TNO-report
TM-00-C020

TNO Technische Menskunde

Kampweg 5
Postbus 23
3769 ZG Soesterberg

Telefoon 0346 35 62 11
Fax 0346 35 39 77

Alle rechten voorbehouden.

Niets uit deze uitgave mag worden
vermenigvuldigd en/of openbaar gemaakt
door middel van druk, fotokopie, microfilm
of op welke andere wijze dan ook, zonder
voorafgaande toestemming van TNO.

Indien dit rapport in opdracht werd
uitgebracht, wordt voor de rechten en
verplichtingen van opdrachtgever en
opdrachtnemer verwezen naar de
Algemene Voorwaarden voor onderzoeks-
opdrachten aan TNO, dan wel de
betreffende terzake tussen partijen
gesloten overeenkomst.

Het ter inzage geven van het TNO-rapport

aan direct belanghebbenden is toegestaan.

© 2000 TNO

TNO Technische Menskunde is onderdeel
van TNO Defensieonderzoek

waartoe verder behoren:

TNO Fysisch en Elektronisch Laboratorium
TNO Prins Maurits Laboratorium

Deze pagina en de verzendlijst en het
RDPformulier uit de WP template halen!!!!

Title
Speech intelligibility and speech quality of a MELP speech
coder in combination with a noise pre-processing system

authors

P.M.T. Smeele, E. Agterhuis and H.J.M. Steeneken

date

24 May 2000

Opdrachtgever

Aantal pagina's . 44 (incl. bijlagen,
excl. distributielijst)

Nederlandse Organisatie voor toegepast-
natuurwetenschappelijk onderzoek TNO



CONTENTS Page
SUMMARY 5
SAMENVATTING 6
1 INTRODUCTION 7
2 MEASURING SPEECH INTELLIGIBILITY 7
2.1 Participants 7
22 Test materids 7
2.3  Procedure 8
24  Anaysisand results 8
3 MEASURING SPEECH QUALITY 16
31 Participants 16
32 Test materias 16
3.3 Procedure 16
34 Anaysisand results 16
4 CORRELATION BETWEEN SPEECH INTELLIGIBILITY AND SPEECH
QUALITY SCORES 17
5 DICUSSION AND CONCLUSIONS 19
REFERENCES 20

APPENDIX 21



Rep.No. TM-00-C020 TNO Human Factors
Soesterberg, The Netherlands

Speech intelligibility and speech quality of a MEL P speech coder in combination with a
Noise pre-processing system

P.M.T. Smeele, E. Agterhuis and H.J.M. Steeneken

SUMMARY

The speech intelligibility and quality of a MELP" low bitrate speech coder (1200 bps) were
investigated in an experiment, in which the speech coder was either combined with or without a
noise pre-processing system. The central question to be addressed was to what extent the
performance of the speech coder could be improved by adding a noise pre-processing system.

In the speech intelligibility test, participants were presented with CV C-words (consonant-vowel -
consonant words) under fifteen different transmission conditions: three systems (speech coder,
noise pre-processor, combination of speech coder and noise pre-processor) were tested for five
noise conditions, i.e. a ‘clean’ condition (no additive noise), aircraft noise at 12 and 6 dB SNR,
and vehicle noise at 12 and 6 dB SNR. For each transmission condition, word scores and
individual phoneme scores for the initial consonant, vowel and the final consonant were
obtained. These can be used for diagnostic purposes.

In the speech quality test, mean opinion scores (MOS) were obtained: participants rated the
quality of short sentences on a five-point scale ranging from bad to excellent. The sentences
were presented under similar transmission conditions as in the speech intelligibility test.

The results of both tests show that the performance of the MELP speech coder is affected by
noise, as could be expected. Furthermore, its performance seems to depend on the fundamental
frequency of the speaker’s voice: word (intelligibility) and mean opinion (quality) scores for
male speech generally are higher than for female speech. When the MELP speech coder is
combined with the noise pre-processor used in this study the speech intelligibility and speech
quality are significantly improved in case of low frequency noise (e.g. vehicle), but for high
frequency noise (e.g. aircraft) improvements, if any, are found only when the noise level is high
(6 dB SNR).

Y MELP: Mixed Excited Linear Prediction
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Spraakver staanbaar heid en spraakkwaliteit van een M EL P-spraakcodeer systeem in
combinatie met een ruisonder drukkend systeem

P.M.T. Smedle, E. Agterhuisen H.J.M. Steeneken

SAMENVATTING

De spraskverstaanbaarheid en kwaliteit van een MELP” ‘low bitrate’ spraakcodeersysteem
(1200 bps) zijn onderzocht in een experiment waarin het spraakcodeersysteem met en zonder
ruisonderdrukker voorkwam. De centrale vraag van dit onderzoek luidde in hoeverre de
‘performance’ van het spraakcodeersysteem door toevoeging van een ruisonderdrukker ver-
beterd kan worden.

In de verstaanbaarheidstest kregen luisteraars CVC-woorden (consonant-vocaal-consonant)
aangeboden onder 15 verschillende transmissiecondities, nl. drie systemen (spraakcodeer-
systeem, ruisonderdrukker, spraakcodeersysteem met ruisonderdrukker) werden getest in vijf
condities bestaande uit ‘schone’ spraak (geen ruis toegevoegd), spraak tegen een achtergrond
van vliegtuiglawaai met signaal-ruis-verhoudingen van 12 en 6 dB en spraak tegen een
achtergrond van voertuiglawaali met signaal-ruis-verhoudingen van 12 en 6 dB.

Voor iedere transmissieconditie zijn woordscores en individuele foneemscores (voor initiéle
consonant, vocaa en finale consonant) bepaald. Deze scores kunnen voor diagnostische doel-
einden worden gebruikt.

In de kwaliteitstest zijn ‘mean opinion scores’ (MOS) bepaald: luisteraars beoordeelden de
kwaliteit van korte zinnen op een vijfpunts-schaal van decht tot uitstekend. De zinnen werden
aangeboden onder dezelfde 15 transmissiecondities a's in de verstaanbaarhei dstest.

De resultaten van beide testen laten zien dat het MEL P-spraakcodeersysteem ten gevolge van
lawaai slechter presteert, zoals te verwachten was. De ‘performance’ van het systeem lijkt af te
hangen van de grondfrequentie van de stem van de spreker: woordscores (verstaanbaarheid) en
MOS-scores (kwaliteit) zijn over het algemeen hoger voor mannelijke sprekers dan voor
vrouwelijke sprekers. Wanneer het spraakcodeersysteem gecombineerd wordt met de in deze
studie onderzochte ruisonderdrukker, dan leidt dit tot een verbetering van zowel de
verstaanbaarheid als de kwaliteit in geval van laagfrequente stoorsignalen (bv. voertuiglawaai),
maar voor hoogfrequente stoorsignalen (bv. vliegtuiglawaai) treedt een verbetering slechts op bij
een hoog lawaainiveau (6 dB signaal-ruis-verhouding).

2 MELP: Mixed Excited Linear Prediction



1 INTRODUCTION

The speech intelligibility and quality of the MELP® low bitrate speech coder (1200 bps) was
determined in conditions with and without a noise pre-pracessing system. Also, the intelligibility
and quality of the noise pre-processing system alone was determined. The coder and noise pre-
processing system were tested in various transmission conditions, simulating practical adverse
conditions, such as additive noise (e.g. caused by aircraft or vehicle).

2 MEASURING SPEECH INTELLIGIBILITY
2.1 Participants

Four female listeners (age between 21 and 35 years, normal hearing) participated in the speech
intelligibility test. They were tested on five consecutive days, each day for approx. three hours
including breaks, in two individual sessions (2 participants were tested simultaneously). The first
day was used for training and the remaining days for actual testing. The participants were paid
for their participation.

2.2 Test materials

The intelligibility was measured using CVC-words (consonant-vowel-consonant words) as
described in Steeneken et al. (1990). Word lists consisting of 51 CVC-words were used as test
materials. The distribution of the consonants and vowels in these lists are equally balanced (i.e.
17 initial consonants, 15 vowels and 11 final consonants appear in each list). Each word on the
list was embedded in a carrier phrase.

Recordings were made of four male and four female speakers, each producing 15 different lists
for atotal of 120 unique word lists under good laboratory conditions (high-quality microphone,
no ambient noise). The 15 lists for each speaker were then processed in such a way that they
represent three pairs of five different transmission conditions: a ‘clean’ condition in which no
noise was added, and four adverse conditions in which one of two types of noise (aircraft and
vehicle) at one of two different signal-to-noise ratios were added (the noises were obtained from
the NATO-RSG10 noise database 1989).

For each speaker, the 15 lists representing three pairs of five transmission conditions were
recorded on CD-ROM. After this, the CD-ROM was processed by Tibitak-Uekae: one pair of
five transmission conditions was processed by using the MELP speech coder, the second pair by
using the noise pre-processing system and the third pair by using the combination of the speech
coder with the noise pre-processing system. Table | illustrates the various conditions.

3 MELP: Mixed Excited Linear Prediction



Table | The 15 different transmission conditions used in the speech intelligibility test (SNR =

8

signal-to-noise ratio, NPP = noise pre-processing).

MELP speech coder

NPP system

MELP + NPP system

Clean

Aircraft noise, 12 dB SNR
Aircraft noise, 6 dB SNR
Vehicle noise, 12 dB SNR
Vehicle noise, 6 dB SNR

Clean

Aircraft noise, 12 dB SNR

Aircraft noise, 6 dB SNR
Vehicle noise, 12 dB SNR

Vehicle noise, 6 dB SNR

Clean

Aircraft noise, 12 dB SNR

Aircraft noise, 6 dB SNR

Vehiclenoise, 12 dB SNR

Vehicle noise, 6 dB SNR

2.3 Procedure

One random list was made out of the 120 (8 speakers * 15 conditions) processed word lists.
Forty word lists were presented to the listening panel per day, in blocks of 10 to 15 lists with
pauses between the blocks. The word lists presented on the first testing day were repeated on the

fourth testing day.

Participants’ task was to listen to the CVC-words, presented through headsets, and enter their
response into the computer. The sound was set at a comfortable listening level (65 dB).

24 Analysisand results

The word score as well as the score for the initial consonants, the vowels, and the fina
consonants were determined. Results of the first testing day were not taken into the analysis,
because of possible learning effects showing up. In Tables Il and 111 the mean word scores for,

respectively, male and femal e speakers are given, as well as the standard error.

Table Il Mean CVC-word scores (mean) and standard error (se) for the 15 different transmission
conditions for MALE speech (based on 4 speakers). Coder = MELP speech coder, NPP = noise
pre-processor, NPPCoder = speech coder combined with the noise pre-processor, SNR = signal-to-

noise ratio.

MALE SPEAKERS Coder NPP NPPCoder
word score (%)  mean se mean se mean se
clean 51.0 2.7 81.9 13 53.8 30
aircraft, 12 dB SNR 39.8 32 72.2 19 42.8 37
aircraft, 6 dB SNR 255 24 62.7 17 28.2 31
vehicle, 12 dB SNR 30.5 2.8 722 14 415 338
vehicle, 6 dB SNR 16.4 33 64.8 35 29.7 2.6
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Table Il Mean CVC-word scores (mean) and standard error (se) for the 15 different transmission
conditions for FEMALE speech (based on 4 speakers). Coder = MELP speech coder, NPP = noise
pre-processor, NPPCoder = speech coder combined with the noise pre-processor, SNR = signal-to-
noise ratio.

FEMALE SPEAKERS Coder NPP NPPCoder
word score (%)  mean se mean se mean se
clean 38.8 17 80.3 12 39.1 2.0
aircraft, 12 dB SNR 24.8 2.7 66.4 29 24.9 2.7
aircraft, 6 dB SNR 13.0 25 52.1 4.2 19.6 33
vehicle, 12 dB SNR 17.4 2.0 66.7 4.1 314 2.8
vehicle, 6 dB SNR 9.2 21 58.6 4.1 26.6 19

The word scores for the male speakers generally are higher than for the female speakers. The
analyses showed that this difference is significant (p<0.001). Thisis most likely due to the lower
fundamental frequency of the male speech, providing the speech coder with more harmonic
components.

The central question is whether the noise pre-processor improves the performance of the speech
coder. Statistical analyses (Analysis of Variance, ANOVA and Tukey-tests) indicated a signif-
icant improvement between the five Coder and NPPCoder conditions for male speech (p<0.001)
and for femal e speech (p<0.001).

There appearsto be a difference in the degree of noise cancellation for aircraft and vehicle noise.
With vehicle (low frequency) noise, the pre-processor improves the performance of the speech
coder to a larger extent than with aircraft (high frequency) noise. Comparing Coder with
NPPCoder conditions, results of the analyses showed no improvement in case of aircraft noise
(p>0.05) and a significant improvement in case of vehicle noise (p<0.01) for male speech. For
female speech, an improvement was found with aircraft noise (p<0.05) in case of a high noise
level (6 dB) only, and a substantial improvement with vehicle noise (p<0.01) regardless of the
noise level. The pre-processor, therefore, is more effective for low frequency noise signals.

