, ∅26.8
years). An exemplary description of the “coloration” database
can be found in [8], and the other two databases also followed
this test protocol.

The MOSC -values of database 2-4 are biased, owing to
the fact that the range of distortions was limited to only one
type of degradation in each test, which is unrealistic in an end-
to-end scenario. They have first been transformed into impair-
ment factors I ′dis, I ′noi, and I ′col, respectively, according to Eq.
(1), and evaluating I ′dis,noi,col = 100 − R′

dis,noi,col. The ′

indicates the bias. Since 13 to 15 conditions of each of the
three tests were also included in database 1, transformation
rules fdis,noi,col have been derived from database 1, so that
fdis,noi,col(I

′
dis,noi,col) ≈ Idis,noi,col. The transformations

were linear (fdis,noi) or curvy-linear (fcol) and yielded a cor-
relation of r > 0.91 between the impairment factors Idis, Inoi,
and Icol of database 2-4 and the respective impairment factors
Idis, Inoi, and Icol of database 1.

As a result, a relatively large number of dimension im-
pairment judgments Idis, Inoi and Icol is available. These di-
mension impairment judgments form the target for the dimen-
sion impairment estimators to be developed. By means of the
first database, containing all relevant dimensions and degrada-
tion combinations, the interactions between dimension impair-
ment factors with respect to the total impairment Itot can be
investigated and included in a model for integral speech quality
(Sec. 5).

4. Dimension impairment estimators
The development of instrumental measures for the dimension
impairment factors Idis, Inoi and Icol is carried out in three
steps: (1) the definition of so-called impairment parameters,
i. e., signal parameters describing the different characteristics
of the three factors, (2) the development of instrumental mea-
sures for the impairment parameters, and (3) the formulation of
impairment models that determine estimates Î ′dis, Î ′noi, and
Î ′col as functions of the respective impairment parameters. The
following sections outline the parameters and the models for
the impairment factors “discontinuity”, “noisiness”, and “col-
oration”.

4.1. Discontinuity

The impairment factor Idis is, amongst others, associated with
distortions such as silence insertion, packet loss and musical
noise (see Sec. 2.1). Three parameters have been defined for as-
sessing these signal disturbances [9]: IR, CR, and AI . The pa-
rameter IR describes the percentage of silence insertions within
an utterance, while the parameter CR indicates the percentage
of silence insertions at the beginning and the end of an utter-
ance. The impairment parameter AI characterizes the intensity

of musical noise contained in a speech signal. So far, distor-
tions due to packet loss and corresponding concealment tech-
niques are not captured by this model. Hence, the respective
conditions were excluded in the following.

Based on the quality ratings of the database-2-stimuli and
these stimuli’s values of the impairment parameters of “discon-
tinuity”, the following model for the impairment factor “discon-
tinuity” is determined by means of nonlinear regression:

Î′dis =187.0 + 9.409· IR
%

− 0.279·
(
IR

%

)2

+ 0.177·
(
CR

%

)2

+ 2.401·AI

dB
.

(2)

This model for “discontinuity” explains R2 = 86.1% of
the variance of the ratings I ′dis yielded by the auditory test
(r = 0.93, RMSE = 10.57). Within a cross-validation, the
reliability of the estimates Î ′dis is analyzed for different sets of
test stimuli, i. e., stimuli the measure has not been trained on.
Here, the estimates Î ′dis show a mean correlation of r = 0.88
(std. dev. σr = 0.14) with the results of the auditory test.

4.2. Noisiness

The impairment factor Inoi is affected by signal-correlated
noise as well as additive circuit and background noise. In
[10], three parameters have been defined to describe the quality-
relevant characteristics of theses distortions. The two param-
eters NL(add) and f

(add)
G describe the noise level of addi-

tive noise and its center of gravity which is related to its col-
oration. The parameter N (cor) characterizes the amount of
signal-correlated noise contained in a speech signal. Here, these
parameters are used as impairment parameters of “noisiness”.

The MOSC ratings of the database-3-stimuli together with
the parameter values of “noisiness” of these stimuli provide the
basis for determining a model for I ′noi. Using the method of
nonlinear regression led to the subsequent model for the im-
pairment factor:

Î′noi =144.6 + 2.040·NL(add)

dBovp
+ 0.010· f

(add)
G

kHz

+ 23.01·N(cor) − 1.331·(N(cor))2.

(3)

The model in Eq. (3) explains R2 = 91.7% of the variance
of the ratings I ′noi (r = 0.96, RMSE = 8.14). Within a cross-
validation, the results of the impairment model show a mean
correlation of r = 0.96 (σr = 0.03) with the ratings I ′noi.

