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Abstract

In this paper, we evaluate the performance of six intrusiwve o
jective measures as intelligibility predictors of degradeeech

for cochlear implant (Cl) users. Three practical environtak
degradation scenarios are considered: reverberatioe,aémh
ditive noise alone, and noise-plus-reverberation. A stibje
intelligibility test was performed with eleven cochlearghant
users and objective measures were evaluated using four per-
formance metrics: Pearson, Spearman rank, and sigmaid-fitt
correlation coefficients, and the root mean square erravagt
observed that existing metrics performed well in the nailsse
scenarios, but obtained lower performance in the revetibera
alone scenario and in many cases, unacceptable results in th
noise-plus-reverberation scenario. It is concluded thethér
work is still needed in order to accurately predict spee¢lin
ligibility ratings for CI users, particularly in environmés cor-
rupted by reverberation.

Index Terms: Objective Measures, Speech Intelligibility, Re-
verberation, Noise, Cochlear Implants.

1. Introduction

Signal alterations caused by reverberation, especiatlyasig-

nal envelope, have significant effect on the speech intieility

of a cochlear implant (Cl) user, as already shown by simula-
tions with vocoders on normal hearing (NH) listeners [1] and
via intelligibility tests with Cl users [2] [3]. These sighalter-
ations appear in form of blurred spectral and temporal cods a
flattening of formant transitions. On the other hand, adeliti
noise distortions affect speech intelligibility diffetthn weak
consonants suffer more masking than higher intensity \v@wel
and this effect is not dependent on the energy of precedigrg se
ments, which is the case for reverberation. Moreover, asenoi
and reverberation degrade the speech stimuli in a complemen
tary way, the combined effects of these distortions haveveho
to have a significantimpact on speech intelligibility forisers,
relative to the individual distortions [3].

While the effects of environmental distortions on Cl intell
gibility have been evaluated using subjective tests [3]sunch
evaluation exists for objective intelligibility metric©bjective
metrics have the potential of playing a major role in the de-
velopment of speech enhancement techniques (noise suppres
sion, dereverberation) for Cl devices, allowing e.g., etiéit

not, respectively [4]. Objective metrics can also be cfassi

as predictors of speech quality or intelligibility, withettiormer
commonly characterizing audible distortions, and thetadis-
turbances in concessive speech elements (phonemes) hormal
described by the speech envelope. Over the years, a number of
intrusive measures have been developed, both for qualdy an
intelligibility prediction purposes, and have been showot-
perform non-intrusive ones. Commonly, objective metries a
evaluated against subjective data obtained with NH listej.

On the other hand, studies that evaluate the performance of
objective measures against hearing impaired listenerkaeke
ing in the literature, particularly in scenarios involvipractical
everyday listening environments. This paper aims to britige
gap and presents an evaluation of six intrusive objective me
rics as correlates of Cl user intelligibility — four meassireere
developed for quality assessment and two for intelligipitire-
diction. The measures are evaluated across three envirtaime
distortion scenarios: reverberation alone, additive emai®ne,
and reverberation-plus-noise, using several performanee
rics. Experiments showed that a majority of the tested mea-
sures could accurately predict Cl user intelligibility etnoise
alone scenario. Prediction accuracy, however, deteedrat
the reverberant environment condition and reached un&ccep
able values with speech-plus-noise distortions, thus estguy
that further developments are still needed for Cl users.

The remainder of this paper is organized as follows: Sec-
tion 2 describes the objective metrics that were evaluates,
subjective data used for the experiments and the perforenanc
metrics. Section 3 reports and discusses the results. Tie co
clusions are presented in Section 4.

2. Methods

This section describes the intrusive objective metricg th
database, and the performance metrics used in the evaluatio

2.1. Objective metrics

As mentioned previously, six intrusive objective metricere
evaluated in this study. Four of these measures were esti-
mators of speech quality, namely, Perceptual Evaluation of
Speech Quality (PESQ), an optimized PESQ algorithm for re-
verberation degradations (0PESQ), the Kullback-Leibleeb
gence (KLD) and the Frequency-Weighted Segmental Speech-

system parameters to be tested and evaluated in a repeatable to-Reverberation Ratio (FWSSRR). While these metrics were

fast, and cost-effective manner. Objective metrics candsse
fied as intrusive (also known as double-ended) or non-iivigeus
(single-ended) based on the need for a reference clearl signa

not developed to directly estimate intelligibility, re¢estudies
have shown their usefulness for this purpose (e.g., [5])tHen
other hand, two direct intrusive intelligibility predictwere



explored: the Normalized Covariance Metric (NCM) and the
Coherence Speech Intelligibility Index (CSII). While teeret-

rics were developed specifically for intelligibility pretiion,
they were fitted to NH subjects and did not consider distortio
scenarios involving reverberation. In the subsection®tow,

a brief description of the tested metrics are given. For ithe i
terested reader, references are given to documents wite mor
detailed descriptions.