An interesting finding is that the differences in speech intelligibility between aircraft noise and
vehicle noise conditions disappear when noise cancellation is applied. This effect is most clearly
seen with male speakers.

Tables IV-VI present mean percent correctly identified initial consonants, vowels and final
consonants (and standard error of mean) for male speech. In Tables VII-IX the results are given
for female speech. As can be seen, the standard errors are small, indicating that the scores of the
listeners do not diverge too much but fall within awell-defined range.
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Table IV Mean initial consonant scores (mean) and standard error (se) for the 15 different
transmission conditions for MALE speech (based on 4 speakers). Coder = MELP speech coder,
NPP = noise pre-processor, NPPCoder = speech coder combined with the noise pre-processor,
SNR = signal-to-noise ratio.

MALE SPEAKERS Coder NPP NPPCoder
Cinitial score (%)  mean se mean se mean se
clean 71.4 2.4 88.7 0.9 70.8 2.4
aircraft, 12 dB SNR 60.3 29 84.2 13 63.4 3.0
aircraft, 6 dB SNR 50.0 36 79.2 18 49.0 29
vehicle, 12 dB SNR 48.8 33 83.3 12 60.7 3.6
vehicle, 6 dB SNR 36.6 4.1 76.7 3.0 53.7 3.2

Table V Mean vowel scores (mean) and standard error (se) for the 15 different transmission
conditions for MALE speech. Coder = MELP speech coder, NPP = noise pre-processor,
NPPCoder = speech coder combined with the noise pre-processor, SNR = signal-to-noise ratio.

MALE SPEAKERS Coder NPP NPPCoder
Vowel score (%)  mean se mean se mean se
clean 80.4 17 93.6 0.9 839 2.4
aircraft, 12 dB SNR 82.0 2.0 93.8 11 76.7 29
aircraft, 6 dB SNR 65.7 2.8 91.2 11 73.7 34
vehicle, 12 dB SNR 80.0 16 93.3 1.0 78.7 2.6
vehicle, 6 dB SNR 64.2 3.0 90.8 0.8 75.1 2.2

Table VI Mean final consonant scores (mean) and standard error (se) for the 15 different
transmission conditions for MALE speech. Coder = MELP speech coder, NPP = noise pre-
processor, NPPCoder = speech coder combined with the noise pre-processor, SNR = signal-to-
noise ratio.

MALE SPEAKERS Coder NPP NPPCoder
Cfinal score (%)  mean se mean se mean se
clean 83.0 14 98.0 0.5 87.4 14
aircraft, 12 dB SNR 75.5 15 91.2 1.6 77.5 1.7
aircraft, 6 dB SNR 59.1 2.4 84.6 12 70.7 2.0
vehicle, 12 dB SNR 68.0 2.3 93.8 11 79.8 11
vehicle, 6 dB SNR 50.2 3.0 89.7 12 68.0 16

Table VII Mean initial consonant scores (mean) and standard error (se) for the 15 different
transmission conditions for FEMALE speech (based on 4 speakers). Coder = MELP speech coder,
NPP = noise pre-processor, NPPCoder = speech coder combined with the noise pre-processor,
SNR = signal-to-noise ratio.

FEMALE SPEAKERS Coder NPP NPPCoder
Cinitial score (%)  mean se mean se mean se
clean 64.1 19 88.7 0.6 65.3 2.6
aircraft, 12 dB SNR 53.1 2.8 86.2 14 54.4 29
arcraft, 6dB SNR ~ 40.8 34 77.2 28 45.7 35
vehicle, 12 dB SNR 44.5 29 81.7 23 58.2 2.8

vehicle, 6 dB SNR 34.1 3.2 77.2 2.8 54.5 2.0
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Table VIII Mean vowel scores (mean) and standard error (se) for the 15 different transmission
conditions for FEMALE speech. Coder = MELP speech coder, NPP = noise pre-processor,
NPPCoder = speech coder combined with the noise pre-processor, SNR = signal-to-noise ratio.

FEMALE SPEAKERS Coder NPP NPPCoder
Vowel score (%)  mean se mean se mean se
clean 76.0 18 93.9 0.9 73.8 13
aircraft, 12 dB SNR 64.3 2.1 91.1 0.8 65.2 14
aircraft, 6 dB SNR 52.8 32 83.2 3.7 58.6 3.2
vehicle, 12 dB SNR 65.8 2.6 90.4 17 69.5 29
vehicle, 6 dB SNR 50.7 3.0 88.7 16 70.8 2.0

Table IX Mean final consonant scores (mean) and standard error (se) for the 15 different
transmission conditions for FEMALE speech. Coder = MELP speech coder, NPP = noise pre-
processor, NPPCoder = speech coder combined with the noise pre-processor, SNR = signal-to-
noise ratio.

FEMALE SPEAKERS Coder NPP NPPCoder
Cfinal score (%)  mean se mean se mean se
clean 76.8 19 94.6 0.8 74.5 11
aircraft, 12 dB SNR 57.7 3.0 84.2 19 64.0 25
aircraft, 6 dB SNR 429 3.0 74.6 2.6 57.0 34
vehicle, 12 dB SNR 52.5 2.1 86.9 2.6 72.7 19
vehicle, 6 dB SNR 36.8 3.7 80.4 24 59.3 33

Tables X—XV present the confusion matrices for the initial consonants and vowels in case of
transmission through the MELP speech coder, noise pre-processor, or a combination of the
speech coder and the noise pre-processor, respectively, for clean male speech (no noise added).
Tables XVI-XXI for clean female speech. Initial consonants that are mainly confused
(identification < 75%) are T, F, M, N, L, W, B, D, V and Z. The mgjority of V/F and Z/S-
confusions were caused by two participants systematically responding the voiceless counterparts
when hearing V and Z. Vowels that are confused (identification < 75%) are AU, EU, E, OO,
OE, and U. Generaly, for female speech more confusions occur than for male speech, as can be
expected.
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Table X Confusion matrix for the initial consonants transmitted through the MELP speech coder,

for CLEAN MALE speech.

Response P T K F S G
Sti mul us

1 P 39 2 1 2 - -
2 T 33310 - - -
3 K 1 243 - - -
4 F - - -28 - 6
5 S - - - - 45 -
6 G - - - 1 - 46
7 M - - - - - -
8 NG - - - - - -
9 N - - - - - -
10 L - - - - - -
11 R - - - - -1
12 W - - - - - -
13 J - - - - - -
14 H - - - - -1
15 B - - - - - -
16 D - - - - - -
17 V - - - 24 - -
18 7z - - - - 25 -
Confusion 4 4 11 27 25 8
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Table X1 Confusion matrix for the vowels transmitted through the MELP speech coder, for

CLEAN MALE speech.

Response AA AU A EE |J EU
Stimul us

1 AA 46 - 1 - - -
2 AU 3310 - - -
3 A 1 293 - - -
4 EE - - -40 - -
513 - - - - 47 -
6 EU - - - - - 31
7 E 1 - 2 9 - 1
8 IE L
9 | - - - - -

10 OO - -2 - -

11 CE R
12 O - -2 - -
13 W - - - - -1
14 U - - - -1 -
15 U - - - - -2
Confusion 5 217 9 1 4
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Table X1l Confusion matrix for the initial consonants transmitted through the noise pre-processor,

for CLEAN MALE speech.

Response

Sti mul us

1 P 48 - - - - -
2 T - 48 - - - -
3 K - - 48 - - -
4 F - - -31 - -
5 S - - - - 38 -
6 G - - - - - 48
7 M - - - - -
8 NG - - - - - -
9 N - - - - - -
10 L - - - - - -
11 R |
12 W - - -2 - -
13 J - - - - - -
14 H - - - - - -
15 B - - - - -
16 D -1 - - - -
17V - - 223 - -
18 7z - - - - 31 -
Confusion 0 1 02531 1
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Response A A AU AEEIJ EU E IE
Sti mul us
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Table XIIlI Confusion matrix for the vowels transmitted through the noise pre-processor, for
CLEAN MALE speech.
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Table XIV Confusion matrix for the initial consonants transmitted through the MELP speech
coder combined with the noise pre-processor, for CLEAN MALE speech.

P T K F S G MNG

Response

Sti mul us

1 P 32
2 T -
3 K 4
4 F -
5 S -
6 G -
7 M -
8 NG -
9 N -
10 L -
11 R -
12 W -
13 J -
14 H -
15 B -
16 D -
17 V -
18 7z -
Confusion 4
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Response AA AU AEEIJ EU E IE
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Table XVI Confusion matrix for the initial consonants transmitted through the MELP speech
coder, for CLEAN FEMALE speech.

~NOUI~N00 oo,

WhOOONNOOWO!

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 31 8 2 3 - - - - - - - - - 2 - - 2 - - 48 64.
2 T 53310 - - - - - - - - - - - - - - - - 48 68.
3 K 1 146 - - - - - - - - - - - - - - - - 48 95.
4 F -1 -20 - 17 - - - - - - - - - - 9 1 - 48 41.
5 S - - - 242 - - - - - - - - - - 1 3 - 48 87.
6 G - - - - -48 - - - - - - - - - - - - 48 100.
7 M - - - - - -20 - 13 - - 14 1 - - - - - 48 41.
9 N - - - - - 6 24 1 - - 17 - - - - - 48 50.
10 L - - - - - - - - 528 - 1124 - - - - - - 48 58.
11 R - - - - - - - - - 53 2 2 1 - - 2 - - 48 75.
12 W - - - - 2 - - - - 2 -3 7 - - - 1 - - 48 75.
13 J - - - - - - - - -1 - 344 - - - - - - 48 91.
14 H - - - - - - - - - - - -1038 - - - - - 48 79.
15 B - - - 3 - - - - - - -12 4 -23 5 1 - - 48 47.
16 D - 51 - 2 - - - -1 - 8 4 - 522 - - - 48 45,
17 V - - -2 15 - - - -1 2 - - - -17 - - 48 35.
18 Z - - - -33 - - - - - - - - - - - -15 - 48 31.
Confusion 6 15 13 3038 22 6 018 10 128 72 4 5 516 4 0 293

Table XVII Confusion matrix for the vowels transmitted through the MELP speech coder, for
CLEAN FEMALE speech.

S

Response AAAU AEEIJEU EIE | OCOCE OUWU U?? Tot

Sti mul us

1 AA 42 1 2 - - - - - - - - 3 - - 48 87.5
2 AU 23015 - - - - -1 - - - - - - 48 62.5
3 A 1587 - - - - - - - - 2 1 - - 96 90.6
4 EE - - -3 - 13 - 9 - - - - - 2 - 48 68. 8
511J - - - -46 - 1 1 - - - - - - 48 95.8
6 EU - - - - 137 - - 2 -1 2 5 - 48 77.1
7 E 1 - - - 9 169 - 8 - - 2 - 6 - 96 71.9
8 IE - - - - - - - 42 3 - - 3 - - - 48 87.5
9 | - - -3 - - 163 - 1 3 3 - - - 48 64.6
10 QO - -1 - 21 - - 130 3 8 - 1 1 - 48 62.5
11 CE - - - 2 - - 1 1 13 2 2 - 4 - 48 72.9
12 O - - 5 - - - -1 2 43 - - - - 48 75.0
13 W - - - - - 3 - 4 - - - -36 - 5 - 48 75.0
14 Ul 3 - - - i - - - - - - -38 - - 48 79.2
15 U - - - - 6 1 - 1 - 12 - 28 - 48 58.3
Confusion 7 6 23 5 18 13 6 12 26 8 1523 7 23 0 196

Table XVIII Confusion matrix for the initial consonants transmitted through the noise pre-
processor, for CLEAN FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V Z?? Tot
Sti mul us

X

1 P 47 1 - - - - - - - - - - - . - . - - . 48 97.9
20T 147 - - - - - - - - - . o . . - . - . 48 97.9
3 K - - 48 - - - - - - - - - - - - - - - - 48 100.0
4 F - - 230 - - - - - -+ - - - - .18 - - 48 62.5
5 S - - - S 44 - - - - - . - . . - . - 4 - 48 91.7
6 G T 48 100. 0
7 M - - - - - S48 - - - - - - - - - - - - 48 100.0
8 NG e
9 N < - - - - . . AT - - - - - - - - - 1 48 97.9

10 L - - - - - - - - S48 - - - - - - - - - 48 100.0

11 R - - - - - - - . - 48 - - - - - - - - 48 100.0

12 W - - - - - . - . -1 - AT - - - - - - - 48 97.9

13 J - - - - - - - - - - . - 48 - - - - - - 48 100.0

14 H - - - - - . . . . - . . 48 - - - - - 48 100.0

15 B - - - - - - - - . - 4 - - 44 - - - - 48 91.7

16 D - - - - - - - - 147 - - - 48 97.9

17 V e - - 22 - - 48 45.8

18 z - - - .35 - o oo oo - - - 13 - 48 27.1

Confusion 1 1 02435 0 0 0 0 1 0 6 0 O 1 018 4 1 92
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Table XIX Confusion matrix for the vowels transmitted through the noise pre-processor, for
CLEAN FEMALE speech.