4.3. Coloration

According to Sec. 2.1, the factor “coloration” describes the
quality impairments due to linear distortions that are caused by
bandpass filters and room acoustics. In [11], five parameters
have been introduced that are assumed to be relevant for de-
scribing of the quality effects of these distortions. Two of them
have proven to be suitable for assessing the impairment factor
“coloration” of the database-4-stimuli: ERB and β. Both pa-
rameters describe characteristics of the frequency response of
a transmission system under test. While the parameter ERB
describes the equivalent rectangular bandwidth of a frequency
response, β characterizes its slope.

As for the impairment factors “continuity” and “noisiness”,
a model is determined that estimates the rating I ′col on the ba-
sis of the parameters ERB and β. The method of nonlinear
regression yields the following impairment model:
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Î′col =191.7− 11.70·ERB

Bark

− 22.46·
∣∣∣∣β ·

Bark
dB

+1.654

∣∣∣∣+ 13.07·
(
β ·Bark

dB
+1.654

)
.

(4)

The impairment-factor model explains R2 = 92.5% of the
variance of the factor ratings determined in the auditory test
(r = 0.96, RMSE = 8.77). Within a cross-validation, the es-
timates Î ′col show a mean correlation of r = 0.96 (σr = 0.02)
with the ratings I ′col. Note that the center frequency fc, together
with ERB, can be employed in an alternative model (see [8]).

5. Integral quality model
The integral quality model is derived according to the results
obtained from the auditory experiments, i.e., by combining the
values Idis, Inoi, and Icol. In this way, an adequate picture
of the relation between single dimension impairments and inte-
gral quality, reflected by Itot, can be established. Following the
framework introduced in Sec. 2.2, the following model can be
formulated based on nonlinear regression:

Itot =Idis + Inoi + Icol − (9.319 · Idis · Inoi

+ 6.047 · Idis · Icol + 8.274 · Inoi · Icol) · 10−3 .
(5)

The model covers a variance of R2
adj = 90% of the data.

A diagnostic quality information as it is pursued in the present
study can easily be obtained and intuitively be interpreted by
Eq. (5), since it assumes a simple addition of the dimensions;
if no degradation is existent in one dimension, a value of zero
is defined for the corresponding impairment factor (cf. Sec. 3).
The interaction terms, subtracted from the one-dimensional im-
pairments, reflect the discrepancy which arises from simply
adding the single impairments. Thus, it is a measure for the
mutual “masking” of the respective impairments.

By substituting the dimension impairment factors in Eq. (5)
by the (unbiased) estimates Îdis, Înoi, and Îcol, respectively, an
estimate Îtot of the integral impairment can be obtained. Due to
the restrictions of the “discontinuity” estimator (see Sec. 4.1),
the conditions including concealed packet loss were excluded
from database 1, resulting in 51 conditions.

In general, a correlation of r = 0.82 (RMSE = 19.61)
can be achieved. However, two outlier conditions were iden-
tified: Highly deviating values Îtot were obtained due to (1)
extreme artificial spectral ripples that were not included in the
dimension estimator’s training, and (2) a false value of the nois-
iness estimator for a condition actually solely associated with
the coloration dimension. Excluding these conditions results in
a correlation of r = 0.90 (RMSE = 16.06).

In order to check the model and dimension estimator
performance for unknown data, the estimation models pre-
sented in Sec. 4 were re-trained with conditions not included
in database 1. Testing the model performance with the un-
known database-1-conditions yields a correlation of r = 0.82
(RMSE = 20.00). Again, two extreme conditions for which
the new dimension estimators were not trained were excluded in
prior (e.g., a very narrow bandpass combined with room acous-
tic effects).

6. Conclusions and outlook
In this contribution, an instrumental measure for end-to-end
speech transmission quality is presented. This measure is based

on the perceptual dimensions “discontinuity”, “noisiness”, and
“coloration” which were identified by extensive auditory tests
and multidimensional analysis techniques. Three mutually or-
thogonal dimension estimation models were presented, each of
which is capable of estimating so-called dimension impairment
factors with a high correlation with auditory test results.

By combining these dimension impairment estimates, inte-
gral quality can be predicted, again yielding a high correlation
with the experimental data. Only single extreme conditions for
which the estimation models were not trained lead to a slight de-
crease in estimation performance. Thus, the presented approach
provides a reliable quality estimation for a wide range of end-
to-end telephone conditions and gives diagnostic information
of the composition of the integral quality. Recent developments
within the ITU-T, Study Group 12, underline the need for such
an universal signal-based speech quality measure with optional
degradation indicators. There, the requirement specification for
the future model is currently defined.

The dimension estimators will further be improved to also
capture effects originating from concealed packet loss. Further-
more, it is foreseen that the framework can be adapted to wide-
band speech, since it was shown that corresponding perceptual
dimensions exist in this scenario, too.

7. Acknowledgements
This study was supported by the Deutsche Forschungsgemein-
schaft (DFG), grants MO 1038/2-1, MO 1038/5-2, HE 4465/1-
1, and HE 4465/1-2.

8. References
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