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1. 1 OVERVIEW 

CHAPTER 1 

INTRODUCTION 

Speech is a complex signal with temporal and spectral 

variations . However, only certain aspects of the acoustic signal 

seem to be relevant to the listener for perceiving the phonetic 

dimensions of speech. These relevant altributes for speech are 

called acoustic correlates or acoustic cues. In perceptual 

studies, these acoustic cues are manipulated systematically lo 

determine their importance in terms of phoneme discrimination and 

identification [ 1, 2, 3). Enhancement of the more important cues 

is expected to facilitate improved phoneme recognition by the 

hearing impaired . 

According to a survey conducted by the National Sample Survey 

Organisation in 1981, there were an estimated 3 . 36 mil lion people 

with hearing disabilities in India out of a tolal population of 

about 680 mi 11 ion [ 4). In this context, there were aboul 

19 million people with hearing impairments in the USA in 1985 oul 

of a Lolal population of about 240 million (5). 

Acoustic amplification is commonly used in order to enhance 

speech recognition by hearing-impaired people . However , for peopl e 

with sensorineural hearing impairments, lhe solution is a bit more 

complex. There is convincing evidence that hearing impairmenl of 

cochlear (i. e ., sensory) origin results in aberrations in 

intensity percepl ion, and poorer-than-normal lemporal and 

frequency resolutions [6, 7) . The frequency-dependent shifts in 

1 



h'ut· lng tlwc- :; hol d :, , wil ho ul 11ny ! : l1~ 11 ir lcu n l " hlf'L 1 11 1111: t lw r;;: lwld 

f di o mfo r·L. r educes Ltw dynaml · r Rnp,c on!: l d rubly . Tl ilr; r. t.Ju::f:L 

a n a b11o rma l ly rap i d gr·owl h o f' l o ud ness wh n Lh · L l mu I ut: I v I I ~ 

increased . Pr o l e Li on aga inst e xcess ive a mpllficatlon ha b n 

provided by m a ns o f peak c lipping or a mplitude compr ess i on ; 

however, both of these have f a iled t o yi e ld s lgnlfl cant 

improve me nt s in s peech lnte lllglbillly . 

Another poss ibility ls a form of acousll c r ecoding known a s 

frequenc y tra ns posi tion or freque nc y l owe rlng . The r es idual 

hearing in advanced cases of sensorine ura l impairme nt Is oft en 

restricted to frequencies up to about 1 kHz . Freque nc y l o we ring 

shifts the inaudible speech e nergy In t he hi g h freque nc ies Into 

the low- frequency r eg ion, whe re it produces di s tinc tly a ud i b l e 

cues. Though fre que ncy lowering works we ll wi t h voi ce l ess 

fricative s ounds (8). ils succes. ' In r ecod ing sounds t hat c onta i n 

informa ti o n in boll l. he l o w and h igh f r equenc i e s ha ve no t be n 

prove d . The impr ove me nts that have been reported ha ve been limi t e d 

to specifi c a ppli cations s uc h as speech t r a ining a nd cons iderabl e 

a mount of trai n i ng was r equire d by t he s ubjects to l e arn the ne w 

c ode . 

A nu!:lber of r e searc h s t udies have aimed at identifying a nd 

e nha ncing importa nt s peech characte ri st i cs that are d i storted, 

we ak, or impe rce ptibl e for individua l hear ing- a id user s . One 

promising scheme for enhanc ing the speech s ignal to impro ve 

intelligibility l s based on studies of speaking c l e arl y f o r l hc 

he aring impa ire d (9] . S tudi es of the d iffe r e nce be tween "c l ear" 

a nd "c onve r sati o na l" speech s ugges t t hat I l ma y prove benefi c i a l 

2 



1, \llend 11> II\\• lt·m1Kw 1l l' l111 · 1, · lt·1 · l :: l l <':: nf' 1 1 <'•'c · l1 Ac •1 l it' I t I 1• 

d ft't•1 ·t•tK'1•:· h1 1' b01•11 \d1'nl\1 ' \ 1•d In "cl1·11"' np1·1'<' h wll\ 1·11 , .,,,, y\1• i d 

' t'ns\ lt'nt. gdns 111 lnlolllglblllt.y for tho honrlng lmp1tlr ·1:<1 . 'J'wo 

ptll'\mf't 1·s nre lh ' c o 11sonirnt - l - v w l ( C/V) Int. n : ILy 

1· t \ nn 

nnt urn l sp 

ns nunl durl\l I on whl h ar found t.o I nc r· 1\fl In t.h 

h 

t ud I " 

rt.If\ 

hnv" vnluul d Lh 

lly t.runs f rm d t 

lnlc lllglb\l\ly of 

"c 1 ar" !" r ,.. h by 

'\ll·ring"ilhr ne r thoflhs ·,u us ll parumlr. · (10, 11] . 

\.lhil nll th stud\ r· porl d lmprov m nts In r cogn\Uon f o r· /V 

int.en lty r ti m dlfl ll n, u lb0 ll by dlff r nL amounts , lh 

·ff l f non 1l l n lh ning has be n Ind t rmlna l Thi may 

have be n be au f diff"r nc s in stimul I, subj l ba kground, 

ff ls f i g na l pr ssing, etc . Furthermor , lh• a ou ll 

e m nt a i at. •d wi lh onsonant phonemt~· ar f und l In r· a . 

in n. n nunif rm m nn rand su Ii hanges cannot b a1 lly lmulat. d 

b y artifi in.lly transfor~ming n lural speech to "cl ar" s p h . 

Th ab ve studies n Lh ffect. of C/V lnt n lt.y rat.lo 

m difi a.ti n and lengtheni ng onsonant duration u ed naturally 

utt red spe h syllablt>s as sti muli. By using synthetic speech, 1l 

.,. ul be 

in ens 1 ty 

ssible to manipulate the spectral, temporal, and 

haracteristics ind pendent ly. The segmentation of 

in i \dual phonemes would be easier and it would be possibl to 

lter the various acoustic segments independently. H nee, it wa 

e ided to use a speech synth sizer to generate lh st imuli us d 

in the present inves tigati on . 



1. 2 RESEARCH OBJECTIVES 

The importance of "clear" speech as a means of improving 

speech recognition by the hearing impaired was seen in the last 

section. The advantages of using synthesized speech material for 

studies in speech perception were also indicated. 

The aim of the present investigation was to study the extent 

of consonant-to-vowel intensity ratio (CVR) modification and 

consonant duration (CD) modification that would be helpful in 

speech perception by the hearing impaired. Synthesized nonsense 

syllables involving stop consonants were used as the test stimuli . 

Listening tests were conducted on normal-hearing persons both in 

the quiet and under simulated hearing impairment conditions . 

Hearing impairment was simulated by mixing the stimuli with 

broadband masking noise. Experiments were performed to s tudy the 

following aspects: 

1) The effect of varying CVR on the recognition of the 

-consonants /p, t, k/ in the /consonant-vowel/ (CV) and 

/vowel-consonant/ (VC) contexts of the vowels / a, i, u/. 

Information transmission analysis (12] was used to study the 

effect of CVR modification on the overall information 

transmission and on the transmission of consonant and vowel 

features. It was also to be investigated whether vowel 

recognition was impaired with CVR modification. 

2) The effect of varying CVR on consonant recognition when the 

stimuli included both voiced and unvoiced stops, namel y, 

Ip, t, k, b, d, g/, in the CV and VC contexts of the vowe 1 

la/. The effect of CVR modification on the transmission of 

4 



both place and voicing featur ·es under d i fferen t SNRs was t 

be investigated . 

3) The effect of CD modification on recognition of the 

consonants /p, t, k, b, d, gl in the CV context of the vowel 

la/. Stimuli were generated in which the formant transition 

duration, voice onset time, and burst duration were 

independently altered to study their individual effects on 

consonant recognition. The effect of altering these acoustic 

segments on the transmission of place and voicing features 

was to be investigated using information transmission 

analysis. 

1. 3 THESIS OlJfLINE 

Chapter 2 describes the characteristics of an impaired 

auditory system and their effect on speech percept ion . This i s 

followed by an overview of electroacousti c hearing aids and 

various signal processing strategies proposed for improving speech 

perception. The characteristics of "clear " speech and 

"conversational" speech are described in Chapter 3. Some of the 

reported methods of improving percept ion of natural S?eech by 

artificial transformation to "clear" speech are then conside ed 

and the need for the present investigation is justified. 

Chapter 4 describes the properties of stop consonants in 

order to better understand the nature of the stimuli used in the 

present investigation. This is followed by a brief discussion on 

speech synthesis and the method adopted in synthes i z ing the s t op 

consonant stimuli. Chapter 5 presents the experimental methodology 

5 



adopted . Some of the techniques for analyzing and summarizing 

nfusion matrix data are reviewed and the choice of the 

techniques used for analysis of test results is also discussed. 

Chapter 6 presents the results and implications of 

recognition experiments performed on different sets of synthetic 

speech stimuli which have been modified by increasing the C/V 

intensity ratio. The results and implications for experiments 

performed on stimuli with increased consonant duration are 

presented in Chapter 7. Chapter 8 gives a summary of the 

conclusions drawn from the present investigations and suggestions 

for future work. 

The appendices provide supplementary information and data . 

The spectrographic analysis of speech waveforms is described in 

Appendix A. Appendix B gives the parameter tracks of some of the 

stimuli used in the experiments . Details of the hardware and 

programs for signal handling and experimental control in the 

computerized listening test administration are presented in 

Appendix C. Appendix D gives a brief description of the programs 

for the analysis of confusion matrices obtained from the speech 

tes ts. Appendix E considers the effect of sample size on the 

results obtained. Appendix F describes the procedure adopted for 

the electroacoustic calibration of the DR-59 headphone which was 

us ed in the experiments. The subject data and test instruct ions 

given to the subjects are included in Appendix G and Appendix H 

respectively. 

() 



CHAPTER 2 

SPEECH PERCEPTION BY THE HEARING IMPAIRED 

2.1 INTRODUCTION 

This chapter first describes the characteristics of the 

impaired auditory system and their effect on speech perception . 

This is fol lowed by an overview of the electroacoust ic hearing 

aids and signal-processing strategies that have been investigated 

by different researchers for improving speech reception using 

these aids . 

2.2 THE IMPAIRED AUDITORY SYSTEM 

Hearing impairments may be classified into four major 

categories [13, 14): conductive loss, sensorineural loss, central 

loss , and functional deafness . Conductive losses result from 

dysfunction of the ear canal or middle-ear structures, so that 

less acoustic energy reaches the auditory receptors in the 

cochlea. Sensorineural losses are due to reduced sensitivity of 

the ne ural receµtor mechanisms themselves . Most conductive losses 

are successfully treated through medical intervention. 

Sensorine ural losses are generally not amenable to medical 

intervention, and patients need to use aids for speech reception. 