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 48 - - - - - - - - - - - - - - - 48 100.0
2 AU - 43 5 - - - - - - - - - - - - - 48 89. 6
3 A - 19 - - - - - - - - - - - 96 99.0
4 EE - - -45 - - - - 2 - - - - - - 1 48 93.8
51J - - - -48 - - - - - - - - - - - 48 100.0
6 EU - - - - - 44 - - - - - - - - 4 - 48 91.7
7 E - - - - 3 -91 - - - - 2 - - 96 94.8
8 IE - 2 - - 45 1 - - - - - - 48 93.8
9 | - - 3 - - - -45 - - - - - - - 48 93.8
10 ©O - - - - - - - - -38 -10 - - - - 48 79.2
11 CE - - - - - - - - - 140 7 - - - - 48 83. 3
12 O - -1 - - - - - 1 3 -43 - - - - 48 89.6
13 WU - - - - - - - - - - - - 47 - 1 - 48 97.9
14 Ul - - - - - - - - - - - - -.48 - - 48 100.0
15 U - - - - - 11 - - - - - - -46 - 48 95.8
Confusion 0 1 6 5 3 1 1 0 4 4 017 0 2 5 1 50

Table XX Confusion matrix for the initial consonants transmitted through the MELP speech coder
combined with the noise pre-processor, for CLEAN FEMALE speech.

ONOORPNOOAW!' WOWOOWN O

Response P T K F S G MNG N L R WJ H B D V Z?? Tot %
Sti mul us

1 P 3 26 2 - - - - - - - - -1 - - 2 - - 48 72.
2 T 338 6 - - - - - - - - - - - -1 - - - 48 79
3 K - 539 - - - - - - - i1 3 - - - - - 48 81.
4 F - - -21 - 9 - - - - - - - 1 - -17 - - 48 43
5 S - - - -40 - - - - - - - - - - - 2 5 1 48 83.
6 G - - - - -48 - - - - - - - - - - - - - 48 100.
7 M - - - - - -16 -212 2 - 1 7 1 - - - - - 48 33
9 N - - - - -9 -27 - - -11 1 - - - 48  56.
10 L - - - - - - 4 - 729 - 4 3 1 - - - - - 48 0.
11 R - - - - - - - - - - 46 - 2 - - - - - - 48 95
12 W - - -1 - - - - - 1 13 5 - 1 - 1 2 - 48 75.
13 J - - - - - - - - - - 444 - - - - - - 48 91.
14 H e - 1037 - - - - - 48 T7T7.
15 B 3 -1 - - - - - - 3 -18 - 121 1 - - - 48 43
16 D - 4 - - 1 - - - - - 11 - - 723 1 1 - 48 47.
17 vV - - -23 - 4 - - - - 1 4 1 1 - -14 - - 48 29
18 Z - - - -25 - - - - - 1 - 2 - 1 - -19 - 48 39
Confusion 6 11 13 26 26 13 14 028 6 3 42 4210 9 223 8 1 283

Table XXI Confusion matrix for the vowels transmitted through the MELP speech coder
combined with the noise pre-processor, for CLEAN FEMALE speech.

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot
Sti mul us

X

1 AA 47 - - - - - - - - - - - - 1 - - 48 97.9
2 AU 13 9 - - - - - - 4 - - - - - 48 70. 8
3 A 2 278 - -1 - - - -1 4 - 4 4 - 96 81.3
4 EE - - -34 - - 3 4 7 - - - - - - - 48 70. 8
51J - - - -44 - - - - - - - 3 - 1 48 91.7
6 EU - - -5 -3 - - - - 4 1 1 - 48 77.1
7 E - - - 25 -73 36 - - 2 - 3 2 - 096 76.0
8 IE - - - - - - -3 1 - 11 6 - 1 - 48 79. 2
9 | - - - 7 -1 1102 - - - 2 2 - 48 52.1
10 GO - 21 - - - - - -3 -11 - - - - 48 70. 8
11 CE - - -1 -1 - 4 1 128 5 3 4 - 48 58.3
12 O - - - - - - - - - 6 -4 - - 1 - 48 85.4
13 W - - - - -1 -7 - - 2 -30 - 8 - 48 62.5
14 U - 5 - 11 - - - - - - -39 1 - /48 81.3
15 U - - - 2 - 21 3 6 - 1 -12 120 - 48 41.7
Confusion 3 9 1117 6 7 5 31 21 11 5 23 27 13 24 1 214
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3 MEASURING SPEECH QUALITY
3.1 Participants

Sixteen listeners (age between 18 and 30 years, normal hearing) participated in the speech
quality test. They were tested for approx. 75 minutes including breaks. The participants were
paid for their participation.

3.2 Test materials

The speech quality was measured using SRT-sentences (speech reception threshold sentences)
as described in Plomp & Mimpen (1979) and Steeneken et al. (1990). Lists consisting of these
sentences were used as test materials.

Recordings were made of four male and four female speakers. Each speaker produced a unique
list and 15 copies of this list were created, for a total of 120 lists under good laboratory
conditions (high-quality microphone, no ambient noise). The 15 lists for each speaker were then
processed in the same manner as the test materials used in the speech intelligibility test,
representing three pairs of five different transmission conditions: a ‘clean’ condition in which no
noise was added, and four adverse conditions in which one of two types of noise (aircraft and
vehicle) at one of two different signal-to-noise ratios were added.

For each speaker, the 15 processed lists were recorded on CD-ROM. After this, the CD-ROM
was processed by Tubitak-Uekae: one pair of five transmission conditions was processed by
using the MELP speech coder, the second pair by using the noise pre-processing system and the
third pair by using the combination of the speech coder with the noise pre-processing system.
After processing the same 15 transmission conditions as in the speech intelligibility test were
obtained (see Table).

3.3 Procedure

Hundred-and-twenty (8 speakers * 15 conditions) processed sentence lists were presented to the
listeners, in blocks of 40 lists with pauses between the blocks. Sixteen listeners were tested in
five sessions (per session 3 to 4 participants simultaneously), using a new random list in each
session. Prior to testing, a practice list of 15 sentence lists containing examples of the entire
guality range was given.

Participants’ task was to listen to the sentences, presented through headsets, and to rate the
quality of the speech on a five-point scale (i.e. bad, poor, fair, good, excellent). They entered
their response onto response sheets. The sound was set at a comfortable listening level (65 dB).

34 Analysisand results

Participants’ quality judgements were analysed and Mean Opinion Scores (MOS) were
calculated for each transmission condition. Figure 1 illustrates MOS scores for the 15 different
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transmission conditions for male and femal e speakers (averaged over 4 speakers) separately, and
averaged over all speakers.

5.00

®
o
IS

MOS score

2.00

NPP Female

- - -Coder Female

- - -NPPCoder Female ..
NPP Male "--.*

100 T —m— Coder Male

—l— NPPCoder Male
NPP All

—@— Coder All

—&— NPPCoder All

0.00 T T T T
clean aircraft, 12 dB SNR aircraft, 6 dB SNR vehicle, 12 dB SNR vehicle, 6 dB SNR

transmission conditions

Fig. 1 MOS scoresfor the 15 different transmission conditions for MALE and FEMALE speakers,
and averaged over ALL speakers. Coder = MELP speech coder, NPP = noise pre-processor,
NPPCoder = speech coder combined with the noise pre-processor, SNR = signal-to-noise ratio.

The statistical analyses (ANOVA, Tukey-tests) show similar results for MOS scores as was
found for the CV C-word scores.

The MOS scores for the male speakers generally are higher than for the female speakers
(p<0.001). Participants rated the quality of both male and female speech significantly higher
(p<0.002) when the speech coder was combined with the noise pre-processor than without.

Also for MOS scores, a difference in the degree of noise cancellation for aircraft and vehicle
noise was found. Comparing Coder with NPPCoder conditions, results of the analyses showed
amost no effects in case of aircraft noise (p>0.05) and a substantial improvement in case of
vehicle noise (p<0.01) for both male and female speech.

4 CORRELATION BETWEEN SPEECH INTELLIGIBILITY AND SPEECH QUALITY
SCORES

The quality ratings (MOS scores) appear to very nicely correspond to the CV C-word scores. The
scatter diagram in Figures 2, 3 and 4 illustrate the relation between the scores from both tests, for
male, female and all speakers, respectively (averaged over speakers). The correlation is r=0.969
for male, r=0.989 for female, and r=0.983 for all speakers (regression analysis Pearson’s r,
p<0.001).



18

5.00
[ ]
4.00
)
—
Py
=
S 3.00 =
O
o . =
o
3 . *
n 2.00 o
(@)
=
]
1.00
® NPP Male
m Coder Male
& NPPCoder Male
0.00 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

mean word score (intelligibility)

Fig. 2 Correlation between mean CVC-word scores (speech intelligibility) and Mean Opinion
Scores (speech quality) for the 15 different transmission conditions for MALE speakers. Coder =
MELP speech coder, NPP = noise pre-processor, NPPCoder = speech coder combined with the

NOi Se pre-processor.
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Fig. 3 Correlation between mean CVC-word scores (speech intelligibility) and Mean Opinion
Scores (speech quality) for the 15 different transmission conditions for FEMALE speakers. Coder
= MELP speech coder, NPP = noise pre-processor, NPPCoder = speech coder combined with the

NOiSe pre-processor.
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Fig. 4 Correlation between mean CVC-word scores (speech intelligibility) and Mean Opinion
Scores (speech quality) for the 15 different transmission conditions averaged over ALL speakers.
Coder = MELP speech coder, NPP = noise pre-processor, NPPCoder = speech coder combined
with the noise pre-processor.

5 DICUSSION AND CONCLUSIONS

The performance of the MELP speech coder is affected by noise, as could be expected.
Furthermore, its performance seems to depend on the fundamental frequency of the speaker’s
voice: word (intelligibility) and mean opinion (quality) scores for male speech generally are
higher than for female speech. The central question of this study was to investigate whether the
performance of the speech coder could be improved by adding a noise pre-processing system.
When the MELP speech coder is combined with the noise pre-processor used in this study the
speech intdligibility and speech quality are significantly improved in case of low frequency
noise (e.g. vehicle), but for high frequency noise (e.g. aircraft) improvements, if any, are found
only when the noise level ishigh (6 dB SNR).

The present study also showed a very high correlation between CVC-word scores and MOS
scores, which may indicate that intelligibility is an important factor when people are judging
speech quality.
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APPENDIX

Confusion matrices for MALE (Tables A.1-12) and FEMALE (Tables A.13-24) speakers
in the noise conditions

Table A.1 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder for aircraft noise at 6 dB SNR, MALE speech.

Response P T K F S G MNG N L R WJ H B D V Z?? Tot %
Sti mul us

1 P 212 - 6 6 - 2 1 - - - 2 1 11 - - 7 - - /48 43. 8
2 T 43 33 - 3 - - - - - - - 2 -1 2 - 48 62.5
3 K 1 228 3 - 5 - - -1 1 3 2 - - 1 - 1 48 58.3
4 F 5 - 216 - 9 -1 - - 1 2 2 1 2 7 - - 48 33.3
5 S - - - - 41 2 - - - - - -1 - - - 4 - 48 85.4
6 G 1 - 4 5 -32 - - - - - - 2 - - 4 - - 48 66.7
7 M i - - - 1 - 26 - 16 - -1 - - 1 - 1 1 48 54.2
8 NG R R 0 -- -
9 N - - - -1 - 22 2 - -12 1 - 1 - - - 48 43.8
10 L - - - - - - 4 -1019 2 5 8 - - - - - - 48 39.6
11 R - - - - - 2 - - - 128 5 4 4 1 3 - - - 48 58. 3
12 W - - - - 2 - 4 4 718 4 7 1 1 - - - 48 37.5
13 J - - - - - - - - 4 3 - 535 1 - - - - - 48 72.9
14 H - - 2 - - - 2 - 11 2 2 529 - 3 1 - - 48 60. 4
15 B i - - 2 - 11 - - 1 2 7 3 522 2 1 - - 48 45. 8
16 D - 112 2 - - - 2 - 2 2 6 1 224 2 1 - 48 50.0
17 V 4 1 - 9 - 2 - - - - 5 2 4 4 4 5 8 - - 48 16. 7
18 Z - 3 - 126 1 - - - 2 - 3 1 - 1 - 10 - 48 20.8
Confusion 17 7 18 31 29 27 21 0 38 12 25 31 56 34 9 20 25 6 2 408
Response AAAU AEEIJEU EIE | OCOCE OUW U U ?? Tot %
Sti mul us

