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ABSTRACT 

In this study we suggest a model for the masking process 
and attempt to verify it experimentally. The model is based 
on a sinusoidal coding algorithm, where sinusoidal 
components that would be masked at certain a noise level 
are removed. Two signals are resynthesized: one is the 
signal composed of all the sinusoids remaining above the 
masking threshold, and the second is the signal composed 
of  all the sinusoids below the masking threshold.  

 Extensive listening tests show that the identification 
percentages on words that underwent "noiseless masking" 
(NM) were somewhat lower than those achieved on lists 
with  additive white noise. Interestingly, adding white noise 
to the NM lists improved the recognition rates. Though 
further refinements to the model are necessary to provide a 
better match to standard masking with white noise, the 
results here give promising insights into the masking 
process. 

 

1. INTRODUCTION 

The effect of additive noise on the intelligibility of speech 
has been studied extensively, using various types of noise  
(white noise, speech noise, babble noise) and speech 
(phonemes, words, sentences). Previous research has 
shown that average recognition rates fall gradually with 
decreasing SNR. On the other hand, the variance in 
recognition rates increases with decreasing SNR, with large 
differences between subjects [1,2]. Perceptual studies of 
this type can give some indications as to the phonological 
elements that are degraded by noise, but not into their 
corresponding spectral features that are most influenced by 
the presence of noise. Further, they do not enable the 
experimenter to examine separately the spectral 
components that are  masked out and therefore perceptually 
unavailable to the listener.  

The purpose of the current study was to provide a model 
that can simulate the effect of additive noise, and therefore 
separate the masked and non masked components of speech 
in the frequency domain. For a given utterance and  SNR 
level it is then possible to resynthesize two speech signals: 
one containing only the information which would not be 
masked by noise at the predetermined SNR, and another 
signal containing only the information which would be 
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d out, i.e. composed entirely of spectral components 
 the masking threshold. The resulting synthetic 
s can then be examined both analytically and 
tually. This can lead to some conclusions as to the 
tually important spectral components that remain 

 masking noise. Ultimately we wish to use these 
s to explain the large variance found in identification 
sed speech at low SNR levels. 

 present study, this procedure was carried out on lists 
nemically balanced CVC words, and the perceptual 
teristics of  the synthesized lists were compared to 

of similar words masked with white noise at the same 
levels. The results of various comparisons between 
rceptual results are presented here. 

2. HYPOTHESES 

asic hypotheses of this study was that the effects of 
ng of speech by white noise can be modeled 
tely enough so that the effects of masking can be 

ated using the proposed model. Assuming this is true, 
h with simulated masking would be perceived very 
rly to noised speech. A detailed analysis of 
ition rates per word, consonant, vowel, and various 
logical features can then produce interesting insight 
 the correlation between the masked spectral 
nents and their perceptual importance. In this initial 
our aim was mainly to examine the validity of the 

l, before carrying out a detailed analysis of 
logical vs. spectral characterizations. Another 
sting point to be examined is a comparison of 
nition rates for the same word synthesized with values 
 and below threshold. Due to the redundancy in the 
h signal, their expected sum should be more than 
. 

3. METHOD 

eech analysis and synthesis 

w speech data was analyzed using a sinusoidal codec, 
neered by McAaulay and Quatieri [3]. The utterances 
ecorded at a sampling rate of 22050Hz, and analyzed 

sliding Hamming-weighted windows of 20ms with 
p of 10ms. The 20 dominant spectral components in 
window were retained, recording amplitude, phase 
equency for each of these. To verify the validity of 
nalysis, direct resynthesis was carried out for a 



number of utterances, giving results that were nearly 
indistinguishable from the original. 

In order to simulate the effect of masking, formulas for 
masking of sinusoids in the presence of white noise were 
applied, as specified by Zwicker and Fastl [4]. Though in 
some cases more than one sinusoid fell into a single critical 
band, the decision as to the perceptibility of each sinusoidal 
component was made separately. This is not entirely 
accurate, and we intend therefore to implement a more 
precise masking model in future work.  

Based on the individual decision for each sinusoid in each 
time frame, two signals were resynthesized for each SNR 
examined: one signal was resynthesized from sinusoidal 
components that remained above the masking threshold, 
and one was resynthesized from components below the 
threshold.  

