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The quality of transmitted speech is the major indicator for telecommunication providers to classify their services. As a result,
the assessment of quality is of high scientific and economic importance, and corresponding methods for assessing the quality of
transmitted speech have been in the focus of multiple studies in the past. In this contribution, traditional methods are reviewed,
their weaknesses are identified and improvements and extensions are proposed. The presented work covers subjective,
diagnostic, instrumental, and physiological methods, as well as possibilities for evaluating long-term quality aspects.

INTRODUCTION

The use of telephony for vocal human-to-human
communication is deeply integrated into our daily life. The
technological development made telephony even more useful,
e.g., with the emergence of mobile phones or Voice-over-
IP. However, creating and maintaining a reliably working
telephony system has become an even more complex task;
e.g., applying heterogeneous end-user devices and network
infrastructure as well as transcarrier-interconnectivity.

Within a telephony service, a speech signal can be
degraded while recording, coding, transmission, decoding,
and reproduction. Here, the perspective of the end-users, i.e.,
customers, is of major interest: Understanding how end-users
perceive and experience degradations allows for improving
telephony service and reacting efficiently to occurring issues
like network overload.

The Quality of Experience (QoE) “is the degree of delight
or annoyance of the user of an application or service. It results
from the fulfilment of his or her expectations with respect to
the utility and / or enjoyment of the application or service in
the light of the user’s personality and current state.” [1]. This
definition of QoE and the development of methodologies to
assess the subjectively perceived QoE is the objective of the
European Network on quality of Experience in Multimedia
Systems and Services (Qualinet COST IC1003). This is a
collaboration of European QoE experts and some of the topics
addressed in this article were part of this collaboration. Applied
to telephony services, assessing and predicting QoE represents
one of the major goals of current research. In order to understand
QoE, experiments involving human participants are required.
Typical methods for QoE assessment of transmitted speech
are listening-only and conversational tests (with or without a
task), where test subjects experience a stimulus and judge the
quality. Such subjective studies enable to understand, if and
how degradations are perceived under the presented condition
and tasks of the study [2]. Quantitative feedback is often
gathered using 5-point Absolute Category Rating (ACR) scale.

The quantity evaluated from the scores is represented by the
mean opinion score (MOS). A typical ACR listening-only scale
resulting in a MOS (therefore also called MOS scale) can be
seen in Figure 1 [3].

Quality of the speech:
excellent good fair poor bad
5 4 3 2 1

Figure 1: ACR Listening-quality scale according to [3].

For speech quality assessment usually short stimuli with a
duration of up to a few seconds are used, which are sufficiently
long to evaluate the quality related to codecs or network
impairments. These types of subjective tests exhibit, however,
certain inherent limitations:

+ Stimuli must be carefully selected, so that all necessary
conditions are covered while the amount of stimuli is still
manageable.

e The effort of preparing and conducting the studies is
significant.

*  Only quantitative quality feedback is available.

The information collected during subjective studies forms
the basis for the design of instrumental, so-called objective
quality prediction models. A major complication is the fact that
given subjective results are often only valid under the given
conditions of the study in which they were collected (e.g. set of
stimuli, choice of task etc.).

In the following, we present current work on the evaluation
of speech quality that aims at overcoming the limitations
outlined above. Such approaches include diagnostic methods,
physiological measurements, and approaches to study temporal
effects during the presentation of a single stimulus and over
multiple distinct usage episodes. The ultimate goal is to include
insights gathered by such recent approaches into traditional
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objective speech prediction models in order to extend their
validity and therefore improve the accuracy of such models.

DIAGNOSING THE QUALITY OF
TRANSMITTED SPEECH

Traditional subjective tests only provide little insight into
the reason of quality impairments. More precisely, two different
speech stimuli can both be rated with the same MOS value,
while, for example, one is degraded by background noise and
the other one due to clipping. Thus, the MOS score does not
provide any diagnostic information regarding the cause of a
quality impairment. Two important observations have been
exploited in the design of approaches that allow for revealing
the cause of a quality reduction:

* Naive listeners identify perceptual dimensions related to
impairments, such as degraded sound-color, noisiness or
continuity

* Experts identify technical causes of the transmission
channel, which result in impairments like sub-optimum
speech-level, speechspectrum or noise-level

Two methodologies have been used to identify perceptual
dimensions of transmitted speech that base on the first
observation above: (1) scaling perceptual differences of pairwise
presented stimuli, and then mapping the perceptual distance to
a multidimensional space (MDS) [4]; or (2) rating all stimuli
independently on a set of bipolar scales (Semantic Differential,
SD [5]) and reducing the space of judgments with the help
of a factor analysis (Principal Component Analysis, PCA).
Applying both methodologies to narrowband (300-3400 Hz)
and wideband (50-7000 Hz) transmitted speech stimuli
allowed for identifying three perceptual dimensions of the
quality judgments: coloration, noisiness, and discontinuity
[6]. The results are illustrated in Figure 2. A fourth dimension
representing loudness was added in a later study. In [7], it
was shown that the identified perceptual dimensions can be
quantified directly in a subjective test.
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Figure 2: Results of the experiments for identifying the perceptual
dimensions of transmitted speech [7].