1 AA 45 - 1 - - - - - - - - - - 2 - - 48 93.8

2 AU 33015 - - - - - - - - - - - - - 48 62.5

3 A 2 -912 - - -1 -1 - -1 - - - - 96 94. 8

4 EE - - -20 - 3 2 413 - 3 - 1 1 1 - 48 41. 7

51J - -1 -42 - - - 1 1 - - - 3 - - 48 87.5

6 EU 2 - - - -29 1 1 - 1 - 2 1 110 - 48 60. 4

7 E - - - - 4 -61 410 - 2 4 4 4 3 - 96 63.5

8 |E - - - - - - -3 2 - 3 - 6 - 2 - 48 72.9

9 | - - - 3 1 - 521214 - - - 2 - 2 - 48 29.2
10 CO - 6 3 - - - 1 - 113 219 2 - 1 - 48 27.1
11 CE - - - - - - -11 3 - 24 - 7 - 1 2 48 50.0
12 O -1 2 - - -1 - 3 1 238 - - - - 48 79. 2
13 WU - - - - -1 -10 1 - 4 - 32 - - - 48 66.7
14 Ul 2 - - - 3 1 5 - - - - - -37 - - 48 77.1
15 U - - - - - 3 - 2 5 1 1 6 5 - 25 - 48 52.1
Confusion 9 7 22 3 8 8 16 53 40 4 17 32 28 11 20 2 280
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Table A.2 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder for aircraft noise at 12 dB SNR, MALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us
1 P 30 213 - - - - -1 - 215 - - 3 - - 48 62.5
2 T 427 5 3 - 1 - - - 1 - - 2 2 - 3 - - - 48 56.3
3 K 7 -3 - - 2 - - - - - -1 4 - - - - - 48 70.8
4 F 3 1 117 - 8 - - - - -1 2 - -14 1 - 48 35.4
5 S -1 - - 42 - - - - - - - - - - - 5 - 48 87.5
6 G - - 21 -83 - - - 121 1151 - 2 - - 48 68. 8
7 M - - - - - -2 -10 - - 1 4 3 1 - - - - 48 60. 4
8 NG - - - S 0 -
9 N - - - - - 6 -3 2 1 2 6 - - - - - 1 48 62.5
10 L - - -1 - - 2 - 730 2 1 5 - - - - - 48 62.5
11 R - 3 - - - - - 1332 3 3 3 1 1 - - - 48 66. 7
12 W - - - - - 11 - 2 2 138 1 - 2 - - - - 48 79.2
13 J - - - - - -1 - 11 - 340 - - 1 - 1 - 48 83.3
14 H - -1 - - -2 - 12 2 - 139 - 1 - - - 48 81.3
15 B 11 - - - - - - 1 -16 1 125 - 1 - - 48 52.1
16 D - - - 2 - - - -1 - 4 6 1 - 626 2 - - 48 54.2
17 V - - -1 - 4 - - 2 - 410 3 2 - - 8 - - 48 16.7
18 Z - - - 29 - - - - - - 4 1 - 1 - 12 - 48 25.0
Confusion 16 5 12 28 29 16 11 0 24 12 15 45 35 28 11 7 22 7 1 324

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot
Sti mul us
AA

X

1 46 1 1 - - - - - - - - - - - - . 48 95.8
2 AU - 41 5 - - - 1 - - - - - - 1 - - 48 854
3 A 2 - 93 - - - < - - - - - - 1 - - 9 96.9
4 EE - - -3 - - 1510 - - - - - - - 48 66.7
51J - - - 13 - 7 - 1 - - - - - - - 48 813
6 EU - - - 3 -32 2 - - - - - 4 - 7 - 48 66.7
7 E - - 2 - 3 -8 - 7 - - 1 - - - - 96 86.5
8 IE - - - - - - -4 - - - - 2 - - - 48 95.8
9 | - - - 2 - - 3 73 - - - - - 1 - 48 72.9

10 QO - 53 - 1 - - - -24 5 9 - - 1 - 48 50.0

11 OE - - - - - - - 2 3 -3 1 - - - 48 70.8

12 0 - - B - - - - - - 2239 - - - - 48 81.3

13 W - - - - - - 16 1 - 1 -39 - - - 48 813

14 U - - - - - 21 - - - o - <44 - 1 48 91.7

15 U - - - - - 2 - - 4 - - - - .42 - 48 87.5

Confusion 2 616 6 4 4162026 2 811 14 2 9 1 147
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Table A.3 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder for vehicle noise at 6 dB SNR, MALE speech.

Response P
St i mul us

1 P 7
2 T 2
3 K 3
4 F 5
5 S -
6 G 1
7 M 2
8 NG -
9 N -
10 L 1
11 R 2
12 W 6
13 J 1
14 H 1
15 B 9
16 D 1
17 V 2
18 Zz -
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2 - - 8 3 - 4
23 8 2 5 1 1 -
-17 4 3 6 2 -
4 513 2 5 - -
-1 129 3 - 1
-1 - 220 1 -
31 3 2 3 7 1
11 - 6 5 115
- 4 4 1 7 1 1
-1 - 2 - - 3
18 28 18 44 54 14 22
OCOCE owu U??
- - - - 8 1 -
- - -1 - -1
B
- - - 4 - 1 -
- -1 - 1 - -
2 - - 2 1 3 -
-1 1 1 2 4 2
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Table A.4 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder for vehicle noise at 12 dB SNR, MALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us
1 P 4 - 4 8 - 1 - - 1 1 1 4 3 3 4 1 2 - 1 48 29.2
2 T 313 5 4 - 4 - - - 1 1 2 3 3 - 4 5 - - 48 27.1
3 K 53177 1 - 8 - - - - 1 1 5 1 1 3 2 - - 48 35.4
4 F 1 - 122 16 - - - - - - 1 - - -17 - - 48 43. 8
5 S - - - -4 - - - - - - - - - - - 1 5 - 48 87.5
6 G -1 - 3 13 - - - - - - - - - 1 - 1 48 72.9
7 M - - - -1 -2 - 81 1 35 - - - - - - 48 60. 4
8 NG e T T 0 -
9 N - 21 - - 8 -23 2 2 - 6 - - - - - 2 48 47.9
10 L - -1 - - - - 424 7 4 6 2 - - - - - 48 50.0
11 R - - - - -5 - - - 325 2 7 6 - - - - - 48 52.1
12 W 1113 -1 - - 2 - 11510 9 4 - - - - 48 31.3
13 J - - - - -1 - - - - -46 - - 1 - - - 48 95.8
14 H - - - 2 - - 2 - 2 - - - 33 - 3 - - - 48 75.0
15 B 4 - 3 3 - 4 - - - -10 1 413 5 1 - - 48 27.1
16 D 2 3 - 1 - i1 - - - -1 3 - 334 - - - 48 70.8
17 V 21 310 27 - - - - -9 - 4 - 3 4 3 - 48 8.3
18 Z - - - -3 -1 - - - - - 3 3 - - - 7 2 48 14. 6
Confusion 20 9 20 36 37 32 17 0 17 8 14 36 56 41 12 20 29 8 6 418

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot
Sti mul us
AA

X

1 45 - - - - 1 - - - - - - - 2 - - 48 93.8
2 AU -87 11 - - - - - - - - - - - - - 48 77.1
3 A - 194 - - - - - - - - - - 1 - - 96 97.9
4 EE - - -266 - 3 -10 - - - 1 - - 2 48 542
51J - - - 144 - 3 - - - - - L . . - 48 91.7
6 EU - - - - -4 - - 2 - - - 1 - 4 - 48 8514
7 E 1 - 2 3 1 -8l - 3 - - - - - 4 1 9 84.4
8 IE - - - - - - - 43 2 - - 11 - - 1 48 89.6
9 | - - - 2 - - 111382 - - - 2 - - - 48 66.7

10 0O - 65 - - - - - 119 -16 - - - 1 48 39.6

11 O - - - - - 1 - 6 - -34 4 2 - 1 48 70.8

12 O - - 4 - - - - - - 2 240 - - - - 48 83.3

13 W - - - - - - - 5 2 - 4 -3 - 1 - 48 750

14 Ul - - - - - 2 - - - - - - 46 - - 48 95.8

15 U - - 1 - - 4 - - - - 1 - 6 135 - 48 72.9

Confusion 1 723 6 7 8 72220 2 72113 4 9 6 163



Response
St i mul us
1 P
2 T
3 K
4 F
5 S
6 G
7 M
8 NG
9 N
10 L
11 R
12 W
13 J
14 H
15 B
16 D
17 V
18 z
Conf usi on
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Table A.5 Confusion matrix for the initial consonants and vowels transmitted through the noise
pre-processor for aircraft noise at 6 dB SNR, MALE speech.

P T K F S G MNG NL R W

40
- 4

[EEN 'S 3 LI N SN R B | TN

O

1 3 4 - -

7

[T

Response AA AU

PR R
ARWNRFROOONOUDMWNER

15

Conf usi on

Sti mul us
AA

AU
A
EE
IJ
EU
E
I E
|
(00)
CE
O
uJ
ul
U

46
- 4

6
3

ooyt

©

o

4

[ETREN

(O

[ N

1 -
31 -
- 44

[N I N

]
'
=

o
N
AW!

[ee]
T L N

=N NNV

11

J H B DV zZz??

[ ORI ORI

[ I

Vg

N

o

Tot
- - - 48
- - - 48
- - - 48
12 - - 48
- 3 - 48
1 - - 48
- - - 48
- 0
- - 48
- - - 48
- - - 48
- - - 48
- - - 48
- - - 48
- - - 48
- - - 48
14 - - 48
- 14 - 48
13 3 0 170
Tot %
48 95. 8
48 95.8
96 91.7
48 89.6
48 100.0
48 91.7
92 93.5
48 93.8
52 98.1
48 77.1
48 97.9
48 89. 6
48 70. 8
48 100.0
48 79. 2
72

83.
97.
83.
64.
91.
85.
95.

93.
83.
79.
77.
97.
77.
79.
97.
29.
29.

=S

NNONFPOFRPNWO!' 0OR~ANOOWOW
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Table A.6 Confusion matrix for the initial consonants and vowels transmitted through the noise
pre-processor for aircraft noise at 12 dB SNR, MALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 46 1 - 1 - - - - - - - - - - - - - - - 48 95.8
2 T - 44 - - - - - - - - - - - - - 3 - - 1 48 91.7
3 K 2 -46 - - - - - - - - - - - - - - - - 48 95.8
4 F - - -27 121 - - - - - - - - - -19 - - 48 56. 3
5 S - - - - 44 - - - - - - - - - - - - 4 - 48 91.7
6 G - - - 1 - 47 - - - - - - - - - - - - - 48 97.9
7 M - - - - - -4 - 3 1 - - - - - - - - - 48 91.7
8 NG T T S T T 0 -
9 N - - - - - - - -45 1 - - - - - - - - 2 48 93.8
10 L - - - - - - - - 345 - - - - - - - - - 48 93.8
11 R - - - - - - - - - -4 - - -1 - - - - 48 97.9
12 W - - - 2 - - - - - - -42 - 1 1 - 2 - - 48 87.5
13 J - - - - - - - - - - - 47 - - - - - 1 48 97.9
14 H - - - - - - - - - - - 4 143 - - - - - 48 89.6
15 B - - - - - - - - - - - 1 - -45 2 - - - 48 93.8
16 D - 4 - - - - - - - - - 1 - - -42 - - 1 48 87.5
17 VvV - - -1 - 2 - - - - - 7 - 2 - -18 - - 48 37.5
18 Z - - - 33 - - - - 15 - 48 31.3

Confusion 2 5 02334 3 0 0 6 2 013 3 2 521 4 5129

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 48 - - - - - - - - - - - - - - - 48 100.0
2 AU - 3711 - - - - - - - - - - - - - 48 77.1
3 A - -9 - - - - - - - - - - - - - 96 100.0
4 EE - - -43 - - - - 5 - - - - - - - 48 89.6
511J - - - -43 - - - - - - - - 5 - - 48 89.6
6 EU - - - - -39 - - - - - - - - 9 - 48 81.3
7 E - - - - - -9 1 2 - - - - - - 1 096 95.8
8 IE - - - - - - -48 - - - - - - - - 48 100.0
9 | - - - 2 - - 3 142 - - - - - - - 48 87.5
10 OO -1 - - - - - - -4 - 5 - - - 1 48 85. 4
11 CE - - - - - - - - - -48 - - - - - 48 100.0
12 O - - - - - - - - - - - 47 - - - 1 48 97.9
13 WU - - - - - - - - - - - -46 - - 2 48 95.8
14 Ul - - - - - - - - - - - - - 48 - - 48 100.0
15 U - - - - -1 - - - - - - - - 471 - 48 97.9
Confusion 0 111 2 0 1 3 2 7 0 0 5 0 5 9 5 51
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Table A.7 Confusion matrix for the initial consonants and vowels transmitted through the noise
pre-processor for vehicle noise at 6 dB SNR, MALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 34 - 32 - - - - - - - 2 - 4 3 - - - - 48 70.8
2 T - - - - - - - - - - - - - - 9 - - - 48 81.3
3 K - -451 - 1 - - - - - - -1 - - - - - 48 93.8
4 F - - -29 - - - - - - -1 - - - -18 - - 48 60. 4
5 S - - - =37 - - - - - - - - - - - -11 - 48 77.1
6 G i1 - - -4 - - - - - - - - - - - - - 48 95.8
7 M - - -1 - -3 - 4 - -7 - 21 - - - - 48 68.8
8 NG T T T 0 ---
9 N - - -1 - - - - 47 - - - - - - - - - - 48 97.9
10 L - - - - - - - - 444 - - - - - - - - - 48 91.7
11 R - -2 - 2 - - - - -4 - - 1 - 1 - - - 48 87.5
12 W - - - 2 - - - - - - -3 1 2 2 - 2 - - 48 81.3
13 J - - - - - - - - - - - -48 - - - - - - 48 100.0
14 H - - - 2 - - - - - - 383 5 1237 - - - - - 48 77.1
15 B 9 1 - 3 - - - - - - - 4 - -28 3 - - - 48 58.3
16 D -0 - - - - - - - - - - - - -38 - - - 48 79.2
17 VvV - - -2 -1 - - - - - - -1 - -24 - - 48 50.0
18 Z - - 32 - - - - - - - - - - -16 - 48 33.3