Central impairment may be due to damage to the auditory cortex by 

cerebral hemorrhage, meningitis, etc. It is not necessarily 

accompani ed by a decrease in auditory sensitivity but tends to 

manifest itself in varying degrees through a decrease in auditory 

comprehens l on . Functional deafness has no known organi c 

7 



i nv l v nt a nd the causes are psycho I og ! ca I rather t han 

ph si olog!cal. Al I future discussion he re pertains lo 

senso rineural hearing Impairment, unless otherwise stated . 

Sensori neural losses can alter peripheral process Ing in each 

of the physical dimensions of the speech signal intensity, 

lime, and frequency ( 6, 7] . The aberrations in intensity 

perception may be in the form of frequency-dependent shifts in 

hearing thresholds, a reduced dynamic range, and an abnormally 

rapid growth of loudness with increasing stimulus level. The time 

resolution for detecting acoustic events gets degraded, and it is 

often accompanied by forward and backward masking of weaker speech 

sounds by more intense sounds (15]. The poor frequency resolution 

results in degradation of perception of speech sounds on the basis 

of spectral characteristics. While discussing each of these 

characteristics, it would be interesting to note how the 

pe r ce ption of subphorn:rnic features of speech gel affected by t he m. 

Fig. 2. 1 shows the hearing thresholds for typical 

s e nsorineural impairments (dashed curves A, 8, and C) . The hatched 

port ion indicates the area within which typical speech spectra 

!ie. It can be seen that while the lower-frequency components of 

speech are detectable, the higher-frequency components are not . 

English consonants are uniquely classified by three features : 

voicing (whether or not the laryngeal voicing source is ac tive 

during consonant production), manner of articulation (the type of 

vocal tract gesture made) and place of articulation (the point in 

the vocal tract of maximum constriction during produc ti on). In a 

study of feature r ecognition by normal-hearing listeners, 

8 



Hi 11 r & Ni ce ly [ 12] showed that as more and more high-frequency 

infor·mat.ion is filtered out of the speech signal, the number of 

place errors increases markedly, while perception of voicing was 

largely unaffected . On the basis of this and other studies, the 

significance of the shape of the speech spectrum can be 

s ummarized : The high-power, relatively low-frequency portion of 

the spectrum around 500 Hz contains first formant vowel energy, as 

we ll as information about consonant voicing and manner. The 

mid-frequency region between 500 and 2000 Hz contains second 

formant energy, which is important for both the identification of 

vowels and of the place of articulation of consonants. The 

high-frequency, low-power end of the spectrum represents upper 

formant energy and consonant noise associated with stop and 

fricative consonants. 

As seen from Fig. 2. 1, the impaired auditory system is 

accompani e d by a reduced dynamic range. The degree of impairment 

increases from mild-to-moderate for curve A to severe for curve 8, 

and profound for curve C. Curve D shows the normal threshold of 

he aring. The dashed 1 ine at the top is the loudness discomfort 

level (LDL) which, being fairly similar for both normal hearing 

and sensorineurally hearing-impaired· persons, is represented by a 

s ingle curve . The distance between the threshold curve and the LDL 

c urve ls defined as the effective dynamic range of the auditory 

system. The area enclosed by these two curves is known as the 

residual hearing area . The residual hearing area becomes 

progress ive ly s mall e r with inc reasing hearing loss . The dyna mi c 

ranee at high frequencies may be only a few dBs for those with 



s v re SS S . A 

ase l s 

Ul'tl c f dt·n.· l I n \l l t't'du t•ti iynnm I 1· "*•' 

in som 1·e n.1 I l men\ wh I ·h I two I t':-; nl 11 1·m11 I I 

rapid growth of loudn wilh llmulus l e 'I. 

In n rmn 1 The temporal var iations In le 

speech are estimated to cov r a rang f al 1 u l 3 dO I l wh.I .h 

is large compared with th avail bl dynaml f r m $ l 

hearing-impaired listen r s. A sound an be h rd nl y If \ls 1 'v I 

exceeds lhe threshold of audi bi li ty. A ust l ampl\fl ·ul\ n h•lps 

in raising many of the weake r sounds of s p h lnl lh r s lduul 

hearing area. Unfortunately, there ls a limit to lh am unl f 

amplification that can be provided. Because of th ~ r du d dynaml 

range of the impaired ear, the amplification n ed d to male th 

weak sounds of speech aud i b 1 e wi 11 a 1 so mak t he I nten sound 

uncomfortably loud. Continued expos ure lo sounds abov the 

1 oudness discomfort 1eve1 can damage whateve r r es idua I h ar i ng 

ex i s t s. 

Temporal resolution refers to the minimum lime r equired to 

resolve acoustic events . It is most popularly measured by means of 

a gap-detection task, in which listeners have to de tect the 

presence of a temporal gap in a burst of noise. Hearing- impa ired 

listeners often show poorer-than-normal temporal resolution [17] . 

However, this does not prevent listeners with up to moderate ly 

severe hearing impairment from identifying stimuli that differ in 

voice onset time (VOT) (18) . Listeners with severe hearing 

impairment do exhibit a deficit in resolution of VOT, but that i s 

whe n they are forced to process the cues for place of ar ti culation 

as well as for voicing. 

l () 



1 1 

Hearing impaired listeners have been shown to be at least as 

sensitive as normal listeners to r e latively small changes in vowel 

duration when vowel duration is one of the cues to final consonant 

voicing [ 19). Hannley & Dorman [20) have reported that hearing 

impaired listeners have more difficulty in identifying place of 

articulation for stop consonants when the cue is a falling second 

formant transition than when the cue is a rising second formant 

transition. 

Frequency resolution of the ear refers to its ability to 

resolve the frequency components of a complex signal which are 

temporally coincident . Poor frequency selectivity is manifest as 

greater-than- normal upward and downward spread of masking [20) . It 

is caused by the abnormally wide bandwidths of the internal 

auditory filters in hearing-impaired listeners (14) . The effect of 

poor frequency selectivity is to r educe the difference in the 

amplitude of the s pectral peaks a nd troughs in the interna l 

auditory representation of the acoustic signal. The resulting loss 

of sharply defined spectral peaks may lead to uncertainty in the 

location of spectral maxima. It has been shown by Leek et al. [21) 

that while normal - hearing listeners can identify vowels with 

spectral peaks only 2 dB above the level of the troughs, listeners 

with moderate hearing impairment need at least 7 dB. However, the 

identification of vowels by hearing- impaired listeners is sti 11 

' 
good. This is because vowels, in natural speech, are characterized 

by peak-to- trough differences that are at least 8 to 10 dB. 

The importance of cons ona nts , relative to vowels , as the 

major carriers of information has been recognized even by early 



investigators [22) . In contrast to vowe ls , stop consonants are not 

well identi fied by hearing-impaired l isteners . The acoustic 

i ruormation that identifies vowels and stops is quite different . 

The stops are characterized not only by the location of spectral 

peaks, but also by the change in frequency of those peaks over the 

first 20 to 50 ms of the signal, by the tilt of the 

amplitude-frequency spectrum at signal onset, and by how long the 

spectrum remains constant fol lowing signal onset. For 

normal-hearing 1 isteners, spectral cues determine identification 

performance. For hearing-impaired listeners, spectral cues have 

less iruluence while tilt and time cues have more (7). Hence, 

altering the temporal properties of speech signals for better 

intelligibility appears to be a promising prospect. 

On the basis of several studies re ported in the literature, 

ce r tain broad conclusion'. · regarding consonant recognition by 

hear i ng- impaired listene r s may be made: 

1) Vo\.lel identity is generally well perceived in both the 

/consonant-vowel/ and / vowel-consonant/ contexts (23, 24). 

2) Consonant recognition is better in syllable-initial position 

than in syllable-final position (9, 25] . However, certain 

studies have reported better recognition of consonants in 

s yllable-final position over those in syllable- initial 

position (26, 27] . 

3) Confusions between consonants differing in manner are less 

common than place e rror s (3) . 

4) Voiced consonants a re identifi ed better than unvoiced 

consonants (28, 29]. However, Gordon-Salant (11 ) reported 

12 
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consonants. 

0 0 nvoice d consonants over vo iced 

2. 3 ELEcrnoACOUSTIC HEARING AIDS 

The benefits of amplifying sound in order to help alleviate 

t he effects of hearing i mpairment have been known since early 

times. The early "amplifiers " inc luded cupping one's hand behind 

the ear and the ear trumpet. The modern history of the hearing aid 

began with the inventi on of electrical amplification. The first 

commercially produced electrical hearing aid appears to have been 

the Akouphone, a carbon-microphone hearing aid invented by 

Hutchinson in 1902 [ 13] . Amplification W'aS achieved in the 

transduction process from acoustic to electrical signals in this 

hearing aid . 

The development of hearing aids has greatly benef i tted from 

advances i n communications technology ove r the years. Hear ing aids 

were among the first products to make use of the miniaturized 

vacuum tube, the transistor, integrated circuits, and miniature 

electret microphones . The conventional electroacoustic hearing 

aids typically consist of a microphone, electronic filter, 

controls for adjusting the amplification and overall shape of the 

frequency response, circuits for limiting the amplified signals to 

a comfortable or safe level, an earphone (receiver), and a battery 

that serves as the power source . In addition, there are various 

acoustic components, such as flexible tubing and an earmould , for 

coupling the output of the receiver to the external ear 

canal (30]. The electroacoustic hearing aid has been improved in a 

13 



14 

\'-.i1· i et y Cl.,.\' .- in t ht' ad urin l hi - ri d, w 

l hc1· lu e r h- ,.,. ~pli n aids ha als en de ped : 

l ) UI' ally im !ant d hlear prostheses ( 31) and 

l ' ) s n ry- u tituli n systems, i nc 1 ud i ng vi br a ti 1 e and 

el tr utan us stimulating devices [32). 

Th HA A study (5] o n spee h-perception ai s f r the 

hearing-im aired observed that individuals whose speech-frequency 

thresh l s sh w mi Id-lo-severe hearing loss (25 - 9 dB) wi 11 

' . re e1ve more usabl e speech-waveform detai 1 through the 

electroacoustic hearing aid than from the other two classes of aid 

that transform sound into nonacoustic stimulation . For those with 

speech-frequency losses in excess of 115 dB, no significant help 

wi 11 be derived from acoustic amplification . Such persons are 

c learly candidates for either a cochlear implant or for one of the 

sensory-substitution aids . For those with losses in he region 

90- 115 dB, a region in whi c h the listener may recei smal 1 but 

s ignificant benefits from acoustic amplification, the c hoice of 

a id is highly dependent on the needs and expectations of the 

impaired listener and on the person making the recommendation . 

The largest wearable electroacoustic hearing aid is the 

body-worn aid, in which the electronic components are housed in a 

body-worn case, the amplified signals being delivered by wire lo a 

receiver mount e d in the ear. These are used by persons requiring 

very high-powered acoustic output and when cosmetic factors are of 

secondary importance. 