2.1.1. PESQ

PESQ is the International Telecommunications Union (ITU-T
P.862 Recommendation for speech quality assessment of
narrow-band speech [6] with more recent developments allow
ing for wide-band speech to also be assessed. The algosthm i
based on a sensory model that aggregates two distortiatedel
factors: a disturbance valuéX, ;) and an average asymmet-
rical disturbance valueA;,q). These factors are estimated
through a comparison of the clean and processed signals, bot
mapped to a psychoacoustically-relevant domain. The final
quality rating is then given by a linear mapping with coeéiutis
optimized using conventional telephony data (e.g., voier o
Internet protocol, wireless):

PESQ =ag+ a1 - Ding + a2 'Ai'n,d7 (1)
agp = 4.5
whereq a1 = —0.1 (2)
a2 = —0.0309

2.1.2. 0PESQ

As mentioned above, PESQ parameteysa; andas were ob-
tained using speech signals representative of convenhtielea
phony applications and did not involve reverberationiszla
distortions. In [5], these parameters were further optadiz
for reverberant speech using multiple linear regressiatyais
and NH-listener subjective data. The “reverberationropéd
PESQ” metric is also explored in this study and is termed
OPESQ. The optimized parameters are given below:

apg = 4.6
a1 = —0.5678 (3)
az = 0.1024

2.1.3. KLD

The Kullback-Leibler Divergence (KLD) estimates the dista
between the probability distribution functiorgdf) of the clean
and distorted speech signals and was shown to be a reliable ob
jective quality metric for reverberant speech [5]. The wepti
tion behind the metric lies in the fact that the spectral amd-t
poral smearing produced by the reverberation causpdhef
reverberant speech £) to be flatter than that of clean vocoded
speechxkc). The KLD is a non-negative measure which charac-
terizes distribution similarity with values tending to @aevhen
distributions are similar (and equals zero when= pgr). Itis
given by the following integral (over the time varialile

_ pc(t)
KLD = - /pc(t) -logio D) dt (4)

2.1.4. FWSSRR

The Frequency-Weighted Segmental Speech-to-Reverterati
Ratio (FWSSRR) measure is obtained through estimates of the
signal-to-noise ratio (SNR) for each critical band on eactet
frame. A weighting function, derived for the articulatiamiex

(Al) and described in [7], is then used to obtain the freqyenc
weights for each critical band. In this study, FWSSRR was-com
puted as:

[C(n,k)[2
|C(n,k)—R(n,k)|2

K=35W(n, k)

10 SRS W(k) - logy,
FWSSRR=— "
N

n=1

)

whereC'(n, k) andR(n, k) are the clean and reverberant/noisy
speech signals, respectively, at time framand critical fre-
quencyk; K = 25 is the total number of critical band#/ is

the number of time frames anidl (k) is the weighting function

as described above. More details about the FWSSRR measure
can be found in [8].

2.1.5. NCM

The Normalized Covariance Metric (NCM) is a Speech Trans-
mission Index (STI) [9] related measure, which uses thercova
ance of the envelope between the clean and processed signal
instead of the differences in their modulation, which aredus
by the STI metric. It was shown in [10] that it correlates well
with intelligibility scores for vocoded speech. It is conted by

first extracting the envelopes of the clean and processedlsig
via Hilbert transform for each of the 25 frequency sub-bands
then finding normalized correlation coefficients betweeneh-
velopes. These coefficients produce a local SNR which is then
limited to the [-15,15] dB dynamic range and further lingarl
mapped to the [0,1] range. Coefficients are weighted aaegrdi
to Al weights (see [7]) and averaged to obtain the final NCM

value, given by:
10 &L Xk W (fe) - [logio =-lio
NCM = & > =y
n=1 Zk:l (n7 fk)

wherer., is the correlation coefficient between the envelopes of
the clean and processed speech signals computed for each sub
band; the[-]jo 1) operator refers to the dynamic range limiting
and mapping into the [0,1] range. For more details on how this
measure is computed, please refer to [10, 8].