Confusion 10 12 53434 2 0 0 8 0 319 211 6 13 20 11 0 190

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 47 - 1 - - - - - - - - - . - . - 48 97.9
2 AU - 8711 - - - - - - - - - - - - - 48 77.1
3 A - 294 - - - - o - - - 2 - - - - 9 97.9
4 EE - - - 42 - - - - 6 - - - - - - - 48 87.5
51J - - - 146 - 1 - - - - - - - - - 48 958
6 EU - - - - 238 - - - - - - - .10 - 48 79.2
7 E - - - - 21791 2 - - - - 8 2 1 9 823
8 IE - - - 2 - - 144 1 - - - - - - - 48 91.7
9 | - - - 1 - - L AT - - - - - - - 48 97.9

10 QO - - - - - - . . 44 - 4 - - - - 48 91.7

11 OE - - - - -1 - - - - AT - - - - - 48 97.9

12 0 - - 2 - - - - - - 1 -45 - - - - 48 93.8

13 W - - - - - - - - - - 9 -4 - 1 - 52 80.8

14 U - - - -1 - - - - - - - .47 - - 48 97.9

15 U - 2 - - 42 - 44 95.5
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=
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Confusion 0 0 14 4
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Table A.8 Confusion matrix for the initial consonants and vowels transmitted through the noise
pre-processor for vehicle noise at 12 dB SNR, MALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 43 - - - - - - - - - - - - - 5 - - - - 48 89.6
2 T - 48 - - - - - - - - - - - - - - - - - 48 100.0
3 K - -4 - - - - - - - 1 - - 3 - - - - - 48 91.7
4 F - - -26 - 2 - - - - - - - - - -20 - - 48 54.2
5 S - - - -43 - - - - - - - - - - - - 5 - 48 89.6
6 G - - - - =47 - - - - - - - - 1 - - 48 97.9
7 M - - - - - -43 - 5 - - - - - - - - - 48 89.6
8 NG T T T 0 -
9 N - - - - - - - -4 - - 3 - - - - - 48 93.8
10 L - - - - - - - - -48 - - - - - - - - - 48 100.0
11 R - - - - - - - - -4 1 - 3 - - - - - 48 91.7
12 W - - - - - - - - - - 339 1 - 4 1 - - - 48 81.3
13 J - - - - - - - - - - -48 - - - - - - 48 100.0
14 H - - - - - 3 - - - - -1 -43 1 - - - - 48 89.6
15 B 5 - 11 - - - - - - - - - 140 - - - - 48 83.3
16 D - 6 - - - - - - - - - 11 - -40 - - - 48 83.3
17 VvV - - -2 -1 - - - - - 4 - 1 - -19 - - 48 39.6
18 z - - - =28 - - - - - - - - - - - 20 - 48 41.7
Confusion 5 6 12428 6 0 0 5 0 410 2 810 121 5 0 136

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 48 - - - - - - - - - - - - - - - 48 100.0
2 AU - 41 7 - - - - - - - - - - - - - 48 85.4
3 A - -9 - - - - - - - - - - - - - 96 100.0
4 EE - - - 44 - - - - 4 - - - - - - - 48 91.7
51J - - - - 48 - - - - - - - - - - - 48 100.0
6 EU - - - - -3 - - - - - - - 113 - 48 70.8
7 E - - - -1 -9 - - - - - - 2 - - 96 96. 9
8 IE - - - - - - - 47 1 - - - - - - - 48 97.9
9 | - - -1 - - 6 -41 - - - - - - - 48 85.4
10 OO - - - - - - - - -4 - 2 - - - - 48 95.8
11 CE - - - - - - - - - -48 - - - - - 48 100.0
12 O - - 4 - - i - - - -43 - - - - 48 89.6
13 WU - . . e e e e e e e . 43 4 1 - 48 89.6
14 Ul - - - - - - - - - - - - - 48 - - 48 100.0
15 U - - - - - 3 - - - - - - 4 - 41 - 48 85.4
Confusion 0 011 1 1 3 7 0 5 0 O 2 4 7 14 0 55
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Table A.9 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder combined with the noise pre-processor for aircraft noise at 6 dB SNR, MALE
speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 231 -6 - 2 - - - - - 238 - - 3 - - 48 47.9
2 T 634 2 - 1 - - - - - - -1 - 1 3 - - - 48 70.8
3 K 2138 - - 6 - - -1 - - 2 5 - - - - - 48 64.6
4 F 4 - -13 3 7 - - - - - 2 2 - -16 1 - 48 27.1
5 S - - - -40 - - - - - - - - - - - - 8 - 48 83.3
6 G 1 2 - 5230 - - - - - - 1 2 - - 5 - - 48 62.5
7 M - - -1 - -15 - 12 5 212 - - - - - 1 48 31.3
8 NG T - - - 0 -
9 N - - - - - 12 - 24 2 - - 8 1 - - 1 48 50.0
10 L - - -1 - - - - 220 9 1124 - - - - - 1 48 41.7
11 R 2 - - -2 - - 529 2 34 1 - - - - 48 60. 4
12 W - - - 2 -1 - - - 1 -24112 - 5 3 1 - - 48 50.0
13 J - -1 - - - - - - 5 3 434 - - 1 - - - 48 70.8
14 H -1 - - -5 - -1 1 2 31120 1 3 - - 48 41.7
15 B 5 - -1 - -3 -1 - -11 4 218 2 1 - - 48 37.5
16 D -1 - - - - - - - 1 - 412 - 327 - - - 48 56.3
17 V 4 - 8§ - 8 - - - - 23 45 1 111 - - 48 22.9
18 Z - - - -3 - - - 4 - 1 - 5 - - - - 7 - 48 14. 6
Confusion 24 6 4 24 37 31 15 0 20 21 17 32 93 29 12 13 26 9 3 416
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 45 2 1 - - - - - - - - - - - - 48 93.8

2 AU 23312 - - - - - - - - - - 1 - - 48 68. 8

3 A - -9 - - - 1 - - - - - - 2 1 96 95.8

4 EE - - -31 3 - - 211 - -1 - - - 48 64. 6

51J - - - 64 - - - 1 - - - - - - - 48 85.4

6 EU - - -1 -37 2 - - - - 2 - 2 4 - 48 77.1

7 E - - 111 158 -14 - 1 - - 1 4 1 96 60. 4

8 |IE - - - - - - -37 3 - 2 - 6 - - - 48 77.1

9 | - - - - - - 3 93 - - - - - 5 - 48 64.6

10 OO - 45 - - - - - -31 - 8 - - - 48 64. 6

11 CE - - -1 -1 - 5 3 621 3 4 - 3 1 48 43. 8

12 O - -1 - - - - - 1 - 46 - - - - 48 95.8

13 W - -1 - - - 6 1 1 6 -29 - 4 - 48 60. 4

14 U 1 - - - 3 - - - - - - 141 1 1 48 85.4

15 U - - -1 - 3 - 2112 - 1 2 - - 28 - 48 58. 3
Confusion 3 6 2021 7 8 624 44 8 10 15 12 6 21 4 215
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Table A.10 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder combined with the noise pre-processor for aircraft noise at 12 dB SNR, MALE
speech

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 32 2 - 3 -4 - - - - - 111 2 2 - - - 48 66. 7
2 T 533 2 1 - 2 - - - - - - 2 - 3 - - - 48 68.8
3 K 7 1338 2 - 2 - - - - -1 - - - 2 - - 48 68.8
4 F - - 122 -10 - - - - - - - - 15 - - 48 45. 8
5 S - - - -43 - - - - - - - - 1 4 - 48 89.6
6 G - - - 2 -45 - - - - 1 - - - - - - - - 48 93.8
7 M - - - - - -26 -12 4 - - 6 - - - - - 48 54.2
8 NG S S 0 -
9 N - - - - - - 2 -31 2 - 310 - - - - - 48 64.6
10 L - - - - - -1 - 23 - 112 - - - - - - 48 66. 7
11 R - - - - - - - - -3% 3 3 7 - - - - - 48 72.9
12 W - - - - - -1 - - 1 241 2 - - 1 - - - 48 85.4
13 J - - - - - - - -1 2 1 439 - - 1 - - - 48 81.3
14 H 1 -2 - - 2 - - 1 2 5 2 427 - 2 - - - 48 56.3
15 B - - - - - - - - - - -15 6 - 23 4 - - - 48 47.9
16 D - - -1 - 1 - - - - 1 8 - 13 - - - 48 75.0
17 V 11 113 1 2 - - - - 11 2 11 9 - - 48 18.8
18 Z - - - -31 - - - - -1 5 - 1 - - 10 - 48 20.8
Confusion 14 4 6 22 32 23 4 016 11 9 42 60 15 5 14 18 4 0 299

Response AAAU AEEIJ EU EIE | OCOCE OUWU U?? Tot %

Sti mul us

1 AA 41 1 2 - - - - - - - - - - - - - 44 93.2
2 AU i13%11 - - - - - -1 - - - - - - 48 72.9
3 A - -9% - - 1 - - -1 - 2 - - - -100 96.0
4 EE - - - 44 - - 4 - - - - - - - 48 91.7
511J - - - 939 - - - - - - - - - - - 48 81.3
6 EU - -1 - 123 - - 3 -1 3 214 - 48 47.9
7 E - - 2 7 - -54 218 - - 1 210 - 96 56. 3
8 IE - - - - - - - 48 - - - - - - - 48 100.0
9 | - - - - - - 111236 - - - - - - - 48 75.0
10 OO - -1 - - - - -30 - 14 - 3 - 48 62.5
11 CE - - - - - - 2 2 233 3 6 - - - 48 68. 8
12 O - - 3 - - - - - - 2 24 - - - - 48 85.4
13 W - - - - - - -11 4 - 1 - 32 - - - 48 66. 7
14 Ul - - - - - 31 - - - - - - 44 - - 48 91.7
15 U - - - - 1 3 3 2 7 - - 2 - 30 - 48 62.5
Confusion 1 12016 2 7 5 28 38 32012 4 27 0 190
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Table A.11 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder combined with the noise pre-processor for vehicle noise at 6 dB SNR, MALE
speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 2 - 45 - 2 - - - - - 51 4 1 1 - - - 48 52.1
2 T 228 - 1 - - - - - - 11 4 2 5 2 2 - - 48 58.3
3 K 1 22 1 -5 - -1 - 4 - 5 - - 4 - - - 48 52.1
4 F - - 119 1 6 - - - - 3 2 1 1 - 14 - - 48 39.6
5 S - - - -43 - - - - - - - - - - - - 5 .- 48 89.6
6 G -1 - 1 -3 - - - - i - 2 3 - 2 - - 48 75.0
7 M - - 13- 122 - 51 - 8 7 - 1 - - - - 48 43. 8
8 NG T R T 0 -
9 N - - - - - - 3 -26 4 - -10 1 1 3 - - - 48 54.2
10 L - - - -1 5 - 326 - -10 12 - - 1 - 1 48 54.2
11 R - -1 - - - - - - 136 2 3 5 - - - - - 48 75.0
12 W - - - 6112 - - - 414 3 7 8 1 1 - - 48 29.2
13 J - - - - - - - - - -1 -4 2 1 - - - - 48 91.7
14 H - - - - -1 - - - 2 1 6 432 1 - 1 - - 48 66. 7
15 B 2 - - 6 - 1 - - - - - 8 - 316 - 2 - - 48 33.3
16 D 2 4 4 4 - 2 - - - - - - 6 5 -21 - - - 48 43. 8
17 V - - -1 - 7 - - - - - 1 2 3 - 119 - - 48 39.6
18 Z - - - =41 - - - - - - - - - - - - 7 - 48 14. 6
Confusion 17 7 11 42 44 26 10 0 9 8 13 35 57 36 22 12 23 5 1 378
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 6 2 - - - - - - - - - - - - - - 48 95.8

2 AU - 3312 - - - 3 - - - - - - - - - 48 68. 8

3 A - 193 - - - - - -1 - 1 - - - - 96 96.9

4 EE - - -39 - - 3 - 6 - - - - - - - 48 81.3

51J - - - 636 - 5 - - - - - - 1 - - 48 75.0

6 EU - - - 2 -3 - - 2 - - - 3 - 5 - 48 75.0

7 E - - - 7 152 422 - - - - 4 5 - 096 54.2

8 |IE - - - - - - -38 5 - - - 5 - - - 48 79.2

9 | - - - 6 - - -1824 - - - - - - - 48 50.0
10 OO - - 4 - - - - - -29 311 - - 1 - 48 60. 4
11 CE - - - - - - - - 2 13 3 6 - - - 48 75.0
12 O - -1 - - -1 - - 1 143 - - - 1 48 89. 6
13 W - - - - - - - 4 4 - 2 -33 - 1 - 44 75.0
14 U - - - - -1 2 - - - - - -38 2 - b2 73.1
15 U - - - - - 21 - 5 -1 - 1 137 - 48 77.1
Confusion 0 3 17 21 1 14 14 26 46 3 7 1515 6 14 1 203
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Table A.12 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder combined with the noise pre-processor for vehicle noise at 12 dB SNR, MALE

speech.