In the be hind- the - ear (BTE) hearing aid, the e lectro ni c 

components are housed in a small elliptical case that - f its behind 



Lh ar . The acous l ic s i gna l s from Lhe rece iver are delivered lo 

the ear cana l by means of a fl exible acoustic tube t e rminating in 

an earmould . These aids provide a more natural signal through the 

use of ear-level microphones, and they also have a better cosmetic 

a ppeal . 

The in-the-ear ( ITE) hearing aid goes one step further in 

s ize reduction . All the components are housed in a small plastic 

case that fils into the outer portion of the external ear canal . 

The smallest hearing aid is the in-the-canal (ITC) aid, which 

fits entirely in the ear canal and is the least conspicuous of the 

lot. The BTE has been replaced by the ITE or ITC aids as the 

instrument of c hoice in western countries. This appears to be 

becaus e of the s mall s i ze (and hence low visibility) of the ITE 

a nd ITC aids . Howe ver, they are limited in terms of their acoustic 

powe r output a nd are a ppropriate only for persons with mild or 

mode r a t e hearing losses. 

Other commercially available acoustic amplification systems 

for hearing- impaired people include special-purpose amplifiers for 

use on the telephone, radio, and television as well as personal FM 

transmission syste ms for use in noisy settings like classrooms or 

auditoriums (33] . 

2.4 SPEECH PROCESSING FOR HEARING AIDS 

Sensorineural hearing impairments are mainly characterized by 

inc r ea se in hearing thresholds and reduc tion in dynamic range. 

~hereas linear amplifi cation is addressed to the problem of 

elevated thresholds , amplitude compression, a form of nonlinear 

15 



processing, is concerned wilh reducing lhe range of s peech l e ve l 

va rialion lo match the reduced dynamic range of the impaired ear . 

There are three distinct types of amplitude compression functions. 

Limiting is a very rapid form of compression intended to protect 

the listener from sound intense enough to cause discomfort or 

pain. Automatic volume control (AVC) is a relatively slow acting 

form of compression which serves to control relatively long-term 

variations in speech levels. Multiband compression systems have 

independent AVC circuits for each frequency band [34] . 

Attempts at improving intelligibility for impaired listeners 

by employing multiband compression have met with limited success. 

Although (35] reported substantial advantage for a two-channel 

compression system over 1 inear amplification, subsequent studies 

[36, 37] failed to confirm this result . In par ti cu 1 ar, 

Lippmann e t al. (36] found multiband compression no be t ter than 

l inear a mplification with high-frequency emphas i s appro priate to 

the impairment. A more recent study [38] with a multiband 

compression system seems to be holding some promising results . 

Experimental evaluations have shown that, as a protec tive 

device, compression 1 imi ting is superior to simple peak clipping. 

There is less distortion of the amplified speech and, therefore, 

speech intelligibility is reduced less by compression limiting 

than by peak clipping (39]. Although amplitude compression and 

peak clipping provide protection against excessive amplification, 

both of these have failed to yield significant improve ments in 

s peec h inte lligibility [5]. 

In the case of severe or profound sensorine ural hearing 
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impa irmenl, it is quile common l o find some hearing in lhe l ow 

frequenc ies (up lo about J or 2 kHz) . A form of acouslic recoding 

known as frequency lransposition or lowering shifts the inaudible 

speech energy in the high frequencies into the low-frequency 

region, where it produces distinctly audible cues . Over the years, 

a number of frequency-lowering systems have been developed using 

both selective and total-waveform lowering (see (40], for a 

review) . Experimental evaluations of frequency lowering for 

hearing-impaired people have yielded mixed results. Johannson [8] 

evaluated his trans poser system and obtained improved 

discrimination of fricatives and other phonemes by profoundly 

hearing-impaired children . Ling [ 41] reported a series of 

experiments using the Johannson- type frequency transposer in which 

no significant advantages over conventional amplification were 

obtained for either speech reception or speech training . However, 

Foust & Gengel (42] r eported s ignificant advantages over 

conventional amplification in the speech discrimination ability of 

individual subjects, but only after a fair amount of training. 

Reed et al. (43] have studied pitch-invariant frequency lowering, 

using nonuniform frequency compression of the short-term spectral 

envelope, but without any significant improvement in speech 

discrimination performance. 

With the increas ing avai labi 1 i ty of sophisticated digital 

signal-processing techniques, attention has been directed towards 

techniques for enhancing specific phonetic features. For the case 

of vowe l s in noi s e, improving the sali e nce of the formant s by 

decreasing the acoustic energy in the valleys between spectral 

17 



peaks r e ullcd in improved int lli eib lllly 1? 1 I . 

Mos t previous resear c h direc ted lowards improved speech 

inlelligibilily for the hearing impaired has focussed on lhe 

s ignal processing of conversational speech . Studies [9, 44) have 

shown that it is possible to create more intelligible speech for 

the hearing impaired by instructing speakers to talk more clearly. 

Picheny tested impaired listeners on words in nonsense sentences 

spoken both "clearly" and "conversationally" and analyzed the 

acoustic differences between the lwo types of materials . Test 

results showed a clear and robust intelligibility advantage of 17% 

for clear speech. 

Studies of the differences between "clear" and 

"conversational" speech suggest that it may be particularly 

fruitful to attend to the temporal characteristics of speech. The 

next chapter discusses the nature of these differences, lhe 

r esults of reported studies artificially transforming natural 

speech to "clear" speech, and the motivation behind the present 

investigation. 
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CHAPTER 3 

SPEECH ENHANCEMENT BASED ON THE PROPERTIES OF CLEAR SPEECH 

3.1 INTRODUCTION 

This chaple r first describes the c haracter i slics of 

"conversalional" speech and "clear" speech. Some of lhe reporled 

met hods of improving intelligibility of nat ura l speech by 

artificial transformation lo clear speech are lhen studied. 

Finally, the mctivation behind the present invesligation is 

discussed. 

3.2 CONVERSATIONAL SPEECH AND CLEAR SPEECH 

"Conversational" speech is the speech which occurs betwee n 

people in normal, everyday situations. In contrasl, "clear" speech 

can be defined as that speech which occurs when one is Lr·ying lo 

improve communication in a difficult situation, as when speaking 

in a noisy environment or to a hearing impaired person [9). The 

increased clarity may be obtained by changing the conversational 

conte xt, sentence structure, vocabulary, speaking rate and stress , 

pronunciations of individual words and speech sounds, and vocal 

effort. 

Picheny [9] established that clear speech was more 

intelligible than conversational speech to hearing-impaired 

1 isteners, and has noted that lhe identification of lhe acousti c 

c harac teristics associated wilh intelligible speech could be of 

considerable value for hearing aid research. Once lhey are 



1 dt'" l 1 fl l'd. i t m:\ , lk' ~ ~s i bl L' nhan e lh s ha ra l ri s li cs 

si n improv sp h r· cognition by 

o nduct d t s l s with words in 

1i-n·,n -l' ·' nl~n bth "learly" and "onversatlonally" 

:rnJ anal:i ~ th a us tl diff r e nces be tween lhes Lwo types of 

m:\\cr·ials . Mt ri a l w r· p1· nled Lo five impa ired li s tene rs at 

h1··c int ' n ·i t y V' l s u ing Lw fr· qu ncy-gain c haracteristi cs . 

L' t r sul t s s h w d that th intellig ibility of c l ear speech was 

· 1~ hi ghe r. Substanti a l improvements were obtained for all 

l is t e ne r s, a ll (l hre) speake rs, and all levels . In addition, the 

improv m"nts appeared lo be roughly independent of word position 

in lhe s nte nce and phoneme c lass. Acoustic analysis indicated 

that there we r e l arge differences in the temporal characteristics 

f the two types of speech materials . In clear speech, the 

speaking rate was reduced by a factor of approximately t\Jo ; 

s ignif1 ·ant inc reases we r e observed in the number a nd duration of 

pauses, lhe duration of most speech sounds, and the range of 

fundame nta l frequency variation . Analysis of phoneti c 

characteristics showed no substantial change in long- term spectra, 

a non- uniform increase in t he c onsonant - vowel intensity ratio and 

a variety of changes in individual consonants and vowels. 

The following sections consider some of the r e porte d studies 

o n speech enha nceme nt based on manipul ati ng the consonant/vowe 1 

intensity ratio and the phoneme durations . 

3.3 CONSONANT- TO- VO\.IEL INTENSITY RATIO MODIFICATION 

The consonant - to- vowel (C/ V) intensity rati o has been def ined 

,_ l 
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i fft't't'nl I I\ " , t I gn t r . , but i n 

,l'l\C't'a l It l'd\_'t' ,- t o the i I ff' t!t'c n 0 I 11 d<' ll L b"l.Wt' n C' Ith r t hC' 

µ r !' t lh' t l\t! t'~, f th<' rmllt n l\d lhnl f th udJ i l\ ing 

r fo l\ willg ) v wt'! 14.i ] . "'ra l a rll r ludi . thn t 

t1. · i t'r' int -, l l i , i b i 1 it y di ff r" tL s lalk r se m t 

s up rl the i " W l h t / V rati i s imp rt.ant . H us 

t lw C/ V 1·a t. i f ,. t w tal k r diff t" in in 

int c lli e ibili l . n th M di fi d Rhym · T t. They fund l ha t the 

m r int lli g ibl talke r had C/V ralios 2-4 dB hi gher than th 

l ess inle lli e ibl e talker . One of the factors studi ed by 

Picheny e t al. (46, 47] was the inte lligibility of ke y word 

within conve r sational ly spoken sent e nces for three differ nt 

t a lkers. The speech of the talker who was most eas ily understood 

by the five hearing-impaired listeners also had the hi ghest 

aver age consona nt inte ns ity . Since the sti muli w r e calibrat'd 

with r espec t. to s yllabl e peaks this impli e d that the speech f 

thi s t a lke r- had the hi g hest C/ V rati os . 

Seve r·a l r·esear·c he r s ha ve conduc t e d investigations usi ng t - t 

ma terial s whose C/ V ratios we r e manipulate d using digital signa l 

p r-ocess i ng. Ono e t a 1 . ( 10] found that nonsense s yll able 

r ecogn i lion was improved with increased C/V rati o. Performan e 

improve me nt s of about 10 to 1 5~ ha ve been r eported f or consonants 

a mplified by 10 t o 2 1.5 dl3 above the ir natural l e ve l re l a tive lo 

vo we l s in wo rds (48 ] or nonse nse syllables (49) . The liste n rs 

emp l oyed in the a bo ve s tudies ha d generally mild and moder l 

impa irme nt s. A s imil a r improve me nt was r eport e d (11] for young a nd 

e lde rly norma l - hearing s ubjects in the presenc of ba kground 



n t li s t ·n r with moderat e or mi Id heari ng 

r·e ly hearing- impa ire d s ubjec t s ha ve no l obta ine d 

. .._, in r· S t..: in p r·formance from consonant. amp Ii f i cati on 

·; y r at i o) . Re vo i I e e t a 1. [ 50 I reported 

at hance l eve l for a mplified slop consonant s for 

· ::: e . .-• 1·::: 1.Ji th s vere to pr·ofound hearing impa irme nl s . Howe ver, 

~ ~' S;J. ~ ' teners showed co nsi de rably improved recogniti o n for 

~is t i ns f consonant voi c ing (91% for amplifi e d stops versus 

~ •• r u ' ified stops) . A more recent study (51] considered the 

f / V ratio modification on amplitude envelope cues by 

yin no rmal 1 istene rs with simulated profound hearing loss. 

