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Abstract

Among all the existing objective measures, few are able to provide a clearly specific indication of speech distortion or noise reduction,
which are the two key metrics to assess the performance of speech enhancement algorithms and evaluate the noise-suppressed speech
quality. In this paper, new quantitative quality assessments are proposed to separately evaluate the capabilities of single channel speech
enhancement algorithms in terms of maintaining the clean speech, noise reduction and overall performance. Based on these aspects, three
evaluation results can be provided for any one test speech signal by analyzing the residual signal which is the difference between the clean
speech and the processed speech. Several common speech enhancement algorithms are compared by these objective measures as well as
subjective listening tests. High correlations between the scores of the objective measures and subjective ratings clearly show the effective-
ness of the proposed evaluation methodologies on the different speech enhancement algorithms.
� 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Single channel speech enhancement (SCSE) is an active
research topic in the past decades. It aims at improving the
speech quality and reducing the effects of noise through
processing the noisy speech, which is the only available
information for processing. A lot of milestone works have

been established (Boll, 1979; McAulay and Malpass, 1980;
Lim and Oppenheim, 1978; Ephraim and Malah, 1984) and
developed (Loizou, 2007). Based on such abundance of
work, research into evaluation methodologies follows nat-
urally in order to evaluate and compare the different speech
enhancement algorithms in scientific and efficient ways. In
this paper, performance criteria are proposed for the eval-
uation of SCSE algorithms. The following paragraphs pro-
vide some general information on SCSE, the common
evaluation methods of SCSE algorithms and the existing
objective measures, followed by an overview of our pro-
posed objective measures.
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SCSE problem assumes the scenario that only the noisy
speech is available through one channel, and the challenge
is to obtain the noise-free version from the noisy speech
based on signal processing algorithms. The goal of SCSE
algorithm is to remove the noise while preserving the clean
speech as much as possible. However, noise reduction is
always achieved at the expense of speech distortion. If
the performance of SCSE algorithms on speech distortion
and noise reduction can be indicated separately, a good
tradeoff can be achieved by balancing both efforts, and
the SCSE algorithm can be improved accordingly.
Moreover, the SCSE algorithms can be selected for suitable
applications to leverage the strengths based on their respec-
tive effectiveness on speech preservation and noise
reduction.

Evaluation processes used to compare the different
SCSE algorithms are usually applied on the resultant
noise-suppressed speech signals. The straightforward eval-
uation method is to perform subjective listening tests which
measure the speech quality by a group of human partici-
pants resulting in the Mean Opinion Score (MOS).
However, such tests are time-consuming and are less reli-
able due to listening fatigue when a large amount of speech
utterances have to be tested. Instead, objective evaluation
using mathematical computations to automatically mea-
sure the speech quality is preferred by many researchers
for its convenience and consistency. Therefore extensive
research on objective measures has been conducted and
used for many applications (Quackenbush et al., 1988;
Wang et al., 1992; Vincent et al., 2006; Rix et al., 2006).
It is clear that the better correlation the objective measure
has with the subjective judgement, the more valid it is.

Objective measures for speech quality evaluation can be
divided into two classes: parametric methods and signal-
based methods. Parametric methods use key parameters
obtained or estimated from the transmission system to pre-
dict the overall speech quality (Nunes et al., 2012). Signal-
based methods include double-ended methods
(International Telecommunications Union, 2001) and sin-
gle-ended methods (International Telecommunications
Union, 2004). Double-ended methods compare the
observed signal with the original clean speech by measuring
their numerical “distance” or “similarity”. Single-ended
methods only utilize the observed signal for quality evalu-
ation. In most SCSE simulations, the transmission charac-
teristics are unknown and the clean speech is available.
Normally the clean speech signals are randomly selected
from a standard database and are corrupted by various
noise. Focusing on SCSE in this paper, the double-ended
methods are therefore chosen to be used and compared.

Traditional double-ended objective measurements
(Klatt, 1982; Hansen and Pellom, 1998; Rix et al., 2001),
typically give one evaluation score for a noise-suppressed
speech to show how similar/different it is from the original
clean speech. However, as stated by Loizou (2007), speech
quality comprises many attributes with multi-dimensional
concepts which cannot be well described by a single score.

The ITU-T Recommendation P.835 (International
Telecommunications Union, 2003) suggests that it is good
for the noise-suppressed speech to be evaluated by the
human listener in terms of three aspects: speech naturalness
(speech distortion situation), called SIG, background noise
intrusiveness, called BAK, and overall quality, called OVL.
Three respective five-point-scale scores ranging from 1 to 5
should be given after listening. These proposals greatly
cater to the needs of speech enhancement algorithm evalu-
ations where the performance of SCSE algorithm on
speech distortion and noise reduction should be individu-
ally reflected, thereby resulting in a better balance between
these two efforts to achieve a good overall performance.
Therefore, some pioneering work has been introduced
and focuses on developing objective measures modeling
various aspects of the auditory system. In Hu and Loizou
(2008), the authors investigated several traditional objec-
tive measures and found that evaluation results of these
objective measures have different correlations with subjec-
tive ratings in terms of SIG, BAK and OVL. Based on that,
they proposed composite measures which are linear combi-
nations of the existing objective measures to highly corre-
late with SIG/BAK/OVL scores and thus are able to
separately measure speech distortion, noise reduction and
the overall quality of the noise-suppressed speech. In
Ding et al. (2010), two novel frequency-domain based
objective measures are proposed to concretely analyze the
filter performance and give a unique perspective in consid-
ering the speech distortion and noise reduction aspects.
However, no overall quality prediction is presented.

Following this direction, three double-ended objective
measures are proposed in this paper for the performance
comparison of SCSE algorithms. The results of the pro-
posed metrics, namely the computed SIG/BAK/OVL
scores, are obtained by analyzing the residual signal which
is the difference between clean speech and noise-suppressed
speech. It should be noted that the “computed SIG/BAK/
OVL scores” described in this paper does not really mean
the direct estimation of subjective SIG/BAK/OVL scores.
They are actually signal-based numerical calculation
results, which serve the same purpose as subjective ratings,
and have the same capabilities on SCSE evaluation and
comparison in SIG/BAK/OVL perspectives. The block
diagram of the proposed measures is shown in the Fig. 1.
The computed SIG score is calculated by applying a simi-
larity measure on the clean speech and the residual signal,
both of which are also used to calculate the signal-to-noise
ratio (SNR) to achieve the computed BAK score. Based on
the computed SIG/BAK scores, linear regression is applied
to obtain the computed OVL score. Time and frequency
expressions of the proposed objective measures are derived
and analyzed in this paper. In order to validate the effec-
tiveness of the proposed objective measures, the evaluation
process performed is shown in Fig. 2. Based on the listen-
ing judgements of the testing speech data, the subjective
ratings are used to derive the SIG/BAK/OVL scores which
are to be used as the references. The subjective ratings, as
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