Response P T K
St i mul us

1 P 29 1 2
2 T 8 28 6
3 K - 1 46
4 F 1 2 -
5 S - - -
6 G i - -
7 M - - -
8 NG - - -
9 N - - -
10 L - - -
11 R - - -
12 W - -

13 J -1

14 H i - -
15 B 5 - -
16 D 5 1 1
17 V 3 1 -
18 z - - -
Confusion 24 7 9

Response AA AU

Sti mul us
AA 47
AU 1
A -
EE -
1J -
EU -
E -
| E -
| -
(x) -
(}E -
o -
uu -
ul -
15 U -
Confusion 1
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- 12 -
- -1
- - 2
13 -

- 15 -
16 12 3
Tot

48 97.
48 64.
96 94.
48 77.
48 85.
48 64.
96 69.
48 79.
48 87.
48 54.
48 75.
48 87.
48 81.
48 91.
48 62.
174

3
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UONWOIONUINOO RO O

Tot

48
48
48
48
48
48
48

44
48
48
48
48
48
48
52
48
48
21

60.
58.
95.
31.
75.
93.
33.

56.
54.
83.
81.
7.
62.
56.
53.
27.
31.
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Table A.13 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder for aircraft noise at 6 dB SNR, FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P iv 7 7 3 - 3 1 - - 2 - - 2 1 - - 3 2 - 48 35.4
2 T 42214 1 - 1 - - - - - 111 - 3 - - 48 45. 8
3 K 1 134 - 2 21 -1 - - - 1 2 - - 3 - - 48 70.8
4 F g 21112 - 1 - - - - - - 1 3 - - 9 - 2 48 22.9
5 S 211 -34 - - - - - -1 - - - - 6 - 48 68. 8
6 G - - 53 -2 1 -1 - - - - 6 1 - 5 - 1 48 52.1
7 M - - - - - -13 - 14 3 - -13 3 - - - 1 1 48 27.1
8 NG T T T T 0 -
9 N - - - - - 4 - 18 4 - 117 1 - - 1 - 2 48 37.5
10 L - - - - - 11 - 120 1 518 - - - - 1 - 48 41.7
11 R - - - - 2 -1 - 5 218 7 7 5 - 1 - - - 48 37.5
12 W - - - - - - - -1 2 91613 3 1 2 1 - - 48 33.3
13 J - - -1 - - - 2 - - 733 - 1 2 - 1 - 48 68. 8
14 H 2 - 2 1 2 - -1 3 1 - 1416 - 3 2 - - 48 33.3
15 B 1T - - - - - - - 1 1 410 5 -24 2 - - - 48 50.0
16 D 1 23 - -1 - -1 - 2 -11 - 719 1 - - 48 39.6
17 V 4 4 3 8 3 2 - - - - - 4 7 7 - 2 4 - - 48 8.3
18 Z 1 - - 22 1 - - - 1 - -12 2 - - - 10 - 48 20.8
Confusion 24 17 46 17 31 16 10 0 28 18 17 34123 34 11 12 28 11 6 483
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 36 - 3 - -1 - 11 2 - 1 - 2 - 1 48 75.0

2 AU 12113 - - - 2 - - 3 - 3 - 5 - - 48 43.8

3 A 10 663 - 4 - - 2 1 - 4 2 1 2 1 - 96 65. 6

4 EE - - -22 2 2 2 710 - 1 - - - 1 1 48 45.8

51J -1 - 13% - 1 - 1 2 - 1 - 5 1 - 48 72.9

6 EU - - - 4 122 - - 1 - 4 1 8 4 3 - 48 45. 8

7 E - 3 - 2 5 23 6 9 2 1 6 7 5 9 - 96 40. 6

8 |IE - - - -1 - -3 3 - 3 1 3 - 4 1 48 66. 7

9 | - - - 31 - 11915 - 2 1 5 - 1 - 48 31.3
10 OO 132 - - - - - -26 3 6 1 - 2 - 44 59.1
11 CE - - - - - 2 - 7 2 318 2 9 - 3 2 48 37.5
12 O - 251 - - - - - 6 13 1 - - - 52 69.2
13 W - - - 21 - -16 2 - 7 -16 - 3 1 48 33.3
14 U 4 2 6 - 2 - 1 - - 2 - 3 -28 - - 48 58.3
15 U - - - - - 6 - 3 7 - 3 3 4 - 22 - 48 45. 8
Confusion 16 17 29 13 17 13 7 61 37 20 29 30 39 23 28 6 385
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Table A.14 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder for aircraft noise at 12 dB SNR, FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 3 8 710 - 3 - - - - - - - 3 - - 3 - 1 48 27.1
2 T 322112 3 - 2 - - - - - - 1 2 - - 1 2 - 48 45. 8
3 K 3 140 - 12 2 - - - - - - - - - 1 - - - 48 83.3
4 F 4 1 821 2 2 - - - - - 2 - - - 6 2 - 48 43. 8
5 S - - - -4 - - - - - - - - - - - - 7 - 48 85.4
6 G - -1 2 -4 - - - - - - - - - - 1 - 48 91.7
7 M - - - - - -15 - 13 - - 216 1 - - - - 1 48 31.3
8 NG S R S T 0 -
9 N - - - - - 6 -26 2 - -14 - - - - - - 48 54.2
10 L - - - -1 - 2 - 918 - -15 1 - 2 - - - 48 37.5
11 R - - - - - - - - 2 -3 2 5 - - - - - 48 81.3
12 W - - -1 - -1 - - 2 134 6 - 2 - - 1 - 48 70.8
13 J - - - - - - - -1 1 2 340 - - - 1 - - 48 83.3
14 H 2 - 3 - - 6 - - 1 1 2 624 1 - 1 - 1 48 50.0
15 B 4 1 1 - 2 - - - 2 113 5 116 1 - - - 48 33.3
16 D 111 - 1 - - - - - 2 110 1 621 - 3 - 48 43. 8
17 VvV 3 1 118 - - - -1 - 51 3 1 - 1 - 48 14. 6
18 Z 1 - - 123 - - - - - - 1 6 2 - 1 112 - 48 25.0
Confusion 21 13 34 35 30 21 10 025 9 7 29 87 14 10 5 13 17 3 383
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 39 2 7 - - - - - - - - - - - - - 48 81.3

2 AU 23 9 - - - - - - - - - - - - - 48 77.1

3 A 4 177 - - - - - - 2 - 8 - 3 - 1 96 80.2

4 EE - - -3 2 - 12 7 - - - - - 1 - 48 72.9

51J - - - 336 - 2 -1 - - - - 6 - - 48 75.0

6 EU - - - 2 -33 1 - 11 1 - 4 111 1 656 58.9

7 E - - 4 2 453 -11 - - 4 - 3 9 - 096 55.2

8 |IE - - -1 - - -3 8 - 1 - 4 - 4 - 48 62.5

9 | - - - 6 - - 12423 - - - 2 - 2 - 48 47.9
10 OO - - -1 -1 - - -31 3 6 1 1 4 - 48 64. 6
11 CE -3 - -1 - -10 2 219 1 6 1 3 - 48 39.6
12 O - - 2 - - - - - 11 734 - - 3 - 48 70.8
13 W - - - 2 - - -13 2 - 3 125 - 6 - b2 48.1
14 U -2 2 - 41 - - - - - - -27 - - 36 75.0
15 U - - -1 - 1 1 4 3 - 4 1 6 -26 1 48 54.2
Confusion 6 8 24 18 13 7 6 43 36 6 19 21 23 15 43 3 291
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Table A.15 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder for vehicle noise at 6 dB SNR, FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us
1 P 4 6 7 4 - 2 - - 2 1 - 2 - 1 2 1 3 - 3 48 29.2
2 T 513 2 3 2 1 - - -1 - - 5 1 - 6 6 - 3 48 27.1
3 K - 128 2 -6 - - 2 -2 - 2 2 - - - 1 2 48 58.3
4 F 9 2 410 - 3 1 - - 1 - 1 2 1 3 2 5 - 4 48 20.8
5 S 1 - - 232 - - - -1 - - - - - - 3 6 3 48 66. 7
6 G 2 - 23 -3 - - - - - - - 4 - 2 1 - 3 48 64.6
7 M - -1 - - -12 -15 1 1 2 8 4 1 2 - - 1 48 25.0
8 NG T T T 0 -
9 N - - - - 2 3 2 -19 5 2 2 9 2 -1 - - 1 48 39.6
10 L - -1 - - - 2 - 320 2 212 1 2 1 - - 2 48 41.7
11 R - - 3 2 31 - 1 -19 4 3 6 3 2 - - 1 48 39.6
12 W 1 - - 13 4 1 - - 2 3 7 8 4 - 6 5 - 3 48 14. 6
13 J 1 - 11 - 1 - - 2 1 - 327 6 1 4 - - 48 56. 3
14 H 1 - 74 - 91 - - 1 - 2 512 - 3 1 - 2 48 25.0
15 B 6 2 481 - 1 - 2 1 15 4 1 3 4 1 - 4 48 6.3
16 D 21 - 31 - 2 - 3 6 1 2 7 1 115 1 1 1 48 31.3
17 VvV 4 2 4 6 3 - - -1 - 6 4 3 1 - 7 - 2 48 14. 6
18 Z 1 3 - 115 - - - - - 3 7 1 1 2 1 9 4 48 18.8
Confusion 33 17 36 40 27 37 11 0 30 22 12 34 76 38 15 36 27 8 39 538
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us
1 AA 30 - 8 - - - - - - - - - - 4 2 4 48 62.5
2 AU 21431 - - - - - - - - - - - - 1 48 29.2
3 A 3 573 - - - - - 1 2 1 4 - 3 3 1 96 76.0
4 EE - - -3 - 12 110 - 1 - - - - - 48 68. 8
51J - - - -40 - 1 1 3 - - - - - - 3 48 83.3
6 EU - - - - -22 - 1 3 2 1 4 1 110 3 48 45. 8
7 E 1 3 7 3 7 -43 113 - - 3 - 1 9 5 096 44.8
8 |IE 1 - - - 1 - 220 4 1 3 1 9 - 4 2 48 41.7
9 | - - - - 2 2 11614 1 1 2 2 - 5 2 48 29.2
10 OO -7 3 -1 2 - 1 -22 - 7 - - 1 4 48 45. 8
11 CE - - 3 - -1 - 6 5 111 7 7 - 2 5 48 22.9
12 O 116 - - - 1 2 1 3 424 - - 2 3 48 50.0
13 W 1 - 1 1 1 - 112 4 1 3 -16 - 5 2 48 33.3
14 U 3 - 1- 2 -3 -1 - 1 - -32 2 3 48 66. 7
15 U - - - - 11 1 5 8 - 1 2 6 220 1 48 41.7
Confusion 12 16 60 4 15 7 12 46 53 11 16 30 25 11 45 39 402
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Table A.16 Confusion matrix for theinitial consonants and vowels transmitted through the MELP
speech coder for vehicle noise at 12 dB SNR, FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 14 6 6 8 - 6 - - - - 1 1 1 1 1 - 3 - - 48 29.2
2 T 23 3 4 2 2 - - - - - - 11 - - 2 1 - 48 62.5
3 K - 623 317 - - - - -1 21 - 1 1 - 2 48 47.9
4 F - 2119 - 6 - - - - 1 - - - - -19 - - 48 39.6
5 S - - - 140 2 - - - - - - - - - - 1 4 - 48 83.3
6 G 1 -1 134 - - - - - 1 - 1 - 2 3 1 1 48 70.8
7 M - -1 - - -19 - 11 - - 213 2 - - - - - 48 39.6
8 NG e T S S 0 -
9 N - - - - 7 -18 7 7 - 9 - - - - - - 48 37.5
10 L -1 - - - - - - 322 5 -12 - 3 1 - - 2 48 43. 8
11 R - - 311 - - 1523 2 4 2 1 2 3 - - 48 47.9
12 W 1 - 2 4 3 1 1 - 1 1 115 6 4 4 4 - - - 48 31.3
13 J - - - - - 112 - - 1 1 234 2 - 5 1 - - 48 70.8
14 H - - 15 -155 - - - - 1 1 414 2 - 4 - 1 48 29.2
15 B 4 11 7 - - - - - - - 2 - -24 2 7 - - 48 50.0
16 D 4 4 1 5 1 - - - 3 - 3 8 - 411 3 1 - 48 22.9
17 VvV 3 2 115 - S 1 2 1 413 - - 48 27.1
18 Z - 2 - 2231 - - - - - - 5 - - 3 111 - 48 22.9
Confusion 16 25 17 58 32 45 9 0 19 14 19 16 67 15 16 24 48 7 6 453
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 30 1.8 - 4 - 1 - - - - - - 3 - 1 48 62.5