P un heari ng los s was simulated by using stimuli consisting of 

,... · :-ik n ise m du l a ted by the amplitude envelopes extracted from 

ns nant-vowe l utt erances. In the process spectral 

minimized as it i s expected to be in c ases of 

hearing loss . The cons onant portion of each utterance was 

ic by 10 dB . Recognition pe rfo r· mance in the 

' fied-c nsonant condition was r e duce d for some consona nt s like 

es an vo i ced fri catives. Howe ver, for other consonant s like 

so s a n unvoiced fricatives, consonant amplification increased 

re o niti on. No si gnifi cant c ha nge in recognition was observed for 

i e a.fr i c a t es a nd nasa l s . 

should be noted tha t amp litude compress ion (discussed in 

he re i ous c ha pter), whi c h tends l o inc r ease C/V r a tio as one of 

s t s . has yi Jde d a l bes t mixe d r esult s with 

rin - i pa ire d li s t e ners. Ev n c a r e fully c ontroll e d multiband 



r:o - r ss · o ·~ s i e 1 ded amb · g ous . · nd i ngs . has been sugges ed 

o f n e 11 i gi bi 1 i y due .o i ba d 

oss i b ' c aused by d istor i on o f a pli ude 

r~ a o s ips wi hi a p o ne ic segment . Such a situa ion does no 

' : Z i S , in h~ s dies c i ted above that spec ifical ly manipulated 

in . ': . r; i .y . 

3.4 DURATION MODIFICATION 

On~ o f the ear li er attempt s at artificially manipul ating the 

s peakine rate was a scheme described by Fairbanks e t al. [52 ]. 

They achi eved an increase in s peaking rate (time compression) by 

di scarding intervals of s peech of approximately 10-30 ms duration . 

A decrease in speaking rate (time expansion) was achieved by 

r·c peat i ng 10-30 ms segments of speech . For normal-hearing 

I i s l ene r s tr-iined o n a 50 word vocabulary, it was s hown that l ime 

compress i o n 'ind expans i o n f ac t.ors of upto 4 did not adver sel y 

a fTcct intc l 1 iP,ibi l ity. However , a similar study [ 53 ] us ing 

e lderly hearing-impa ired li steners showed a decrease i n 

inte lli g ibility s cor es f o r both time compression and time 

expa ns i o n . The Pi c heny e t al. study [47) too r·eport ed a similar 

d c t.cr· i o r;:it. i o n in inte lligibi lity f o r hearing- impa ired li s tene r s 

f o r· bo th time c o mpress i o n a nd time expansion. 

Lcnetheni ng consonant duration, us ing words or nonsense 

s yllabl es , has yi e lded mixed res ults on speech recognition by 

hearing- impaired 1 i steners. Gordon-Salant [11) r e ported no 

pc r· f'o rrna.nc c impro vement by young and e lder ly no rma l - hearing 

li s t e ne r s for· consonant s do ubl ed in duration relative l o the ir 
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natural lengths . Furthermore, whe n durati n I nth nln.t L\ ' 

combined with c onsonant ampl l flcation, si nifi ·anl ly m t't' 

consonant confusions occurred than f o r ons nanl m ! if\ 3li n 

alone . These results were observed for stimulu pr t' nlat I n a t 

both 75 and 95 dB SPL. Similar results were obs rv d fr eld'l'l 

1 isteners with mild lo moderate s l ing l 4 I . 

Montgomery & Edge [48) reported a 5/. improvem nt in r f 

consonants lengthened by 30 ms, with a nd \.I i Lh ut n:rnt 

amplification, for a group of hearing-impai red subje L ll L nln 

to the stimuli at 95 dB SPL. However, in the sam study, a s nd 

group of hearing-impaired subjects 1 isteni ng al 65 dB PL 

demonstrated no benefits from lengthene d conso na nts . 

The indeterminate effect of consonant lengthening on th 

consonant recognition performance might be due to any number o f 

differences between the above studies. These may inc 1 ude 

differences in sti muli, s ubject background, amount o f consonant 

lengthening, effects of signal processing, e t c. Ano the r 

confounding factor is that the acoustic segme nts associated wi lh 

consonant phonemes (e.g., voice onset time, s top gap, e t c.) were 

found to increase in a nonuniform manner [ 9 ) . Furthermore , th 

average increases in duration varied somewhat with phoneme c lass . 

It may be ques tioned whether uni versa! lengtheni ng o f 

consonants would improve the overall recogniti on performance . One 

predictable phoneme error from expanded consonant durations could 

occur between unvoiced stops and fricatives . Unvoi ced consonants 

with lengthened burs ts have been confused with fri cal i ves [ 11] . 

Unvoiced stop bursts are known to have a relatively l onger 
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duration [54]. Hence, when the release bursts of voiced slops 

contain no periodicity, lengthening these bursts could elicit a 

unvoiced percept . Similarly, voiced stops with lengthened formant 

transitions could be confused with glides . 

Revoi le et al . [ 19) studied voicing distinctions for 

word-final fricatives by severely and profoundly hearing- impaired 

listeners. This consonant distinction can be cued by the duration 

differences in the vowels preceding voiced versus unvoi ced 

word-final consonants. For vowels that were similar in duration in 

spoken consonant-vowel-consonant syllables, those preceding voiced 

fricatives were lengthened and those preceding unvoiced fricatives 

were shortened. Compared to the unaltered stimuli, significantly 

better perception of fricative voicing was shown by the listeners 

who relied on the vowel duration cue for consonant voicing 

decisions. However, the enhancement of vowe l duration had no 

effect on di stinctions among fricatives according to place of 

articulation . It thus appears that it would be more effective to 

apply temporal enhancements only to consonant distinctions that 

are cued by duration differences . 

3.5 MOTIVATION BEHIND THE PRESENT INVESTIGATION 

The studies by Picheny et al. (46, 47) have identified 

increased consonant amplitude (improved consonant/vowel intensity 

ratio) and increased consonant duration as two characteristics of 

highly in tell igi ble speech. All the studies reported above ha ve 

s hown that liste ners with mild to mode rate hearing impa irment 

stand to benefit from consonant amplifi cat ion . Lengthening 



n nan t Ut'a \i n 11., . . h \.IC' CT, y i l dt':l c . 1,llv 111 d 'l\'C t :; O ii 

:.; L h I' · ,nit i n . As n t 'd car' l \ c'r ·, l ·n t lwrwd <' n!~o r u 111t 

r·a t i i b n nun i rcw m in 'I' a s ' S In t lw ac rn :: t I c 

d with t.he ·in ·t nnnt phl ll'm"s . 1: w t' Xn mpl1', In 

t l f st p ns nanl s , ll1 'S t' u· us t.I · s 1: m" nt s i nc lud1' tlw 

s ure d ur --il i n, the· bur·s t du r·a t i n, the f o r·man t t r·an .· i Li O il 

d r·ati n, a nd lh , o i n ' t' t ti mt' . Thw; . rn ' J' t' l y in T eas I np, t IH · 

c r s o n nt dur-al i n by J' pli'at ing ·mal l scgm" nl. s 1-1i l hln t.hc 

ns nanl [ 11 , 48 ] a nn t. b •xpc t 'd l r· f'I ' t tlw · hann·~ s 

ass iated wilh lhe ncous li gm 'll\ s. \.lhal a l I •d f' r· i::; s o rn • 

met h d wh r c by lhc e ffe l s, n r ·~ gnili 11, f' i n J' · s i ng l h ' 

durat i on of ca h a o us li -g m nl ind p nd "nlly <.1 n be m nit. r"d . 

his nn be achi e ved us ing asp~ · h s ynlh i z r . 

Speech synthesis i s an allrac liv ~ lool for many t' ason . One 

reason is that s i g na l s a n b r· a l d in whi c h the s pe tsal, 

tempor a l, a nd int e nsity c harac l•r' i s li cs va ry ind pendenll y . Thi s , 

in princip l e , a ll o ws o ne t.o s•par a t.e t.h t' l a t.Ive contributi o n of 

lhe various signal parame ters l o overa ll inl lligibilily . A s o nd 

a ttrac tion of synthetic speech s i g na l s i s the ir ma ll e a bility t o a 

continuum a se t of s i gna l s whi c h differ a long a s ing! e phys i a l 

dimension or a small sel of phys i a l di m ns i o ns. 

Segmentation of individual pho n m-s in na tural s pe e ll s timuli 

is a major problem because oar l i ·u I a t o ry effe l s c r eat a n 

overlap of the acoustic signa l s s p c ifying consonant a nd vo we l 

i nformation . This problem i s Jes seve r e in th as of 

s y nthesized s timuli where lhe vari o us parame ters ar user d fln•d 

and the boundari es are more re· dily id nt.ificd . 

..... , 
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A st udy by Van Tasell e t a l. [ 55] us i ng hearing- impaire d 

1 isteners has compared stop consonant identification performance 

in a synthesized continuum with that obtained for naturally 

produced syllables and obtained similar results for both the 

stimuli . This would suggest that data from synthesized continua 
./ 

have relevance with regard to performance with naturally produced 

speech . 

Keeping in view all the above factors it was decided to 

investigate the effects of CVR modification and CD modification on 

synthetic speech stimuli. A modified form of the Klatt 

synthesizer [ 56 I was used to obtain the stimuli. Though other 

classes of sounds like glides, 1 iquids, diphthongs, affricates, 

and certain fricat 1 ves have been s uccessfully s ynthesized, it was 

decided to limit the stimuli for the present investigation to the 

English stop consonants / p, t, k, b , d, g/ . Th is was done in orde r 

to keep the test set as we ll as t he feature c ont r asts ( e . g ., 

place, voicing) simple. 

The above consonant s used fo r synt hes is are common to all 

r e gional accents in lnaian Engl i s h. Tue a c companyi ng vowe l s we r e 

the cardina l vowels / a, i, u/ . Consonant - vowe l a nd vowe l - cons ona nt 

syllables were used and pros odi c f e a t ures l ik~ s t r ess a nd 

intonation do no t play a si gnifi c a n t ro l e i n t he pe r cept ion of 

these s yll ab l es . He nc e, the r esults are no t l i ke ly to be a ffec t e d 

by individual perception of subjects on the basis of regional 

accents in Indian English. 

The ne xt c hapte r describes the pro pe rti es of Engli s h s top 

consonants and the method a dopte d for s ynthesizing the m. 