B. Speech material 

15 isophonemic lists of 10 one-syllable CVC words were 
used, also known as the HAB word list Each list contains 
one incidence of each Hebrew consonant, and 2 incidences 
of each Hebrew vowel. Each word was processed for two 
SNR levels:  0 and 3 dB. For each SNR, four variants were 
created: 

1. The utterance with added white noise 

2. Synthesized utterance – from 
components above masking threshold 

3. Synthesized, above threshold – with 
added white noise 

4. Synthesized utterance – from 
components below masking threshold. 

C. Subjects 

Ten adult listeners participated in the experiment, 9 females 
and one male. Age range was 23  - 28, with a mean of 24.9. 
All subjects exhibited normal hearing in a prior hearing 
test. 

D. Procedure 

16 word lists were presented to each subject – 14 lists were 
presented once, and one list, selected at random, was 
presented twice, due to lack of an additional list. Each 
subject heard 2 lists for each of the above 4 conditions, at 2 
SNR levels.  The subjects were requested to write down the 
words they had heard, even if they were unsure what they 
were. This was intended in order to obtain statistics of 
correct consonant and vowel identification, in addition to 
whole word identification. 

E. analysis 

The complete experiment involved 1600 word 
presentations, which were analyzed for 9  different scores: 
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. word identification 

. phoneme identification 

. vowel identification 

. consonant identification 

. consonant voicing 

. consonant manner 

. consonant placement 

. vowel height 

. vowel placement 

 for analyses 5-9 were corrected for random guessing 
the following formula: 

100
100

⋅
−
−

=
S
SSS r

c                              (1) 

 Sr is the raw percentage of correct results, S is the 
bility for a correct result through random guessing, 
 is the corrected score. 

4. RESULTS 

ge number of comparisons was carried out on the 
s of the listening tests, which are summarized in the 
ctions below 

rd identification 

ll word identification statistics are summarized in 
. 

tion Percent correct Standard Dev. 
 noise 3dB 66 5.67 
dB 53 17.00 
dB + noise 51 15.01 
 noise 0dB 55 15.89 
dB 34 10.12 
dB + noise 45.5 15.35 

Table 1: overall word recognition rates 

nition rates for NM were found to be significantly 
 than for words with additive white noise. 
stingly, adding white noise to the NM signals at 0 dB 
ved the recognition rates. 

oneme recognition 

me recognition  statistics are summarized in table 2 
. 



Condition Percent correct Standard Dev. 
White noise 3dB 87.7 2.51 
NM 3dB 77.2 12.19 
NM 3dB + noise 78.7 7.30 
White noise 0dB 81.1 7.95 
NM 0dB 61.8 10.06 
NM 3dB + noise 73.9 8.93 

Table 2: overall phoneme recognition rates 

Once more, adding noise to the NM signals at low SNR 
improved recognition rates. 

C. Consonant Identification  

Consonant identification statistics are summarized in Table 
3 below. 

Feature Condition Percent cor. Standard D 

Consonant 3dB WN 81.78 4.36 

Consonant 3dB NM 69.15 12.00 

Voicing 3dB WN 100 0 

Voicing 3dB NM 94.45 6.57 

Manner 3dB WN 92.31 3.86 

Manner 3dB NM 86.28 5.30 

Place 3dB WN 72.04 6.53 

Place 3dB NM 71.76 6.12 

Consonant 0dB WN 74.25 9.171 

Consonant 0dB NM 57.74 7.68 

Voicing 0dB WN 94.5 8.64 

Voicing 0dB NM 96.5 3.37 

Manner 0dB WN 85.17 10.42 

Manner  0dB NM 74.66 11.46 

Place 0dB WN 65.88 4.41 

Place 0dB NM 57.14 11.79 

Table 3: overall consonant recognition rates 

Interestingly, some of recognition rates are similar for the 
two methods, while for others there is a statistically 
significant difference, as before. 