2
Tch

, (6)

2.1.6. Csll

The Coherence Speech Intelligibility Index (CSIl) is a
spectral-based speech intelligibility measure [8], whish
computed by multiplying coherence-based weights to the
processed speech in the frequency domain. The signal is first
divided into N windowed segments using a 30 ms Hanning
window with 75% overlap, which have their Fourier transferm
calculated. These time-frequency segments are weightdteby
Magnitude-Squared Coherence (MSC) between the cléan (
and processedH) signals estimated across the entire signal
length, as follows:

CSIT =N llogio -

S G(fx) - MSC(fx) - |R(n, fi)|?

7

][0,1]7

SRS G(f) - (1= MSC(fi)) - [R(n, fi)|?
where:
SM L X (fe) V()|
MSC(fr) = ®)

St [ X (fi)* oy [Yon (i)

In eq. 7,G(fx) corresponds to the frequency response of the
th critical pass-band filter with central frequengy and the



[-]j0,1] Operator is the range limiting operator described above
for the NCM measure. In eq. &, andY,, correspond to the
Fourier transform of then-th clean and processed windowed
segment. More details about the measure can be found in [8].

2.1.7. Dynamic range limitation - emulating impaired lisiteg

Three of the abovementioned metrics use a dynamic range lim-
itation procedure, namely FWSSRR, NCM, and CSII. As men-
tioned previously, such metrics have been developed to emu-
late normal hearing, thus considered a default dynamicerafig
[-15,15] dB for NCM and CSill, and [-10,35] dB for FWSSRR.
Since the effective dynamic range for Cl users is highly lim-
ited (can be as small as 5-10 dB), we took an additional step
and limited the dynamic range of the three measures in ooder t
“emulate” impaired listening. Here, two alternate rangesew
tested: [-7.5,7.5] dB and [-5,5] dB.

2.2. Speech intelligibility database

The subjective intelligibility database used for the expents

was derived from sentence recognition tests conductedate ev
uate the combined effects of reverberation and noise orchpee
intelligibility by cochlear implant users. A complete ddpe

tion of the database can be found in [3]. In summary, eleven
adult CI users, all native speakers of American English and
post-lingually deafened, aged between 48 - 77 years, were te
porarily fitted with a research processor (SPEAR3), whick wa
programmed with the ACE speech coding strategy [11]. The
sentence stimuli were based on the well-known |IEEE sentence
corpus which contains sentences with 7-12 words, orgatized
72 lists of 10 sentences each. The sentences were produeed by
male speaker and recorded in anechoic conditions. Speesh fil
were sampled at a 16kHz sampling rate.

The reverberant stimuli, in turn, were generated by convolv
ing recorded room impulse responses (RIR) obtained experi-
mentally by Neuman et al. [12] on a rectangular reverberant
room (length 10.06 m, width 6.65 m, height 3.4 m) which had
its reverberation characteristics varied by hanging giiser
panels on the walls. The average reverberation tink560)
obtained were 0.3, 0.6 and 0.8 s. Additionally, an RIR corre-
sponding to an average reverberation timeR¥60 = 1.0s
was used. It was recorded by Van den Bogaert et al. [13] using
a similar procedure, but with a CORTEX MKII manikin artifi-
cialhead and on a 5.5 m 4.5 mx 3.1 m room. Speech-shaped
noise (SSN) was then added to the anechoic and reverbegant si
nals at -5 dB, 0 dB, 5 dB and 10 dB SNR levels to generate the
noisy and noise-plus-reverberation stimuli. For the fastee-
nario, the reference signal used for the SNR computation was
the reverberant signal. Subjects were presented 20 sestpac
condition and were instructed to repeat all the words theydco
identify. The intelligibility scores were calculated byitling
the number of correctly identified words by the total numbfer o
words in the sentence list.

2.3. Performance metrics

The performance of each objective metric was evaluated on a
per-condition and a per-sample basis. In the per-conditése,
performance measures were obtained using condition-gegra
objective and condition-averaged subjective intelliifirat-

ings. In this study, 12 conditions were present, four in this@
alone category (-5 to 10 dB SNR at 5dB increments), four in
the reverberation alone categol®160 = 0.3, 0.6, 0.8, 1.0s),

and four in the noise-plus-reverberation categd¥'60 = 0.6

Table 1: Per-conditionperformance comparison based on four
performance metrics: Pearsgy,(Spearman rankofpear), and
sigmoid-fitted ps;4) correlation coefficients, and the root mean
square error).