The identification and estimation of perceptual dimensions
is a current work item of the International Telecommunication
Union (ITU-T) (working title P.AMD, Assessment of Multiple
Dimensions). The instrumental estimation of perceptual
dimensions will be discussed further in the next section.

The second observation mentioned above can be exploited
as follows: First, expert-listeners identify the most dominant
types of degradations (“Impairment type”, Level 1, e.g.
“Speech-level”, “Speech-spectrum”, etc., refer to Table 1) and
rate them according to the three categories highly dominant,
dominant, or less dominant. Afterwards, experts identify
the detailed properties of each of the dominant degradations
(“Degradation”, Level 2, e.g. “Loud speech” or “Quiet speech”
corresponding to “Speech-level”, etc.) [8]. The experts can
choose from the list of technical causes given in [9] where a
total of 47 different impairments on Level 2, grouped into 9
categories on Level 1, are provided. Experts are asked to judge
only those samples that received a MOS rating of 3.0 or lower
in the subjective scores. The identification of technical causes
is another work item of ITU-T with the working title PTCA
(Technical Causes Analysis).

Table 1: Extract of the P.TCA guidelines given in [9].

Impairment type
(Level 1)

Speech - level

Degradation
(Level 2)

Loud speech

Quiet speech

Loudness varies

Speech level fluctuations

Temporal speech clipping

Choppy speech

Self-clipping
Speech cut-outs

Timbre varies
Muffled speech
Sharp speech

Speech - spectrum

Coloured speech

Noise - level Line sounds dead

Loud noise

Noise level fluctuations

Temporal noise clipping

Noise cut-outs

Obviously, there are links between the technical causes
and the perceptual dimensions. In a first study, the results of a
P.TCA annotation experiment have been analyzed with respect
to the reliability of the annotations, as well as with respect to the
relationships between technical causes, perceptual dimensions,
and overall quality [10]. The results showed that there is a need
for all - P.TCA cause analysis, PAMD perceptual dimension
analysis, and overall MOS scores - as these three metrics
are only partly correlated and thus contain complementary
information.

All of above mentioned approaches concentrate on a
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“passive” listening-only situation. Other phases appearing
during the usage of a communication service, like speaking
(impaired by e.g. side tone or echo) and interacting (impaired
by e.g. delay) are not addressed. Concerning this, the following
approach is currently under investigation [11]: The perceptual
dimensions of the listening phase described above add up with
the dimensions related to the speaking phase and with the
dimensions related to the interacting phase. In initial studies,
separate tests for the speaking and the interacting phases have
been conducted, resulting in two dimensions for the speaking
phase and in one dimension for the interacting phase [12].
These dimensions will have to be validated in subsequent
studies, and until now, they have not proven to be orthogonal
to each other. Subjective methods have to be developed for
this target, which would allow for combining all phases of a
conversation in one experimental paradigm.

INSTRUMENTAL ESTIMATION

Conducting subjective experiments to evaluate a
telecommunication service is very time consuming, especially
when large numbers of participants are required. Therefore,
the need for instrumental (or so-called “objective”) estimation
models has grown over the past years. A variety of approaches
are useful for estimating subjective ratings of the quality of
transmitted speech. They can be divided into three groups
based on the input information that they require:

1. Intrusive signal-based models; these models compare the
input and output signal of a transmission channel and
map the signal differences to a predicted rating, using a
perceptual weighting

2. Non-intrusive signal-based models; these models rely only
on the (degraded) output signal of a transmission channel
and map signal characteristics to a predicted rating

3. Parametric models; these models use the information of a
parametric description of the elements (e.g., Send Loudness
Rating, Talker Echo Loudness Rating, or Roundtrip delay)
of the transmission channel and map it to subjective ratings

A large amount of intrusive signal-based models have
been developed in order to estimate the overall quality of the
listening situation in a laboratory environment. The long-term
standard of the ITU-T had been the so-called PESQ (Perceptual
Estimation of Speech Quality) [13] model, which has been
replaced by its successor POLQA (Perceptual Objective
Listening Quality Assessment) [14]. These two models proved
to be reliable for the estimation of the overall quality but do not
address diagnostic features.