CHAPTER 4 

STOP CONSONANTS - THEIR PROPERTIES AND THEIR SYNTHESIS 

4.1 INTRODUCTION 

Synthesized stop consonants in different vowel environments 

have been chosen for the present investigation for reasons cited 

in the previous chapter . The present chapter first describes the 

properties of stop consonants in order to better understand the 

nature of the stimuli used . This is followed by a brief 

description of speech synthesizers . The synthesis of stop 

consonants using the cascade pole-zero synthesizer is also 

discussed. 

4.2 PROPERTIES OF STOP CONSONANTS 

Speech s ounds are generate d by the vocal organs whi c h inc l ude 

the lungs, the windpipe, the larynx (containing the vocal cords ), 

the pharynx, the nose, and the mouth. The organs lying above t he 

larynx constitute the vocal tract. The sha pe of the vocal trac t 

can be change d by t he move ment s of the tongue , the lips, and t he 

jaw. In between the voca l cords there is a variable opening c a l led 

lhe g lottis. It can a ffec t the airflow from t he lungs by open i ng 

and closing qui t e r a pidly in a periodic or quas i - periodic manner . 

This results in a pe r i odic complex tone, whose spectrum contains 

e ne r gy a t harmoni cs co ver ing a wide range of f reque nc i es . Thi s 

s pec t rum i s s ubseque ntly modifi e d according to the s hape of the 

voca l t r ac t . The r a t e of vocal cord vi bration is c a ll e d t he 



fundamental fr qu n y (F ) and the period of vibration (T0 = l / F0 l 
0 

is ca lled th pitch period. Speech sounds produced while the vocal 

rds are vibrating are said to be voiced (e.g., / bl as in "bat " ) . 

For some sounds the vocal cords do not vibrate, but remain open. 

Such sounds are cal led unvoiced, and result from turbulence at a 

constriction of the vocal tract above the glottis (e.g., I s l as in 

"sat"}. 

There are various types of sounds produced by a constriction 

in the vocal tract. Fricative consonants are characterized by a 

turbulent noise, and may consist of that noise alone (as in lfl ), 

or may consist of that noise together with vocal cord vibration 

(as in lvl). Stops consonants involve a sudden rapid closing and 

opening of a complete constriction somewhere in the vocal tract. 

This stops the airflow briefly resulting in a reduction of 

acoustic energy, after which the airflow resumes and the energy 

increases. Stops too may be voiced (as in lbl ) or unvoiced (as in 

/pl). Affricates may be treated as a combination of a stop and 

fricative. They involve both turbulence and a momentary 

obstruction to the airflow through the vocal tract (e.g., l tfl as 

in "church") . Nasals, s uc h as l ml and / nl , are obtained by 

allowing air to flow through the nasal passages. 

The above c 1 asses of sounds differ from each other in the 

ma nner in whi c h they are produced. In addition, within each class, 

there are differences in the place of constriction (e.g . , roof of 

the mouth, teeth, lips) . The spectra of consonants are not static 

bul vary as a funct i on of lime . However , vowels may have 

relatively stab l e spectra, a l least for short periods of time . 
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Many speech sounds show peaks e spec ra e nergy a 

particular frequencies known as formant frequencies or forc:ia.n s . 

Formants are the resonances of the vocal tract [ 57, 58 l. rne 

formants are numbered, the one with th.e l owest frequency cal l ed 

f1 rst formant (Fl), the next the second ( F2 ), and so on. The 

formants depend upon the shape and dimensions of the vocal tract . 

Discrimination of most speech sounds is accomplished largely by 

the first two formants, but additional information is provided by 

the higher formants. 

From the above discussion, it is clear that speech is a 

signal which varies in frequency , amplitude, and time . These 

variations can be displayed simultaneously by a device known as 

the speech spectrograph [ 59) . Fig. 4. 1 shows the wideband 

spectrograms for the natural utterances /aka/ and /aga/ obtained 

using a digital spectrograph [60, 61). The horizontal and vertical 

axes correspond to time and frequency respectively and the 

darkness of the pattern represents signal energy . Very dark areas 

indicate high concentration of energy at particular frequencies, 

while light areas indicate the absence of energy. The tracks 

corresponding to the various formants are clearly vi sible in the 

figure. Rapid changes are observed in the formants as the phoneme 

changes from the vowel to the stop and then from the stop to the 

ensuing vowel . These changes are known as formant transit ions and 

they form important acoustic cues for consonant perception . 

The plosive burst of energy accompanying the release of 

c los ure in the case of /k/ and /g/ ar e a l so observed in Fig. 4 . 1 . 

The time from the s tart of the burst to the start of voca l cord 
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periodicity is called the voice onset time (VOT) (62) . In the case 

of lg/, the vocal cord vibration (seen in the form of a voice bar ) 

starts immediately after the burst. However, in the case of the 

unvoiced stop /k/, the VOT is seen to be larger. 

The present investigation is limited to the stop consonants 

Ip, t, k, b, d, g/. Nasal cavity does not play a role in the 

production of these consonants. The acoustic cues that contribute 

to the perception of a stop consonant can be summarized as 

follows: a closure or silence by occlusion of the articulators; a 

plosive burst of energy when the closure is released; formant 

transitions; and VOT [57, 58, 63, 64). The following subsections 

discuss the importance of these acoustic cues in the 

identification of place of articulation 

4.2.1 Burst Release 

Liberman et al. [65) had concluded that stop consonants are 

"special" in that they can be identified as speech sounds only 

when they are presented in the context of a steady-state vowel . 

However, Stevens & Blumstein [2) observed that the gross shape of 

the spectrum at consonant release uniquely spe-:;ified consonant 

place, irrespective of vowel context . The shape of the spectrum is 

r·elated to the acoustic properties of the consonant burst as wel 1 

as to the formant frequencies at consonant release, but not to the 

latter formant transitions into the following vowel. Subsequently, 

they (Blumstein & Stevens [66)) showed that synthetic 

consonant-vowel (CV) stimuli consisting only of burst plus 10 ms 

of voicing could be identified accurately in t erms of place of 
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n onanl arllculallon . 

Kewley-Port (67) suggested Lhal the gross shape of the onset 

spec trum musl be an lns uffi c lenl cue for stO'p consonant place, 

because l t does not l ncorporate lhe dynaml c changes l n spectral 

shape that occur during consonant release and subsequent 

articulatory movement toward the fol lowing vowel . She proposed 

three dynamic spectral features as invariant cues for stop 

consonant place, in which the till of the spectrum at burst onset 

cues bilabial place if it is falling, and alveolar place if it is 

flat or rising. Late onset of low-frequency energy functions as a 

cue for velar place, since velar stops are characterized by longer 

VOT than are bilabials or alveolars. Finally, the presence of 

mid- frequency peaks extending over time is a cue for velar place; 

these peaks reflect the resonant characteristics of the cavity 

anterior to the velar constriction. All of these features may be 

evaluated during the first 20- 40 ms of the CV waveform . 

Hence, regardless of the actual nature of the invariant cue 

for consonant place, the data of both Stevens & Blumstein [2) and 

Kewley-Port (67) indicate that it apparently resides in the first 

20-40 ms of the syllable waveform. 

4.2.2 Formant Transitions 

Spectrographic analyses have revealed that formant 

transitions do not demonstrate acoustic invariance . Both the 

frequency location and direction of the transition vary as a 

function of vowel e nvironme nt [68 ] . Nonet he l ess , ma ny perceptual 

s tudies have de monstrated the importance u f the second and third 



f rmanl trans itions In place identifica tion for s t ops 11, 68, 69 1. 

The s tudi es by Blumstein & Ste vens [66] have s hown tha t whil e the 

enl Ir formant transl l lon may be a sufficient c ue to place of 

a rti c ul a tion , 1t i s not a necessary one. 

4.2.3 Voice Onset Time 

The phonemes /b, d, g/ are sal.d to be voiced in contrast to 

the phonemes /p, t, kl, which are unvoiced. In general, the terms 

vo i ced and unvoiced imply either the presence or absence of vocal 

cord vi bra ti on during the articulation of the sound ( 62, 70 l. 

However, for stops the situation is a bit more complex. The 

closure port ion of a stop renders the speech silent and hence 

there ls a gap in the acoustic pattern for both voiced and 

unvoiced stops. But if the vocal cord vibration is present during 

closure then a simple voice bar with energy confined to the first 

few ha rmonics (for voiced stops ) appears at the base line (at low 

frequency) of the spectrogram. 

When the vocal tract occlusion is released, turbulent noi se 

gene ration (frication) continues for 10- 40 ms exc iting 

high- f r eque ncy r esonances , befor~ the vocal tract moves towards a 

positi on for the ensuing vowel. Unvoiced stops generally have 

l a r ger dura tion of frication than the voiced ones (35 vs 20 ms ) 

(71] . In voi ced s tops, vocal cord vibration either continues 

throughout the entire stop or start immediately after the burs t . 

In the case of a s yllable with an unvoiced initial s top, say / p/, 

the VOT l s of the orde r of 50 - 70 ms . 

Ot he r impor t ant c ues to ini t i a l - s t op vo ic ing a r e (a ) a 



relatively low pitch (F) at vowel onset for voiced consonants; 
0 

and (b) the presence of aspiration in the VOT interval of unvoiced 

stops [ 72] . 

4.3 SPEECH SYtfrHESIZER 

Speech synthesis is the process of producing an acoustic 

signal by controlling the model for speech production with an 

appropriate set of parameters. One of the first electrical 

synthesizers which attempted to produce connected speech was the 

"voder", reported by Dudley in 1939 (57], which followed the 

principle of separation of the excitation source and vocal tract. 

The advent of digital hardware and computers has revolutionized 

the development of speech synthesis. A software-based programmable 

speech synthesizer provides the flexibility for control! ing the 

synthesis parameters as needed for generation of the test stimuli 

in psychoacoustic and speech perception studies. In these 

applications, speed requirement is not very critical and stimuli 

can be synthesized off-line. Out of the various types of 

synthesizers (58, 62], the formant synthesizer is particularly 

suitable for these studies, because synthesis parameters are 

directly related to perception features of the speech sounds . 

Fig. 4. 2 i 11 ustrates a simplified speech product ion model 

using the formant synthesizer. It consists of an impulse train 

generator exciting a cascade of resonators, simulat lng spectral 

shaping by the vocal tract . The resonator parameters, namely 

formant frequencies F and formant bandwidths 8 , are unde r user 
I I 

control s o tha t differ ent kinds of s pec tral s haping may be 
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-
simulated. Unvoiced speech is synthesized by passing scaled random 

noise through a system that consists of a complex pole and a 

complex zero. 

Alternatively, the resonators can be combined in parallel 

with their outputs summed together as shown in Fig. 4. 3. In this 

case, the gain of each resonator should be selected carefully 

because zeroes are introduced in the transfer function in addition 

to the poles. 