Metric | p Pspear  Psig €
PESQ 0.79 0.78 0.80 11.46
oPESQ 0.82 0.87 0.84 10.34
KLD 0.81 0.89 0.85 10.10
FWSSRR (default) | 0.70 0.55 0.71 13.24
NCM (default) 0.93 0.92 0.95 6.18
CSilI (default) 0.89 0.89 091 7.83
FWSSRR (-5to 5 dB)| 0.79 0.58 0.79 11.51
NCM (-5 to 5 dB) 0.94 0.89 0.94 6.52
CSll (-5to 5dB) 0.87 0.78 0.87 9.18

with SNR=5dB or 10dB;RT60 = 0.8 with SNR=5dB or
10dB). In the per-sample case, in turn, 80 data points wexi& av
able per degradation scenario (20 sentencdsconditions).

Here, four performance metrics were used, namely Pearson
(p) and Spearman rank{,..,) correlations, Pearson correla-
tions after a sigmoidal mapping ), and root-mean-square
error ). While p measures linear relationships between the
objective and subjective scores, recent studies have stgghe
a sigmoidal relationship in the case of intelligibility pietion
for impaired listeners [14]. Lastly, the ultimate goal ifedtive
estimation is to design algorithms whose scores rank gilyila
to subjective ratings. Spearman rank-order correlatiops
are calculated in the same mannerpagxcept with the origi-
nal data values replaced by the ranks of the data valuese Sinc
the measures have different scales (e.g., absolute cat&gor
point scale for quality metrics and [0,1] continuous scdtes
intelligibility metrics), e was computed only after the sigmoid
mapping in the per-condition basis.

3. Results and discussion

Table 1 reports the four per-condition performance mefocs
the six objective measures. In the case of the FWSSRR, NCM,
and CSIl measures, results are reported for the defaultdigna
range of each measure (see Section 2) and for the Cl-inspired
dynamic range of [-5, 5] dB, which showed improved perfor-
mance particularly for the FWSSRR measure. As can be seen,
objective measures originally developed for speech igtbll-
ity prediction outperformed those developed for speeclitjua
measurement, both in terms of correlations andMoreover,
optimizing PESQ internal parameters significantly imprbve
performance across all four performance metrics, suggesti
that further gains may be obtained if the PESQ internal map-
ping is also optimized for impaired listeners; such inwgzgion
is left for future work. Overall, the NCM measure (with deffau
dynamic range) showed the best performance across the four
performance metrics (in the per-condition scenario). fégu
shows a scatterplot of objective (NCM values) versus subjec
tive intelligibility for each of the 12 distortion conditis; the
fitted sigmoid function is superimposed for reference pseso
Moreover, the per-sample correlations are shown in Table 2
for each of the three distortion scenarios. As can be seen, th
majority of the measures provide reliable accuracy in thiseo
and reverberation-only scenarios, but have significarpslio
performance in the noise-plus-reverberation case. Ther kit-
uation has high variability on the subjective scores, st i
havior should be expected. Alsp,;, decreases because the
scores for this case do not span the full intelligibility gan



Table 2:Per-samplgperformance comparison in the noise-only, reverberatiay; and noise-plus-reverberation degradation scesario

Metric Noise-only Reverberation-only | Noise-plus-Reverberation
P Pspear Psig P Pspear Psig P Pspear Psig
PESQ 0.90 0.91 0.91f 0.84 0.81 0.81 0.08 0.38 0.11
OoPESQ 0.92 0.93 0.94( 0.74 0.74 0.71f 0.41 0.51 0.38
KLD 0.94 0.95 0.95( 0.32 0.39 0.34| 0.61 0.64 0.59
FWSSRR (default) | 0.91 0.92 0.94{ 0.68 0.70 0.67| -0.02 0.06 0.02
NCM (default) 0.97 0.97 0.98| 0.86 0.80 0.84{ 0.80 0.79 0.75
CSII (default) 0.97 0.96 0.97| 0.77 0.70 0.71f 0.75 0.83 0.75
FWSSRR (-5to 5dB)| 0.79 0.81 0.82| 0.75 0.75 0.74{ 0.00 0.07 0.00
NCM (-5 to 5 dB) 0.96 0.94 0.97| 0.86 0.80 0.84{ 0.73 0.75 0.72
CSlI (-5to 5dB) 0.96 0.95 0.96 0.78 0.70 0.72| 0.52 0.65 0.54
. Py 095 5. References
[1] S. Drgas and M. Blaszak, “Perception of speech in revarite
60} conditions using AM-FM cochlear implant simulatiorearing
Researchvol. 269, no. 1-2, pp. 162-168, 2010.