2 AU 12519 - - - 1 - - - - - 2 - - 48 52.1

3 A - 682 - - - 2 - - 3 - 2 - -1 - 96 85.4

4 EE - - -36 - - 1 110 - - - - - - - 48 75.0

51J - - - -4 - 4 - - - - - - - - - 48 91.7

6 EU - - -1 -31 - - 1 - 1 - - 12 2 48 64. 6

7 E - - 11 9 261 210 - - 1 - 3 6 - 96 63.5

8 |IE - - - - - - -3 8 - - - 3 - 1 1 48 72.9

9 | - - - 5- -1 932 - 11 - - - - 48 64.6
10 OO - 13 - -1 - - -24 111 - - 7 - 48 50.0
11 CE - - - - -1 - 6 3 119 4112 - 3 - 48 39.6
12 O - - 3 - - 3 - - - 41024 1 - 3 - 48 50.0
13 W - -1 - - - -10 2 - 2 126 1 3 2 48 54. 2
14 U 1 - 3 - 2 4 - - - - - - -38 - - 48 79.2
15 U - - - - - 7 1 13 - 2 - 3 -31 - 48 64.6
Confusion 2 8 38 7 15 18 11 29 37 8 16 21 18 9 36 6 279



37

Table A.17 Confusion matrix for the initial consonants and vowels transmitted through the noise
pre-processor for aircraft noise at 6 dB SNR, FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 38 213 - - - - - - - - - -1 - 3 - - 48 79.2
2 T 145 1 - - - - - - - - - - - - - 1 - - 48 93.8
3 K 1 - 47 - - - - - - - - - - - - - - - - 48 97.9
4 F - 3 -29 - 2 - - - - - - - 1 1 -10 1 1 48 60. 4
5 S - - - 136 - - - - - - - - - - - 110 - 48 75.0
6 G - - - 2 242 - - - - - - - - - - 1 1 - 48 87.5
7 M - - - - - -37T - 71 - 12 - - - - - - 48 77.1
8 NG T T T 0 -
9 N - - - - - - 7 -40 - - - 1 - - - - - - 48 83.3
10 L - - - - - - - - 14 - 2 3 - - - - - - 48 87.5
11 R - - - - - - - - - -45 2 - - - - - 1 - 48 93.8
12 W - - - - -1 - - 4 - -36 - 4 3 - - - - 48 75.0
13 J - - - - - -1 - - - - 14 1 - 1 2 - 1 48 85.4
14 H 1 - 21 - 2 - - - 3 1 236 - - - - - 48 75.0
15 B 2 - - - - - - - - - - 41 -38 2 1 - - 48 79.2
16 D - - - - - - - - - - - - 1 - 344 - - - 48 91.7
17 VvV 11 -19 3 2 - - - 11 - 1 - 1 312 3 - 48 25.0
18 Z - - - =25 - - - - - - 1 - - - - 22 - 48 45. 8
Confusion 6 6 4 26 30 7 012 2 41112 6 9 6 19 16 2 186
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 38 - - - -1 - - - - - - - 9 - - 48 79.2

2 AU 140 3 - - 2 - - - - - 1 - 1 - - 48 83.3

3 A - 488 - - - - - - - - 4 - - - - 096 91.7

4 EE - - -43 - - 1 - 4 - - - - - - - 48 89.6

51J - - - 146 - - - - - - - - 1 - - 48 95.8

6 EU - - - - -3 - - - - 1 - 1 - 7 - 48 81.3

7 E - - 71 3 -74 - 1 - 1 - 3 - 5 1 96 77.1

8 |IE - - - - - - -4 7 - - - - - - - 48 85.4

9 | - - - 8 - - - 337 - - - - - - - 48 77.1
10 OO - 11 - -1 - - -40 - 4 - - 1 - 48 83.3
11 CE E T T - 43 2 1 - 1 - 48 89. 6
12 O - - - - - - - - - 8 -3 4 - - 1 48 72.9
13 W - - - - -2 - - - -3 - 5 - 48 72.9
14 U - - - - - 5 - - - - - - - 43 - - 48 89.6
15 U - - - - - 8 - - - 2 - -1 -37 - 48 77.1
Confusion 1 511 10 319 1 3 13 10 8 11 10 11 19 2 137
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Table A.18 Confusion matrix for the initial consonants and vowels transmitted through the noise
pre-processor for aircraft noise at 12 dB SNR, FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 39 - 6 2 - - - - - - - - - - - 1 - - - 48 81.3
2 T 48 - - - - - - - - < - - - - - - - . 48 100.0
3 K 1 -46 - - 1 - - - - - - - - - - - . . 48 958
4 F - - 232 1 1 - - - - - - - - - -14 - - 48 66.7
5 S - - - 43 - - - - - - - . . . - . 5 . 48 89.6
6 G - - - - 146 - - - - - - - - - - - - 1 48 95.8
7 M - - - - - -43 - 31 - 1 - - - - - - - 48 89.6
8 NG e
9 N - - - - - - 2 - 46 - - - - - - - - - . 48 958

10 L - - - - - - o . - 48 - - - - - - - - 48 100.0

11 R - - - - - - - - - .48 - - - - - - - . 48 100.0

12 W - - - - - -1 - - - 45 - - 2 - - - . 48 93.8

13 ] - - - - - - - . -1 - - 47T - - - - - - 48 97.9

14 H - - - - - - - - . L . . 147 - - - - - 48 97.9

15 B - - - - - - - - - - - 4 - -43 1 - - - 48 89.6

16 D - - - - - - - 48 - - - 48 100.0

17 Vv - - - 26 - 1 - - - - -1 - - -20 - - 48 41.7

18 Z - 34 e e - - - - 14 - 48 29.2

w !
w
o
w
N
o
N
o
N

Confusion 1 O 6 28 36 214 5 1 113

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 48 - - - - - - - - - - - - - - - 48 100.0
2 AU -39 8 - - - - - - - - - - - - 1 48 81.3
3 A - 386 - - - 1 - - - - 2 - - - - 92 93.5
4 EE - - -43 - - - - 5 - - - - - - 48 89.6
513 - - - - 47 1 - - - - - - - - - 48 97.9
6 EU - - - - -43 - - - - - - - - 5 48 89.6
7 E - - - -4 -9 - 1 - - 1 - 2 - - 104 92.3
8 IE - - - 2 - - -41 4 - - - 1 - - - 48 85. 4
9 | - - - 4 - - - 136 - - - - - 3 - 44 81.8
10 OO - - - - - - - -4 - 7 - - - - 48 85. 4
11 CE - - - - - - - - - -4 2 - - - - 48 95.8
12 O - - - - - - - - -6 42 - - - 48 87.5
13 W - - - - -1 - - - - - -50 - 1 - 52 96. 2
14 Ul - - - - - 21 - - - - - -41 - - 44 93.2
15 U - - - - - 1 - - - 1 - 2 - 44 - 48 91.7
Confusion 0 3 8 6 4 5 2 110 112 3 2 9 1 73
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Table A.19 Confusion matrix for the initial consonants and vowels transmitted through the noise
pre-processor for vehicle noise at 6 dB SNR, FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot
Sti mul us

X

1 P 37 1.6 2 - - - - - - - - - - 2 - - - - 48 77. 1
2 T - 44 - - - - - - - - - - - - - 4 - - - 48 91.7
3 K 1 443 - - - - - - - - - - - - - - - - 48 89.6
4 F -1 -29 - 1 - - - - - - - - - -16 - 1 48 60. 4
5 S - - - -34 - - - - - - - - - - - - 6 - 40 85.0
6 G - - - - - 48 - - - - - - - - - - .- 48 100.0
7 M - - - - - -3 -15 - - 2 - - - - - 48 64.6
8 NG T R - - - - - - 0 -- -
9 N - - - - - - 5 -4 - - - - - - - - - 2 48 85. 4
10 L - - - - - - - - 145 - - 2 - - - - - 48 93.8
11 R - - - - - - - - -43 - 3 1 1 - - - 48 89.6
12 W - - - - - - 4 - - 2 43 1 - 1 - - - - 48 75.0
13 J - - - - 3 - - - - - - -42 2 - - - 1 - 48 87.5
14 H - - -1 - - - - - - 1 - - 45 - 1 - - 48 93.8
15 B i - -1 - - - - - - - 8 - 137 - - - - 48 77. 1
16 D - - - - - - - - - - - - 1 - 245 - - - 48 93. 8
17 V - - -26 2 1 - - - - - - - - - -18 1 - 48 37.5
18 z - - - - 44 - - - - - - - - - - -12 - 56 21. 4
Confusion 2 6 6 30 49 2 016 2 510 7 6 517 8 3 186
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 43 1 - - 1 - - - - - - - - 3 - - 48 89.6

2 AU - 43 5 - - - - - - - - - - - 48 89. 6

3 A - 689 - - - - - - - - - - 1 - - 96 92. 7

4 EE - - -42 - - - 1 5 - - - - - - - 48 87.5

511J - - - 543 - - - - - - - - - - 48 89.6

6 EU - - - - -55 - - - - - - - 1 56 98.2

7 E - - - 510 - 79 - 2 - - - - - - - 096 82. 3

8 IE - - - - - - -4 3 - - - - - - 1 48 91.7

9 | - - - - - - 242 - - 1 - - 3 - 48 87.5

10 OO - - - - - - - 44 2 2 - - - - 48 91.7

11 CE - - - - - - -1 - 46 - 1 - - - 48 95.8

12 O - -1 - - -1 - -10 13 - - - - 48 72.9

13 W - - - - -1 - - - - 3 -42 - 1 1 48 87.5

14 Ul - - -3 1711 - - - - - -34 - - 40 85.0

15 U - - - - - - - - - - - b -43 - 48 89.6
Confusion 0 7 61312 2 2 41010 6 3 6 4 4 92
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Table A.20 Confusion matrix for the initial consonants and vowels transmitted through the noise
pre-processor for vehicle noise at 12 dB SNR, FEMALE speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 39 413 - - - - - - - - -1 - - - - - 48 81.3
2 T 344 - - - - - - - - - - - - 1 - - - - 48 91.7
3 K 3 -44 - - - - - - - - -1 - - - - - 48 91.7
4 F - - - 28 - - - - - - - - - - - -16 - - 44 63. 6
5 S - 2 - -38 - - - - - - - - - - - - 8 - 48 79. 2
6 G - - - - 48 - - - - - - - - - - - - - 48 100.0
7 M - - - - - -4 - 5 - -1 -1 - - - - - 48 85. 4
8 NG - T R - - - - - - - 0 -- -
9 N - - - - - - -48 - - - - - - - - 48 100.0
10 L - - - - - - - - -48 - - - - - - - - - 48 100.0
11 R - - - - - - - - -48 - - - - - - - - 48 100.0
12 W - - - - - - - - -1 238 - 151 - - - 48 79.2
13 J - - - - - - - - - - - 48 - - - - - - 48 100.0
14 H - - -1 - - - - - - -1 340 - 1 2 - - 48 83.3
15 B R T S T 3 - -43 2 - - - 48 89. 6
16 D - 3 - - - - - - -1 - 3 1 - -40 - - - 48 83.3
17 V - - -28 2 - - - - - - - - - - -22 - - b2 42.3
18 z - - - -3 - - - - - - - 3 - - - 10 - 48 20.8
Confusion 6 9 13237 0 0 0 5 2 2 7 4 6 418 8 0 149
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 42 - - - - - - - - - - - -2 - - 44 95.5