D. Vowel identification 

Vowel identification statistics are summarized in Table 4 
below 
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l 3dB WN 97.5 3.53 

l 3dB NM 88.5 12.92 

t 3dB WN 96 7.00 

t 3dB NM 91 11 

3dB WN 99 3.16 

3dB NM 79 22.82 

l 0dB WN 975 4.25 

l 0dB NM 81.5 8.51 

t 0dB WN 83 13.37 

t 0dB NM 89 11.97 

0dB WN 82 6.74 

0dB NM 68 16.87 

Table 4: overall vowel recognition rates 

recognition rates are lower for NM than for additive 
 noise, though to varying degrees. 

ognition above and below threshold 

y, we examined the recognition rates of the two types 
thesized signals alone: above and below the masking 
old. Results are summarized in table 5 below. 

re Percent cor. 
Above  

Percent cor. 
Below 

Sum 

3dB 53.5 23 76.5 

me 3dB 77.2 52.7 129.9 

nant 3dB 69.1 58.9 128.0 

l 3dB 88.5 43 131.5 

0dB 34.5 29.5 64 

me 0dB 61.8 60.4 122.2 

nant 0dB 57.6 63 120.6 

l 0dB 81.5 55 136.5 

le 5: above and below threshold recognition rates 

ums of the recognition rates for phonemes (overall 
eparately) are consistently higher than 100%. This 
a certain indication of the redundancy present in the 
h signal. 



5.  DISCUSSION 

Comparison of the recognition rates for NM signals and 
those with added white noise (WN) show that the model is 
not completely accurate in simulating the effects masking 
by white noise. The discrepancy for whole word 
recognition is largest, though this is least significant, since 
it is sufficient to err in one out of three phonemes to cause 
an error of word recognition. Therefore we assign higher 
importance to the scores obtained on phonemes and feature 
identification. Still, it is interesting to note that at 0dB, 
taking the NM signal and simply adding white noise, which 
adds no relevant information, increased the recognition 
rates. Possible this increased the naturalness of the resultant 
signal, a point which is worth examining. Our ultimate goal 
in refining the model is to obtain scores that are as close as 
possible for all 3 conditions: WN, NM, and NM+noise. 

Observing the identification of phonemes and their 
features, the overall trend is lower identification scores for 
NM than for WN, with a few exceptions such as consonant 
voicing and vowel height. The best explanation we can 
offer for this anomaly is that these features are especially 
amenable to the sinusoidal representation: any 
accompanying noiselike information in the signal is likely 
to be comparatively weak and masked out, leaving strongly 
harmonic spectral components. Another overall trend is 
that variances in the recognition rates are generally larger 
for NM, though also not in all cases.  

It is interesting to observe that the sum of recognition rates 
for signals above and below the masking threshold seems to 
be nearly independent of the simulated SNR level. For 
phonemes and their subsets it varies between 120 and 140 
percent, giving a rough measure of the redundancy present 
in each type of signal, with the redundancy in the vowels 
slightly larger. Listeners commented on the unnaturalness 
of the below-masking signal, which may be due to some 
artifactual spectral components creeping into the synthesis. 
For signals above threshold, adding white noise was 
intended to restore some degree of naturalness (and indeed 
improved recognition rates in some cases), whereas this is 
impossible for signals below threshold.  

It is clear that certain improvements must be made to the 
model in order to obtain better agreement between 
simulated masking and actual masking. The most obvious 
improvement would be in carrying out the masking on the 
entire spectrum, instead of on each sinusoidal component 
individually. Furthermore, the masking model should 
probably be examined for the short time frames involved in 
speech coding, as opposed to experiments most often 
carried out for determining masking thresholds, in which 
the signals are usually 200-300 ms. in length. 
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6. CONCLUSIONS 

odel suggested in this study provides a first step in 
ating masking of speech by white noise, but seems to 
sufficiently accurate at this step to predict all the 
s of such masking. Still, the overall trends in 
fying words, phonemes and phonological features are 
r for both real and noiseless masking methods, which 
ainly very promising. With certain improvements to 
odel it may be possible to find the answers to certain 
sting questions – e.g. why the variance for 
fication of noised speech is so large between subjects 
deed for a certain subject.  Improving the agreement 
en the two methods will enable a detailed study of the 
nt spectral cues to the identification of phonemes and 
arious features. 
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