501 [2] K.Kokkinakis, O.Hazrati, and P. C. Loizou, “A channedlsction
= criterion for supressing reverberation in cochlear imfgdnJ.
f;' 401 Acoustical Society Americaol. 129, no. 5, pp. 3221-3232, 2011.
E» [3] O.Hazrati and P. C. Loizou, “The combined effects of rbeza-
23 tion and noise on speech intelligibility by cochlear imglasten-

ers,”Intl J Audiology Feb. 2012.
20 [4] S. Moller, W. Chan, N. Cote, T. Falk, A. Raake, and M. Wal-
ol termann, “Speech quality estimation: Models and tren8ighal
Processing Magazine, IEEKoI. 28, no. 6, pp. 18-28, 2011.
o . . . . [5] K. Kokkinakis and P. C. Loizou, “Evaluation of objectiveea-
0 0.2 0.4 0.6 0.8 1

NCM

Figure 1: Scatterplot of objective (normalized NCM) vs. sub
jective intelligibility ratings for the 12 distortion coittbns.
Circles represent noise (N) conditions, squares the revarb
tion (R), and triangles the noise-plus-reverberation (R-H\-
ted sigmoidal mapping is superimposed for reference pegpos

(6]

(7]

(i.e., 0-100%, see Fig. 1). Overall, the NCM and CSIl mea-
sures provided the most stable results across the threm-dist
tion scenarios, with the former obtaining higher accurdoy.
terestingly, PESQ showed high correlations for the noise- a
reverberation-only cases, but obtained near-zero Peansdn
sigmoid correlations in the noise-plus-reverberatiomnade.
While using the optimized oPESQ parameters improved accu-
racy, the obtained performance was still well below acdapta
levels. The FWSSRR measure, in turn, presented very high
variability, particularly for the noise-plus-reverbdoat case,
and resulted in near-zero correlations.

(8]

(9

(20]

[11]

4. Conclusions [22]

The present study evaluated the performance of six ingusiv
objective metrics in terms of predicting the intelligibyliin

the presence of noise and reverberation for cochlear irhplan
users. The results showed that while measures were able to ad 2!
equately predict intelligibility in the presence of noigerever-
beration alone, unacceptable levels were obtained in tlseno
plus-reverberation scenario. Under such harsh envirotahen
conditions, it is suggested that the NCM or CSIl metrics be
used as they resulted in the best performance (correlation c
efficients ranging from 0.75-0.83). Such values are mucletow
than those previously reported for normal hearing listerteus
further work is still needed to develop more suitable measur
for assessing intelligibility for impaired listeners, taularly
cochlear implant users.

[14]

sures for quality assessment of reverberant speecB(1d IEEE
International Conference on Acoustics, Speech and Sigral P
cessing (ICASSP) IEEE, May 2011, pp. 2420-2423.

ITU-T P.862, “Perceptual evaluation of speech qualkyr objec-
tive method for end-to-end speech quality assessment chwar
band telephone network and speech coders,” 2001.

ANSI S3.5-1997, “Methods for the calculation of the sgleén-
telligibility index,” 1997.

J. Ma, Y. Hu, and P. C. Loizou, “Objective measures fordice
ing speech intelligibility in noisy conditions based on neand-
importance functions,’J. Acoustical Society Americaol. 125,
no. 5, pp. 3387-3405, 2009.

H. Steeneken and T. Houtgast, “A physical method for meas
ing speech-transmission quality] Acoustical Society America
vol. 67, no. 1, pp. 318-326, 1980.

F. Chen and P. C. Loizou, “Predicting the intelligibiliof vocoded
speech,Ear and Hearing vol. 32, no. 3, pp. 331-338, Jun.

A. E. Vandali, L. A. Whitford, K. L. Plant, and G. M. Clark
“Speech perception as a function of electrical stimulatiate:

using the nucleus 24 cochlear implant systefgt and Hearing

vol. 21, no. 6, pp. 608-624, Dec. 2000.

A. C. Neuman, M. Wroblewski, J. Hajicek, and A. Rubiriste
“Combined effects of noise and reverberation on speechgreco
nition performance of Normal-Hearing children and adulEar
and Hearing vol. 31, no. 3, pp. 336—-344, Jun. 2010.

T. Van Den Bogaert, S. Doclo, J. Wouters, and M. Moonen,
“Speech enhancement with multichannel wiener filter tempines

in multimicrophone binaural hearing aids.” Acoustical Society
Americag vol. 125, no. 1, pp. 360-371, 2009.

K. Arehart, J. Kates, M. Anderson, and L. Harvey, “Effec
of noise and distortion on speech quality judgments in nbrma
hearing and hearing-impaired listeners)’ Acoustical Society
Americg vol. 122, no. 2, pp. 1150-1164, 2007.