Estimators that represent the perceptual effects of
certain system components (e.g. filters for coloration) were
described in [15] in order to provide diagnostic information
for the perceptual dimensions from [7]. These estimators have
been further improved resulting in the DIAL (Diagnostic
Instrumental Assessment of Listening quality) model [16].
This intrusive model combines the dimension estimators
with a predictor for the overall quality in order to provide
reliable instrumental assessment of both the overall quality
and its corresponding perceptual dimensions. A block-diagram

describing the DIAL model is depicted in Figure 3.

Furthermore, the DIAL model and the POLQA model were
analyzed in terms of quality degradation indicators related to
the perceptual dimensions [17]. More precisely, it was shown
that indicators extracted from the two algorithms (e.g., ERB
(Equivalent Rectangular Bandwidth), L, (Noise Loudness),
or LTL (Long-Term Loudness)) can be used to predict the
subjective ratings of the perceptual dimensions. These results
are intended to be used in the PAMD project to develop a
model to predict subjective ratings for the four perceptual
dimensions coloration, noisiness, loudness and discontinuity.

The non-degraded input signal of a transmission channel
is usually not available outside of the laboratory environment.
Therefore, it is demanded by the industry being able to estimate
the quality of transmitted speech on the basis of the degraded
output signal alone. The ITU-T recommends its standard
P.563 [18] for this purpose, which estimates an overall MOS
of the transmitted speech quality. It provides reliable but not
as highly correlated results as the intrusive models do. This
is comprehensible, as the information carried by the input
signal is not available. A model that estimates the perceptual
dimension from [7] is currently under study so as to provide
diagnostic information with a non-intrusive method. The
approach is similar to that of the DIAL model, except that
only the output signal is used. A non-intrusive estimator for
each perceptual dimension is therefore required. While a first
estimator for the perceptual dimension nosiness has already
been part of a study [19] and showed good results, estimators
for the other three dimensions coloration, discontinuity, and
loudness are still under development.
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Figure 3: Overview of the DIAL model [17].

Before a transmission channel is installed, it is interesting
to know during the planning phase what level of quality of the
transmitted speech can be expected. For this purpose, so-called
parametric models are used, which do not depend on the speech
signals. These parametric models use a set of parameters that
define each element of a transmission channel from the talker
to the listener (e.g., loudness ratings, echo, and codecs). A
prominent example of a parametric model is the E-Model,
a network planning tool for the prediction of conversational
and listening speech quality. The E-model is recommended
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by the ITU-T for narrowband and wideband network planning
[20,21]. For the diagnostic information, the aforementioned
three dimensions (discontinuity, noisiness, coloration) can also
be estimated with a parametric approach similar to the E-model.
Using parametric estimations of the perceptual dimensions, a
dimension-based version of the E-model was developed, called
the DNC (Discontinuity, Nosiness, Coloration) model [7].

The presented models all facilitate the assessment of the
quality of transmitted speech and some of them also provide
diagnostic information of the estimated quality. However, all
of the presented models refer only to the listening situation,
except for the E-Model, so that certain relevant properties of
a communication channel are not covered. In [22] an intrusive
model which combines listening, talking, and conversational
features was developed for the estimation of the conversational
speech quality. It estimates a quality value for each phase, and
then maps the three values to asses an overall conversational
quality. It does not provide any diagnostic information to its
user, however.

PHYSIOLOGICAL QUALITY ASSESSMENT

Standard subjective tests lack information on the cognitive
state of the test participant, and any physiological responses
due to the presented stimuli. However, these tests currently
build the basis for quality estimation algorithms. When
physiological responses due to quality variations in the
presented signal are better understood, they could enrich and
improve current models significantly.

“““““““““ Low quality

Voltage (microvolts)

0 300 600
Time (milliseconds)

Figure 4: Exemplary grand average across all subjects of ERP plots
for one stimulus in high quality and one stimulus in low quality at
channel CPz. Reverberation was implemented as quality impairment
of the low quality stimulus (reverberation time = 1500 ms). Arrows
denote maximum amplitude (P300 peak for the low quality stimulus).

Brain activity measures are one methodology to better
understand the cognitive processes underlying quality
perception. Therefore, electroencephalography (EEG) has
been introduced to the research area of speech QoE. EEG
measures voltages on the participants’ scalp. Using EEG, two
basic analysing techniques can be considered — eventrelated

potentials (ERPs) and analysis of frequency bands. ERPs are
neural responses due to external events, such as presented audio
signals. Measures of ERPs were used to confirm subjective
results, as the amplitude of a positive deflection of the ERP
after about 300ms of stimulus onset [23], P300, was shown to
be gradually bigger for stronger degraded stimuli (see Figure
4). Furthermore, the P300 was shown in some cases to be even
more sensitive than the behavioural answer, as in some trials
subjects did not report a distortion on the behavioural level, but
a similar EEG pattern as in cases where subjects did report a
distortion was detected [24].