In a software-based formant synthesizer, developed by 

Klatt [56], the representation of the vocal tract transfer 

function is achieved by an all pole-model. The synthesizer uses 39 

parameters that go into determining the output and as many as 20 

of these can be varied as a function of time. Klatt synthesizer 

has the flexibility of utilizing either a parallel or a cascade 

structure. It can be used in two ways, either all-parallel mode or 

cascade/parallel mode as shown in Fig. 4.4 . 

As a modification to cascade/parallel all pole model Klatt 

synthesizer, a cascade pole-zero synthesizer has been developed at 

IIT Bombay (73, 74, 75) In this model the individual poles and 

zeroes are used to simulate the transmission in vocal tract by a 

cascade connection of resonators and antiresonators . This scheme 

is depicted in Fig. 4. 5. Voicing is simulated by an impulse train 

of fundamental pitch period which is directed through the 

resonator and antiresonator (RGP and RGZ). The amplitude of 

voicing can be controlled . There are six resonators (Rl - RS) 

connected in cascade and five antiresonators (RZl - RZ5) connected 

in cascade. These antiresonators simulate - zeroes in segments 



involving fri calion . Vowels are simulated by using voiced 

excitation source of resonators in cascade . Unvoiced fricatives 

and burst portions of unvoiced stops are simulated using frication 

excitation. For voiced stops and voiced fricatives (mixed mode 

excitation), the periodic impulse generator modulates the random 

noise generator. Nasalization is achieved using an additional 

resonator and an anti resonator, both of which are kept at some 

frequency (270 Hz for adult male) during non-nasalized sounds and 

the nasal zero frequency is increased during nasalization. For 

exact cancellation in non-nasalized utterances the frequencies as 

we 11 as the bandwidths of the nasal poles and the nasal zeroes 

must be the same . 

Transfer function zeroes are accounted for in the Klatt 

synthesizer by appropriate settings of the formant amplitude 

control of resonators ln parallel configuration. Klatt (56] 

derived thi s da t a from trial - and-error attempts to match natural 

frication spectra. Parameter data for cascade pole-zero 

synthes izer, i. e. , zero frequencies and bandwidths , were obtained 

from Klatt' s amplitude control data us ing a program ZEROAN (74]. 

4.4 SYNTHESIS OF STOP CONSONANTS 

The f i r s t step in synthesis is to generate parameter tracks, 

i. e. , parameter va ri a tions as a function of time. These paramete r 

tracks are required by the cascade pole-zero synthesizer. The 

synthes 1 ze r wi 11 give a good result if the parame t e r trac ks are 

precise ly s pec i fied . 

The ge ne r at i on of parame t e r tracks i s a trial - and- error 
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context . Ave r age syl l ab le duration was 300 ms in conformity wi t h 

the duration of such syllables in average conversational 

speech [ 76] . 
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CHAPTER 5 

EXPERIMENTAL METHODOLOGY AND PERFORMANCE EVALUATION 

5.1 INTRODUCTION 

Speech discrimination test results are usually summarized by 

a percentage correct response score for many experi mental runs . 

However, for a more detailed study of lhe rece ived speech 

information, the results of each run are presented in the form of 

a stimulus-response confusion matrix, with rows corresponding to 

the stimuli and columns corresponding to the responses. 

In this chapter, the methodology adopted for t~e experiments 

described in Chapters 6 and 7 is first discussed. Next, some of 

the techniques for analyzing and summarizing the confusion matrix 

data will be reviewed and the choice of the t echniques used in the 

a nalysis of t es t r esults will be discussed . 

5.2 EXPERIMENTAL METHODOLOGY 

The purpose of the experiments was to evaluate the effect of 

certain types of speech processing on the perception of stop 

consonants by normal hearing subjects with simulated hearing 

impairment. The job of the subject was to listen to and identify 

the sounds presented to him over a headphone . Due to the 

repetitive nature of the experiments, a computerized test 

administration system was developed in order to automate the 

process. The de tails of the a pparatus used as we l I as the t es t 

presentation procedure are discussed below. 
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5.2.1 Apparatus 

The experiments measured the stimulus-response confusions for 

different stimul us sets. Experiments were carried oul using a 

computerized test administration system [78] as shown in Fig . 5. l. 

The system was developed for an IBM-PC. Peripherals of particular 

importance included a terminal connected to the asynchro nous 

serial porl (RS-232), and a PC-based data acquisition card PCL-208 

(from Dynalog Micro Systems, Bombay). The terminal was used for 

displaying the response choices on its screen and for obtaining 

subject responses from its keyboard. 

For presentation, the data files were played back al a rate 

of 10 k samples/sec through the 0/A port of the data acquisition 

card . The DIA output was passed through a 7th-order active 

elliptic low-pass filter (78], and a power amplifier . The stimuli 

were presented to t he right ear through a pair of audiometric 

headphones DR- 59 (Eliga, Japan) . 

Further details of the hardware and software for the 

experimental c ontrol are provided in Appendix C. 

5.2.2 Presentation Level and Simulation of Hearing Loss 

Seve ral studies have examined the effect of presentation 

l e ve l on stop consonant place identification in normal - hearing 

li s teners [79, 80, 81). The results indicate that identification 

performance deteriorates at either very high (>90 dB SPL) or very 

low (<35 dB SPL) presentation l e vels . Accord ingly, for the 

experiment s described he re, a presentation level of 75 dB SPL has 

been chosen througho ut, whi c h also happened to be close to t.he 
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'- t mfo r tab l li stening level for the subjects . 

I n Orde t · 1 t h t in normal-hearing r .o s1mu a e earing impairmen 

· ub j l s , a standard p r actice is to present the stimuli in a 

a kg round of noise . Some studies have employed multi-talker 

abble as the background noise [ 11) . However, due to its 

n n -stationary c haracter, the effective masking it may provide 

during syllabl e stimulus presentation is unpredictable. 

Alternative ly , stationary noise filtered to have speech waveform 

s pec trum [3) has been used to simulate hearing impairment in 

no rmal-hearing subjects . However, fi 1 tered signals presented to 

normal-hearing subjects provide a better simulation of hearing 

loss associated with conductive pathology than with sensorineural 

impairment [82) . 

Some investigators have studied speech- recognition 

performance of no rmal-hearing subjects under conditions in which 

t he ir thresholds have been elevated by the addition of broadband 

noise [ 83) . The mas k i ng process responsible for threshold 

e l e va tion is be li e ve d to be predominantly of cochlear origin [84) . 

I n addition to simulating reduced dynamic range, broadband noise 

a lso more closely approximates the loudness-growth function of 

l is teners with sen s orine ural hearing loss [85]. Other studies have 

e valuated frequency selectiv i ty [86], and minimum detectable gap 

duration [ 87) . The results of al 1 these studies suggest that 

presentation of broa dband noi s e to normal-hearing listeners may be 

a valid method of simulating threshold elevation and it s 

c onsequences . 

Ba sed on l he s tud ies r e po r ted above for masking broa dband 
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noise, it was decided to employ broadband noise in the present 

investigation. This noise was synthesized using the frication 

noise source in the synthesizer program and adjusting the 

parameters AF and the pole-zero locattons to obtain a fairly 

uniform noise spectrum within the range of speech frequencies. 

5.2.3 Presentation Procedure 

Each experimental run consists of a number of presentations 

of the stimuli, in a random i zed order with certain uniformity 

constraints (given in AppP.ndix C) . For each presentation, the 

response choices are displayed on the subject screen . Each choice 

c orre sponds to a key on his keyboard. Before each presentation, a 

"li sten" me ssa ge is flashed on the screen to alert the subject. 

T ! ic ~ ··,i ! ;jcc t se lect s hr~ r es ;:ior'.se ( g iesses if necessary) by hilting 

the appropri a te key . In order lo minimize any bias in responses, 

lhr.: .wc.ic r of i l ems in t..he r esponse li s l and the posit ions of t he 

c o rT:::!C I. r·c'..; ;:- ::rn;,c 2.re a l so l'.::i f o r m! y r c.r.domi z e'd . Th2 r e s ponse a nd 

the response ·· lime are recorded . At the end of each run, the 

stimulus-response conlusion matrix, the recognition score (defined 

in Section 5.3), and the mean response time are stored. The 

experimental run can be administered with a feedback to the 

subject indicating the corre ct responses or without feedback . 

In a ses sion, the s ubjec t firs t listens to each s timulus ite m 

separately and any number of times . After becoming familiar with 

the stimuli, he then proceeds to an experimental run with feedbac k 

followe d by runs without f eedback. At the request of the s ubje ct, 

runs with f e edback may be admini s tered between the runs without 
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feedback While al 1 the data are recorded, only the no-feedback 

matrices were used in the analysis. 

5.3 PERFORMANCE EVALUATION 

The stimulus-response confusion matrices are given either as 

the stimulus-response frequencies or the probabilities estimated 

from the measured frequencies (12) . 

Let x be the set of n stimuli {x
1

, x
2

, . . . ,xn} and y be the 

If N(x.), N(y.), and N(x . ;y.) 
l J l J 

are the frequencies of stimulus x., response y., and the stimulus-
1 J 

response pair (x.;y.) in a sample of N observations, then the 
l J 

probabilities can be estimated as follows : 

p (x.;y . ) = N(x. ; y .)/N, 
l J 1 J 

p(x.) = 
l 

N(x .)/N = 
1 

I: p(x .; y .> 
j=l,n 

1 1 

p(y.) = N(y .)/N = L p(x . ;y . ) 
J J i=l,n 1 J 

( 5 . 1) 

The diap,onal ee l 1 e n t r ies ( i =j) correspond to correc t. responses 

and the off-diagonal entries ( i~j) correspond to errors. It i s 

usually · difficult to study the error pat terns in the confusion 

matrix, particularly if the matrix size is large . Hence, there 

exists a need to reorganize the data in forms which are easier to 

comprehend. Some of the techniques for analyzing and summarizing 

the data in the confusion matrices are discussed below. 

5.3.1 Recognition Score 

The sum of diagona l e ntries in a confusi o~ ma trix gives the 
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nil i n 

,q • u · t I .' ll I d I ' ' II H l ' \' I ' •' l\ 
"' 

I ' " • •I ) ., I ' ' i 
I . 11 

(5 . 2) 

AltlH>u~h th\ :. hl'l)rt- \ f-; 11fwful. IL d • no t. pr vld any information 

"" lhc" dl:~ t1 · \t11llon of t:rt• r _ . One way to generalize the 

dc:rlvc u s maller onfuslon matrix by 

, · pmblnln~ th\_• :>t.lmul\ nnd r sp nss into groups, in such a way 

lhnt confu~-; \ons wlt.h\n th" groups nr more likely than those 

lwt Wt't'n t ht gr Up!" [ 1 ). lf ome of the sllmul 1 share a common 

ft't\l.\ll"t'. th n th S" s lmul 1 an be grouped ln accordance wl th this 

t\' turt f\nd tho r osull1ng new matrix will give the recognition 

:: ·ni·f' for th" trl\n mi ssion f this feature. Thus a number of 

: ·,·1·1 ·1:nl t \,~n :: 1'1'f' S nn h· w~ d for spec ifying the t1·ansmission of 

~; .: 1. :~ lnformntion Tr ns mission Analysis 

lll1 · 1 ·1·c-111~nlt..I n s r' Im \.he d i saciv nl agc that l t could be 

nff'e ·t •d by a s ubjc t s ' r s ponsc bl as. For example, if the subject 

udopt"'d n s trategy of simply giving the same phoneme response for 

nl I I h pr scntutlons, the percent-correct score for that phoneme 

wiuld b n rtifl c ially hlgh (chance scoring) . Such a problem would 

n o t 1wl If we e xpressed the results ln terms of the relative 

\11t'ormatlon transmitted. 