2 AU - 40 6 - - - - - - - -1 - - 1 - 48 83.3

3 A - 19 - - - - - - - - - - - - 96 99.0

4 EE - - -4 - - - - 6 - - - - - - 52 88.5

513 - - - 444 - - - - - - - - - - 48 91.7

6 EU - - - - - 43 - - - - - - - 5 - 48 89.6

7 E 1 - - 1 -86 - - - - - - 1 1 - 96 89.6

8 IE - - - - - - -39 9 - - - - - - - 48 81.3

9 | - - -2 - - 145 - - - - - - - 48 93.8

10 OO - - - - - - - -4 - 4 - - - - 48 91.7

11 CE - - - - - - - - - -4 1 2 - 1 - 48 91.7

12 O - - - - - - - - - 7 140 - - - - 48 83.3

13 W - - - - -1 - 1 - - - 44 - 2 - 48 91.7

14 Ul - - - - - 1 - - - - - - - 47 - - 48 97.9

15 U - - - - - 2 - -6 - - 1 -39 - 48 81.3
Confusion 1 1 6 7 6 4 0 221 1 6 3 310 0 78
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Table A.21 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder combined with the noise pre-processor for aircraft noise at 6 dB SNR, FEMALE
speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 20 6 2 81 6 - - - - - - 211 - 1 - - 48 41. 7
2 T 62210 3 2 3 - - 11 - - - - - - - 1 - 48 43. 8
3 K 4 132 2 - 4 - - - - - - 1 3 - - - 1 - 48 66. 7
4 F 2 2 113 319 - - - -1 - - - 6 1 - 48 27.1
5 S - - - -42 1 - - - - - - - - - - 1 4 - 48 87.5
6 G - -1 - 640 - - - - - - - - - - - 1 - 48 83.3
7 M - - - - - -18 -16 1 - 112 - - - - - - 48 37.5
8 NG e T S S 0 -
9 N - - - - - 7 -22 1 - -18 - - - - - - 48 45. 8
10 L - - - - - - - - 619 1 -20 2 - - - - - 48 39.6
11 R - - -1 - - - -1123 8 5 1 - - - - - 48 64.6
12 W - - -1 - - - -1 - 62215 2 - - - - 1 48 45. 8
13 J - - - - - - - - - 1 2134 - - - - - - 48 70.8
14 H 2 - - - - 16 - 2 - 5 -1614 - 1 1 - - 48 29.2
15 B 2 - -1 2 - - - - - 211 8 19 2 1 - - 48 39.6
16 D - - - 27 - - - - 3 513 1 5 8 1 1 - 48 16.7
17 V 3 2 - 7 4 8 - - - 3 4 6 1 - - 8 1 - 48 16.7
18 Z - - - -26 - - - - -1 -120 - - - 110 - 48 20.8
Confusion 19 11 14 25 51 42 13 0 28 7 23 41126 11 6 12 10 1 443
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 39 - 2 - - - - - - - - - - 7 - - 48 81.3

2 AU 1281 - - - 38 - - 1 - - - - - - 48 58.3

3 A 1 484 - - 1 1 1 - - - 1 1 1 1 - 096 87.5

4 EE - - -3 - - 1 611 - - - - - - - 48 62.5

51J - - - 23% - 51 - - - - - 5 - - 48 72.9

6 EU -1 - 3 12 1 - - 2 - 3 2 211 - 48 45. 8

7 E 1 2 4 2 9 148 4 3 3 - 8 3 2 6 - 096 50.0

8 |IE - - - - - - 134 4 - 2 - 6 - 1 - 48 70.8

9 | - - - 31 - -1922 - 2 - 1 - 1 - 48 43.8
10 OO - - 4 1 1 1 3 121 310 - - 2 - 48 43.8
11 CE - - - - - - - 95 -16 511 - 2 - 48 33.3
12 O - -10 1 - - 1 4 - 2 524 1 - - - 48 50.0
13 W - - - 2 - - 112 6 - - 123 - 3 - 48 47.9
14 U 3 13- 41 - - - - -1 -3 - - 48 72.9
15 U - - - - - 4 1 2 6 2 3 3 6 318 - 48 37.5
Confusion 6 8 38 14 16 8 16 61 36 10 15 32 31 20 27 0 338
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Table A.22 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder combined with the noise pre-processor for aircraft noise at 12 dB SNR, FEMALE
speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 30 416 - 1 - - - - - - - - - - 5 - 1 48 62.5
2 T 92, 3 2 - 3 - - - - - - - 2 -1 3 - - 48 52.1
3 K - -4 - 1 3 - - - - - - -1 - 1 - - - 48 87.5
4 F 2 1 118 -14 - - - - - - - - - -12 - - 48 37.5
5 S - - - -3 1 - - - - - - - - - - 112 - 48 70.8
6 G - - - - 243 - - - - - - - - - - 2 - 48 89.6
7 M - - - - - -7 -21 - - 1 9 - - - - - - 48 35.4
8 NG T A T T 0 -
9 N - - - - - - 3 -281 - 1124 - 1 - - - - 48 58.3
10 L - - - - - - - -1318 2 212 - - - - 1 - 48 37.5
11 R - - - - - - - - - 33 51 3 - 1 1 - - 48 70.8
12 W i - - 1 - 1 - - 1 4 2315 1 - - - 1 - 48 47.9
13 J - - - - - - - - - - - 44 - - - - 3 - 48 85.4
14 H - - -11113 -1 - - 3 727 - - 4 - - 48 56.3
15 B 4 - - - - - - - 1 3 3 8 4 122 1 1 - - 48 45. 8
16 D -1 - -1 - - - - - 1 914 - 418 - - - 48 37.5
17 V 2 - -1 7 9 - - - - 2 2 4 1 - - 8 2 - 48 16.7
18 Z - - - -28 3 - - - - - -1 - - - -16 - 48 33.3
Confusion 18 6 5 21 40 36 6 0 37 11 8 3581 10 5 4 27 21 1 372
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 41 2 1 - - - - - - - - - - 4 - - 48 85.4

2 AU - 2419 - - - - - - 1 - - - - - - 44 54.5

3 A - 380 - - - 1 1 - - 2 5 2 1 - 1 96 83.3

4 EE - - -26 - 1 - 712 - - - 2 - - - 48 54.2

51J - - - 238 - - - - - - - 1 7 - - 48 79. 2

6 EU - - 11 -28 - 14 - - 1 3 - 9 - 48 58.3

7 E - - - 114 -5 4 1 1 2 6 - 7 1 - 96 61.5

8 |IE -1 - - - - -3 5 - - - 5 - 2 - 48 72.9

9 | - - - 2 - 2 12018 - 2 - 2 - 1 - 48 37.5
10 OO - 12 - - - - - -3 1 7 - - 1 - 48 75.0
11 CE - - - 3 - - 1 7 4 -23 3 6 - 1 - 48 47.9
12 O - - 6 - - - - - - 1 -41 - - - - 48 85.4
13 W - - -1 - 3 - 710 - 2 -21 - 4 - 48 43. 8
14 U - 23 -3 - 3 - - - - - -4 - - b2 78.8
15 U - - - - - 2 2 93 - - 3 8 -21 - 48 43. 8
Confusion 0 9 32 10 17 8 856 39 3 9 2529 19 19 1 284
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Table A.23 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder combined with the noise pre-processor for vehicle noise at 6 dB SNR, FEMALE
speech.

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us

1 P 28 2 33 -3 - - -1 - -1 211 3 - - 48 58.3
2 T 229 11121 - - - - - 21 - - 3 7 - - 48 60. 4
3 K - 338% - - 8 - - - - 2 - - - - - - - - 48 72.9
4 F 2 4 - 19 110 - - - - - 1 3 7 1 - 48 39.6
5 S - - - -39 - - - - S 1 8 - 48 81.3
6 G - - - 1 -45 - - - - - - 2 - - - - - 48 93.8
7 M - - - - - -10 - 16 4 - 315 - - - - - 48 20.8
8 NG - - - e - 0 -
9 N - - - - - 4 -24 4 - -16 - - - - - 48 50.0
10 L - - - - - 2 - 51217 2 318 1 - - - - - 48 35.4
11 R - - 2132 - - -3 14 - - 1 - - 1 48 68.8
12 W - - -1 - - - - - 1 22611 5 - 2 - - - 48 54.2
13 J - - - -1 - - - - - - 639 2 - - - - - 48 81.3
14 H -1 - 3 - 6 -2 - 11 726 - - - 1 - 48 54.2
15 B - - - 3 - - - - - -17 2 - 20 6 - - - 48 41.7
16 D -3 - -1 - - - - - - 3 4 6 30 - 1 - 48 62.5
17 V 1 - 110 3 7 - - 1 1 - 7 - - - 14 3 - 48 29.2
18 Z - - - -28 1 - - - - 2 - 6 - - - -11 - 48 22.9
Confusion 5 13 5 24 36 39 024 11 9 43 88 13 7 13 18 14 1 371
Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot %
Sti mul us

1 AA 41 - 5 - - - - - - - - 2 - - 48 85.4

2 AU - 312 - - - - - - 2 - - -1 48 68. 8

3 A - 290 - - - - - -1 - 3 - - - 96 93.8

4 EE - - -3 - - 2 25 - - - - - - - 48 81.3

51J - - - -4 - 1 - 1 - - - 2 - - - 48 91.7

6 EU - - - 1 -43 - - - - - - 3 1 48 89.6

7 E - - - 2 6 263 2 9 - - - 3 2 7 - 96 65. 6

8 |IE - - - - - - -3 8 - - -10 - - - 48 62.5

9 | - - - 3 - - 3 631 - 2 - 3 - - 48 64.6

10 OO - 3 5 - - - - -31 2 4 3 - 48 64. 6

11 CE - - -1 -1 - 4 1 - 17 210 - 12 - 48 35.4

12 O - - 7 - - - - - -12 226 - 1 - - 48 54.2

13 W - - - 2 - - - 9 2 - 3 -26 - 2 - 44 59.1

14 U - 6 - - 2 - 2 - - - - - -38 - - 48 79.2

15 U - - - - - 16 81 1 - 9 -2 - 52 50.0
Confusion 0 11 29 8 3 9293416 10 9 40 6 24 1 238
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Table A.24 Confusion matrix for the initial consonants and vowels transmitted through the MELP
speech coder combined with the noise pre-processor for vehicle noise at 12 dB SNR, FEMALE
speech

Response P T K F S G MNG N L R WJ H B D V zZ?? Tot %
Sti mul us
1 P 27 2 - 7 - 1 - - - - - 2 - 4 1 - 4 - - 48 56.3
2 T 3% 6 2 - - - - - - - - - - - 3 - - - 48 72.9
3 K - -43 1 - 3 - - - - - - - - - -1 - - 48 89.6
4 F - - 121 313 - - - - - - - - -10 - - 48 43. 8
5 S - - - =41 - - - - - - - - - - - - 7 - 48 85.4
6 G - - - - - 47 - - - - - - - 1 - - - - - 48 97.9
7 M - - - - - -17 -16 3 - 112 - - - - - - 48 35.4
8 NG S T S 0 -
9 N - - - - - - 8 -20 1 2 116 - - - - - - 48 41. 7
10 L - - - - - - 2 - 620 1 415 - - - - - - 48 41.7
11 R - - - - - - - -1123 7 3 2 1 - - - - 48 68.8
12 W - - - - -1 - - - -3 6 6 1 - - - - 48 68. 8
13 J - - - - 2 - - - - - - 145 - - - - - - 48 93.8
14 H - -1 - - 1 - - - - - 44 - - 1 - - 48 85.4
15 B 2 - - 2 - - - - 424 5 1 7 - 1 - - 48 14. 6
16 D 11 - 11 - - - - - -10 4 - 228 - - - 48 58.3
17 V 1 - 117 112 - - - - 4 1 - 1 - - 9 1 - 48 18.8
18 Z - - - 134 - - - - - - - 5 - - - - 8 - 48 16.7
Confusion 7 3 9 30 41 31 12 0 23 6 11 51 69 15 317 8 0 341

Response AAAU AEEIJEU EIE | OOCE OUWU U?? Tot
Sti mul us

X

1 AA 45 - 2 - - - - - - - - - -1 - 48 93.8
2 AU -2913 - - - - - -3 - 1 - 2 - - 48 60. 4
3 A - 38 - - -1 - - 2 11 - - - - 096 91.7
4 EE - - -3 -1 - 74 - - - - - 1 - 48 72.9
517 - - - 238 - - 31 - - - 1 3 - - 48 79.2
6 EU - - -1 -3 - - - - 3 3 5 - 48 75.0
7 E - - - 1 2 168 4 5 1 1 4 2 7 - 096 70. 8
8 IE - - -1 - - -31 5 - 2 - 8 - 1 - 48 64.6
9 | - - -7 - -2 929 - - - - - 1 - 48 60. 4
10 OO -1 -2 - - - - -3 4 5 - - - 48 72.9
11 CE - - - - -1 - 5 - 423 - 12 3 - 48 47.9
12 O - -3 - - - 11 - - 537 - - 1 - 48 77.1
13 W - - - -1 1 - 8 2 - 6 -27 - 3 - 48 56. 3
14 U 541 -9 -1 - 2 - - - -26 - - 48 54.2
15 U - - - - -3 - 1 6 - 3 5 9 120 - 48 41.7
Confusion 5 8 19 14 12 7 5 38 25 9 22 13 37 13 22 0 249