Frequency analysis is another possibility to analyse EEG
signals. The obtained frequencies can be divided into several
sub-bands, which provide information on the cognitive state
of the listener. In several studies, it could be shown that
participants tended to be more fatigued when listening to low-
quality audio signals. This was detected when analysing the
alpha and theta frequency power band, which are indicative for
fatigue and drowsiness [25].

Another brain-based method is functional near-infrared
spectroscopy (fNIRS), which is based on (de-)oxygenated
blood flow and builds on neuroimaging techniques [26]. fNIRS
was used in a study investigating the quality of synthetic
speech. Significant correlations between subjective ratings
and obtained fNIRS features were found [27]. So far, no study
recording fNIRS using natural transmitted speech has been
performed.

Similarly to brain-based measures, peripheral measures such
as galvanic skin response, eye movement features, or heart-rate
variability are of interest. To the authors’ knowledge, only little
research has been performed on peripheral physiology in the
area of speech QoE, but would definitely be desirable to better
understand the physiological processes underlying the speech
quality perception and judgment.

LONG-TERM-EVALUATION

For longer usage periods of speech services, spanning
for example over minutes or hours, or for repeated usage
over weeks and months, subjective assessment methods can
be used similarly to the ones for shorter samples. However,
there are two major challenges with such longer time frames.
Firstly, information on the variability in service quality is lost.
Secondly, such retrospective judgements have proven to be far
more difficult to estimate by instrumental means.

Continuous assessment methods have been used in (quasi-)
laboratory conditions in order to address the first challenge
mentioned above. Sliders were used to collect quality ratings
continuously, applying, e.g., the Continuous Evaluation of
Time Varying Speech Quality (CETVSQ) [28] similarly like
in the experiment on noise and loudness perception [29,30].
Here, a MOS scale [3] is recommended to assist the usage of
the sliders. At the end of each sequence, a retrospective overall
quality rating is asked for on the same scale. An alternative
is segmenting longer stimuli into smaller units and applying
established assessment methods for short samples as discussed
above. This was done, for example, to simulate conversational
structures with alternating listening-only and talking phases
in order to develop an estimation model for long-term speech

182 - Vol. 42, No.3, December 2014

Acoustics Australia



quality [31,32].

Regarding the second challenge, a rich body of results
indicating some kind of weighted average relationship between
instantaneous or short-term ratings with retrospective, episodic
judgments has been collected. The unweighted average tends
to be too optimistic for estimating retrospective overall
quality. Instead, extreme and longer degradations, as well as
degradations with temporal proximity to the retrospective
rating have to be weighted stronger. Refer to [33] for more
information and estimation models.

Recent studies on repeated usage, such as regular calls
every day, have provided controversial results. Applying
weighting procedures as for episodic quality has failed so far
at improving modelling performance [34]. A limitation that is
inherent to all long-term methods is the required time effort.
Only a limited number of conditions and stimuli can therefore
be included. Hence, conditions must be very well selected.

CONCLUSIONS

In this contribution, traditional as well as new subjective
and objective methods for assessing the quality of transmitted
speech have been presented and discussed. Although speech
quality is a well researched field, there still remains a vast
number of open questions. This is partly also due to the fact
that the technological infrastructure changes rapidly.

On the subjective side, special experiments can
provide diagnostic information by extending them with the
assessment of the perceptual dimensions noisiness, coloration,
discontinuity, and loudness. Further research towards new
assessment paradigms and the identification of additional
conversational dimensions has to be conducted for being
able to diagnose a whole conversational process that involves
listening and talking.

Multiple intrusive and parametric approaches are available
and provide reliable estimations regarding the objective
estimation of the quality of transmitted speech. However, the
need for nonintrusive models is still strong for monitoring
purposes. This is also the case for models covering all
conversational aspects. These models have to rely on new
subjective paradigms, though.

Physiological measures are a valid test method for the
assessment of speech based on neuronal states, and it could be
a good complement to standard subjective tests in the future.
This will particularly be of importance for high-quality media
assessment in which the cognitive state of consumers is of
interest.

Future work on long-term evaluation methods will provide
insights into how quality evolves over longer episodes, as
well as over multiple episodes. This will complement well-
known short-term effects and thus enable telecommunication
service providers to optimize their service for longer usage
periods.

Studies combining long-term evaluation and physiological
measures can build a foundation for better understanding
the cognitive consequences of low-quality speech. This has
already been successfully introduced in [25]. Finally, these
consequences could be incorporated into objective metrics.
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