Informa tion trans mi ss ion analysis as used by Miller & Nicely 

I t i~ I pr vld s a measure of covariance between stl mul i and 

r·cspons ' ~. This m thod uses mean logarithmi c probability ( HLP) 
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measure of information (88, 89) . 

The information measures of the input stimulus x and output 

response y, 1
5
(x) and Ir(y) respectively, are given by the 

following functions: 

15 (x) = HLP(x) = - ~ p(xi) log
2

[p(xi)] bits, 
l 

I (y) = HLP(y) = r E p(y.) log
2

fp(y
1
.)J bits 

j J 

An HLP measure of covariance of stimulus-response is 

l(x;y) = HLP(x) + HLP(y) - HLP(xy) 

= - E p(x.;y ).log
2 . l J 

l, j 

p(x .) p(y .) 
l J 

The relative transmission from x to y is given by 

Si nee Is ( x) ~ !( x; y) ~ 0; 1 ~ It/ x; y) ~ 0. 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

It has been observed by Miller & Nicely (12) that, like most 

maximum likelihood estimates, this estimate will be biased to 

overestimate I(x;y) for small samples. If the sample size is large 

enough then the bias can be safely ignored. 

The above measure of information transmission takes into 

account the patterning of errors and the score that can be 

obtained by chance alone . Fig. 5 . 2 (78) shows the relationship 

between recognition score R
5 

and relative information transmitted 

Itr for a special case when the stimuli have equal probabilities , 

correc t r esponses a r e e qually di s tribute d a mong the di a gona l 

cells, and · r e sponse errors are e qually distributed among the 
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off-diagonal cells . That is, if the recognition score is R and 
s 

the number of stimuli (and responses) is n, the cell entries are : 

p(x.;y .) = (R )/n i=j 
l J s 

= 
1-R 

s 
-2--
n - n 

p(x.) = p(y.) = 1/n 
l J 

(5.7) 

It is to be noted that when R
5 

is at chance value, Itr(x;y) is 

zero . Thus we have a scoring system in which a score of OX 

information transmitted indicates chance identification of the 

phoneme and a lOOX score represents perfect identification. 

The relative information transmission measure can also be 

applied to the matrices derived from the original confusion matrix 

by grouping the stimuli in accordance with certain features. The 

rel a tive importance of these features may then be evaluated . 

Alternativel y, the transmission performance can be measured in the 

context of specific features. 

\.lhi le recognition scores are easiest to compute and 

interpret, information transmission analysis has the merit that it 

measures the covariance between the stimuli and responses and 

hence takes into account the relatedness of the two. A number of 

studies have adopted the information transmission analysis 

approach to interpret their results (78, 90, 91, 92, 93]. 

5.3.3 Response Time 

In addition to recognition scores and information 
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tran mis i n analysis, av r·ng<:' ,. p I\. ' l I m"S HIT I I : ; (l co rn : J d1·1 ·f·U 

as another posslb l measur·<' f omparlng l IH' I (• :-; I 1:l I mul I 

processed differe ntly . A deer · s In the ave rag ,. ·pon LI m by 

the subject for a particular xperlmental condlll o n A o v r thaL 

for condition 8 may be another way of asserting th 8 UP r I or I ty of' 

the processing used for the st imuli in condition A. 

·s. 4 DISCUSSION 

This chapter first described the methodology adopted for the 

experiments described in the following chapters. Next, some of the 

different methods of analyzing and summarizing the data in 

stimulus-response confusion matrices were considered . Whil e 

recognl t ion scores are easiest ·to cal cul ate and I ntcrpret, 

information transmissior. analysis has the advantage that it 

measures the covariance between the stimuli and responses a nd 

hence takes into account the relatedness of the lwo . In additi on 

to these two measures, average response time was a l so considered 

as a possible measure of comparing the test sli mul i processed 

differently. 

A program was written for computing recogni lion scores and 

carrying out information transmission analysis . Brief descriptions 

of the program, analysis method, and an example of the analysis 

are provided in Appendix D. The effect of sample size on r e lative 

information transmitted is considered in Appendix E. 
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CHAPTER 6 

FECT 0 CO 0 ANT - TO- VOWEL INTENSITY RATIO MODIFICATION 

. 1 I tITRODUCTJ ON 

was n In Chapl ·r 4 thal Inc reased consonant- o-vowel 

( C/ V) In Y ral!o was one of the characterlsl!cs of cl ear 

( n lllglbl·) speech . In lhe present chapter, the resul s of 

uc rl , nl perfo rmed lo tudy the effects of consonant-lo-vowel 

lly ral!o (CVR ) modification on the recogniti on of stop 

c n onanl are presented . 

The r e ul l and lmp l lcal!ons of varying CVR on the 

r: ogn 1 l l on of l o p consonant s In the CV and VC contexts of 

v3r l ou vowe l s are presented. The effect of vowel context on 

con.,onan r cognl Ion as a l so Impairments in vowel recognit i on , i f 

;,s.ny , with Ine r· a I ng CVR are s tudied . In addll .J n lo compar ing lhe 

ffe l o f CVl1 for diffe r nl se t s o f sl!mu l l on lhe basis of 

rr.· r c r:nlag, n onan r cogniti on sco r s , Inf ormati o n transmission 

3n3 Jy., I ., ha · be n u d l o s tudy the eff ect of CVR on lhe 

r a n_.ml ss l o n o f feature s like p l ace and voi c ing . The e ffect o f CVR 

n he r. pon e lime o f the s ubjec t s Is also considere d . 

6.2 TEST STIMULI 

flon n yllabl es we r us ed as s timuli Ins tead of wo rds in 

rd r ma ximize lh contributi o n o f acous ti c factors lo 

·onfu .. I m; a nd o mlnlml z lh conlr l bullon of llngui s i c 

f\ 1.c r ; I . ?. I . I n a compu e r· I z s l adm ini tr· i o n s y l m o h 



Lype used hc r·c (described in Chapler 5), Lhere is a limil lo lhe 

number of stimuli that can be displayed on the subject terminal as 

possible choices to the presented stimulus. It is preferrable to 

limit the number of stimuli to a maximum of 12 to 16 in closed-set 

experiments . 

The aim of the experiments was to study the effects of 

increasing CVR on consonant recognition in terms of the following: 

vowel context, vowel impairments, consonant position in the 

syllable, and response qmes. In addition, the effect of CVR on 

the transmission of information with respect to vowel context and 

features of place and voicing were also to be studied . As 

indicated in Chapter 3, the stop consonants Ip, t, k, b, d, gl in 

the CV and VC contexts of the vowels la, i, ul have been chosen as 

stimuli for the present investigation. In order to limit the 

number of stimuli in each test, two sets of stimuli have been used 

as given be 1 ow: 

1 ) Unvoiced consonants Ip, t 1 kl with the cardinal vowe 1 s 

la, i 1 ul yielding nine CV and nine vc syllables . The CV 

syllables were /pa, ta, ka, pi' ti I ki, pu, tu, kul while the 

vc syllables were lap, at, ak, ip, it, ik, up, ut, uk/ . The 

tests performed with these stimuli are identified in the 

subsequent discussion as the CV9 and VC9 tests 

respectively. Different vowel environments have been c hosen 

in order to study how consonant recognition was affected by 

vowel context with increasing CVRs . In addition, it was to be 

seen whether vowel recognition was impaired with inc reasing 

CVRs. The effect of increasing CVR on the ove rall 
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informal ion lransmission as well as Lransml ss l on of 

information with respecl to consonanl and vowel fealures w re 

also to be studied. 

2) Consonants /p, t, k, b, d, g/ with vowel /a/ yielding six 

CV syllables /pa, ta, ka, ba, da, ga/ and six VC syl !ables 

lap, at, ak, ab, ad, ag/ . The tests performed with these 

stimuli are identified in the subsequent discussion as the 

CV6 and the VC6 tests respectively. These experiments were 

performed to study the effect of varying CVR on consonant 

recognition when the stimuli included both voiced and 

unvoiced stops . The effect of CVR on the overal 1 

information transmission as well as transmission of 

information with respect to place and voicing features were 

also to be studied. 

The digitized waveform of the synthesized stimulus was first 

displayed on the PC monitor using a program written for the 

purpose . The user could manipulate cursors lo isolate the time 

waveform segments to be processed or reproduced aurally via the 

DIA converter. Using this interactive system, lhe consonant and 

vowel sections were defined for each syllable . However, the terms 

consonant and vowel should be used with caution. Repp [94) and 

others have commented that "consonant" and "vowel" are l inguistl.c 

categories that are the end results of complex perceptual and 

cognitive processes . Here, both these terms are used to designate 

the relevant acoustic properties pertaining to them. The consonant 

and vowe l segme nts were identified after repeated vi s ua l and 

auditory monitoring . 



Once Lhe segmenls were identified, the C/V intensity rat i o 

for each digitized syllable was determined by calculating the mean 

of the squared amplitudes (average power) of the sampled points 

within the consonant and vowel segments and then taking the ratio 

between them. C/V intensity ratio was then expressed in dB. 

Calculations for the vowels were based on only the initial 100 ms 

of the vowel in the CV context and on the final 100 ms of the 

vowel in the VC context . Table 6. 1 gives the durations of the 

consonantal segments and the C/V intensity ratios for the 

synthesized stimuli in both the CV and VC contexts . It is observed 

that if an attempt is made to increase the C/V intensity ratio of 

these stimuli, the consonants in certain syllables like /ba/, 

lap/, /up/, and /ad/ are the first to become more intense than 

their adjoining vowels. Since the experiments reported here have 

been performed with closed sets of limited stimuli, it was felt 

appropriate to prevent. the "weak-vowel" cue from resulting in 

higher recognition scores for these syllables. Hence, the CVR 

modification was limited to a maximum of 12 dB. 

Treating the synthesized syllables referred to in Table 6 . 1 

as the most "natural" representatives, four new versions of each 

syllable were synthesized by modifying the C/V intensity ratio by 

+J, +6, +9, and +12 dB. The durations of the consonant and vowel 

segments were not altered. Thus each syllable had five vers ions, 

one with no modification and the other four with CVR modification 

9 and +12 dB. To simulate hearing-impairment in of +3, +6, + , 

t each sti mulus was mixed with synthesized normal-hearing lis eners , 

broadband noi se under three SNR conditions: no masking noise, and 
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r::as ng noise wit 2 B S~iR an 6 dB s.~ . . These 

were obtained bv 
-1 s ng a prograo S'rR ...- c s ea ed e s .es ze 

noise data keeping the e ve f e speec s gna f · xeci . ~ l;.S t;e 

c 9 test included 9 s y a b es d e r 5 ns 

( 5 CVR modifications X 3 SNRs ) , w"t ' a o a of 35 es 

The VC9 test too i nvo ved i. e CV6 and C6 es s 

included 6 syllabl es under 5 cod . ons w"th a o a o f es 

stimuli each. Append i x 8 i nc udes sal:lp e spec trogra..t:S f o r a/ : o r 

different CVR modificat ions . 

6. 3 EXPERI KENI'AL METHOD 

Five normal - hearing s ubjec t s in the age-group of 2 • o 35 

years participated in the experiments. • l . 
TH he sub · ect s Dari 

pure-tone auditory thresholds within 20 dE of the nori:::.a.i. hec::T ~ :g 

standards. The tes t ear was the right ear f or a. : t .e s· jec!..s 

The details o f the apparatus a.'1d the prese:-it.ai. ion proc w.:e 

have been discussed in the prev ious chap er . There ere 

15 experimental cond itions (5 CVR modifi cat ioP£ X 3 S?''Rs ; : or eacr. 

o f the four tests . For each subj ec t , the CV9 ·es~ :;:;r eac: 

experimental condit ion was carried out in atx>ut 6-8 expe- · cen a ! 

runs, inclusive of a t least one run wit h fee tack . Eac. 

took at least 5-6 r:ii n for co pl et ion and :nc: >ded experimental run 

5 randomized presentations of eac h of the 9 sy ab es us 

in 45 Presentations per r un. Thus the 3 SNR cond· ons 
resul tlng 

together required about one-and-a-half to two hours for 

c ompletion. 
The f1 ve CVR conditions required a t otal of a bout 

f Comp let i on The VC9 test too required a 
eight . to ten hours or · 

similar period of time by each subject for completion. The CV6 and 
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VC6 tes t s r·equlr r.d a bo ul !'Ive Lo!; v·ri ho ur !; ca h f'<H' comp l c l o r . 

Hen e this experlmenl Involve d an lnvo lv ~m nl o f aboul Lw·nly f ive 

lo thiry five hours per subjec t . Taking e a c h s ubjecl' s conve ni e nc e 

into account, the tests were spread over a Lwo- month Interval f o r 

the five subjects tested . 

For each subjec t, test runs with differe nt sets of s timuli 

were randomized in order lo reduce biases due to learnfng effects . 

At the end of each run, lhe subject responses were stored in the 

form of a stimulus-response confusion matrix . Jn addl lion, the 

overall recognition score, the average response time and Its 

standard deviation were also stored . For each experimental 

condition, a number of runs (not necessarl ly successively) were 

carried out until the scores more-or- less stabilized. For the 

final analysis, three of the more stable confusion matrices 

(stable in terms of recognition scores) were combined together 

using the program CUMMAT for each subjec t for e a c h experime nta l 

condition . 

6.4 TEST RESULTS FOR CV9 AND VC9 STIMULI 

The result s for the CV9 and VC9 s ets of s timuli are presente d 

here. First we look at the recogni lion scores, fol lowed by the 

results of information transmission analysis, and response time. 

Al though the r ecogni t Ion scor e I s useful, I l could be affec ted by 

a subject's response bias. Furthermore, it does not provide any 

Information on the di s tribution of errors. On the other hand, 

information tra ns mi ss ion a na lys i s t a kes Into account t he 

patterning of e rror s a nd Is no l a ffec t ed by the s ubject' s r esponse 
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b ias . Response t imes wer e recorded as a poss ib l e measure of 

differe nces between tes t stimuli processed d i ffere nt ly. 

6.4.1 Recognition Scores 

The consonant recognition scores obtai ned by t he f ive 

subjects for the CVS test are shown in Table 6 . 2 . As the t rend i n 

scores under different conditions for individual subj ects was 

similar, these scores have been averaged across t he fi ve subj ects 

and are given in the last row of Tab l e 6 . 2 and p lotted in 

Fig. 6 . 1. In the no masking noise case, f air ly un i form 

near-perfect scores are obtained f or a l l the CVRs . For the 12 dB 

SNR case , the score increases from 62% (0 dB CVR modifica tion ) to 

88% ( 12 dB CVR modi f ication) - a tot al increase of 26% . The 

corresponding scores in the 6 dB SNR case are 52% (0 dB CVR 

modification) and 80% (1 2 dB CVR mod ification ) - an increase of 

28%. Thus, it i s observed t hat i ncr easing CVR does improve t he 

recognition scores in the presence of maski ng broadba.~d no i se for 

normal-hearing subjec ts t95 i . 

In order to study the effect of vowe l context on consonant 

r ecognition, three ne w confusion mat r ices were de r i ved from the 

original confusion matri x in the cont ext of the three vowe ls . The 

cons onant recognition scores were o.btained using Eqn . 5. 1 and 

t hese are give n in Tabl e . 6 . 3 . It is obser ved that t he r ecognition 

scores in the /a/ context for different CVRs are near -per fect f or 

the no masking noise case. The corres ponding scores i n t he / i / and 

/u/ contexts are s li ghtly l owe r . In general , there does not seem 

t 1 eff ect on consonant recogniti on due t o to be any detrimen a 
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Inc r easi ng CVll In a l I Lhe vowel contexts . A small increase in 

r ecognition scores wi th increasing CVR is noted in the / u/ 

context. 

For the 12 dB SNR case, the recognition score in the la/ 

context increases from 66X at O dB CVR modification (i.e ., no 

modification) to 91X at 12 dB CVR modification a total increase 

of 25X. The corresponding increase in scores in the /i/ and /u/ 

contexts are 23X and 31X respectively. 

For the 6 dB SNR case, the recognition score in the la/ 

context increases by 32% as the CVR is increased by 12 dB. The 

corresponding increase in scores in the /i/ and /u/ contexts are 

24Y. and 30X respectively. 

The above r esults for the CV9 test show a s imilar pattern of 

score variation under different conditions in al l the vowel 

contexts . However, in general, the corresponding scores are seen 

to dec r ease as we go from the /a/ context to the /i/ context and 

then to the /u/ context . This finding is opposite to the results 

of Wang & Bilger (26 ) who obtained (for unmodified natural CV 

s yllables) the highest scores for consonants paired with vowel / u/ 

and lower scores with vowe l /a/ for both quiet and noise. 

According to their study, consonants fol lowed by vowel /ii were 

the most difficult to identify. However, the results of the 

present study agree with those reported by Dubno & Levitt [28] for 

unmodified natural CV syllables and also the findings by 

Gordon- Salant (11) for s tops (plos ives) in nat ura l CV s yllables at 

10 dB CVR modifi cat i on . 

Cvg t SL the mos t frp_quenl consonant confusions For the e . 
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exceeding 20Y. f o r the no Cla.Sk i ng 0 i se c ase are p ( 33Y. ) a 

0 dB CVR modi fication ( the notation ku/pu · p · es u/ confused as 

/ pu/); Other consonant confus i ons are ku/pu {2:r!. ) a t 3 dB C 

modification; ku/pu (29Y. ) at 6 dB CVR mod · f"cation ; pi/ti ( 25Y. ) 

and ku/pu (22Y.) at 9 dB CYR modification; and no apprec iable 

confusions at 12 dB CVR modification. For the 2 dB SNR case, they 

are ku/pu (44Y.), pi/ti (34Y.), pu/ku ( 28Y. ), pa/ta ( 24Y. ), ka/ta 

(24Y.). ti/ki (24Y.), and ku/tu ( 22Y. ) at O dB CYR modif i cation; 

ku/pu (62Y.) ti/ki (28Y.), pu/ku ( 27Y. ), and tu/pu ( 23%) at 3 dB CYR 

modification; ku/pu (34Y.) pu/ku (24Y. ) at 6 dB CYR modification ; 

ku/pu (34%) at 9 dB CVR modification; and ku/pu ( 25'/. ) at 12 dB CVR 

modification. For the 6 dB SNR case, the consonant confusions are 

ka/pa (40Y.), pi/ti (38Y.), pu/ku (30Y. ), ku/pu ( 28Y. ) , ku/tu ( 28% ), 

ti/pi (25%), ka/ta (24%), ti/ki (24Y.), tu/ku ( 24Y. ) , t alka ( 22Y. ), 

at 0 dB CVR modification; ku/pu (48Y.), ta/ka ( 31 Y. ), ka/ta (30Y.), 

pu/ku (29Y.), tu/ku (29Y.), ki/p i (25Y.), pi/ ( 24Y.), and pu/t 

(23Y.) at 3 dB CVR modification ; ta/ka ( 29Y. ) , ka/ta ( 25Y. ) , ku/t u 

(25Y.), pi/ti (23%), and pu/tu ( 23% ) at 6 dB CVR odif ir-ation; 

ku/pu ( 29Y.), pu/t u ( 24%), and ku/t u ( 22% l at 9 d t3 

modification; and ku/pu (40Y.) at 12 dB CVR modif icat·on . A 

significant feature observed above is that for the s i ulated 

hearing impairment conditions, the number, as well as the 

severity, of consonant confusions decrease as the CVR is 

increased . Examination of the confusion matri ces does no revea l 

any symmetry in these confusions . Furthermore, no appreciable 

across-vowel confus ions are observed. 

The consonant recognition scores o btained by the five 



subj e c t s for the VC9 test are shown in Table 6 . 4 . As the trend in 

scores under different conditions for individual subjects was 

similar, these scores have been averaged across the five subjects 

and are given in the last row of Table 6 . 4 and plotted in 

Fig. 6.2. The scores for all the five CVR modifications are 

near-perfect in the no masking noise case. For the 12 dB SNR case, 

the score increases from 85X (0 dB CVR modification) to 93X (12 dB 

CVR modification) - a total increase of 8X. The corresponding 

scores in the 6 dB SNR case are 73X (0 dB CVR modification) and 

93X ( 12 dB CVR modification) - an increase of 20X . Thus, in the 

VC9 test too, increasing CVR is seen to improve the recognition 

scores in the presence of masking broadband noise for 

normal-hearing subjects. 

The consonant recognition scores in terms of vowel context 

for the VC9 test are given in Table 6 . 5. Perfect or near-perfect 

consonant recognition scores are obtained in the no masking noise 

case for the three vowel contexts for all the five CVR 

modifications. For the 12 dB SNR case, the recognition score in 

the /o/ context increases from 85X at 0 dB CVR modification to 96X 

at 12 dB CVR modification - a total increase of llX. The 

corresponding increase in scores in the /i/ and / u/ contexts are 

8X and 18X respectively. For the 6 dB SNR case, corresponding 

increase in scores are 21X in the la/ context, lOX in the /i/ 

context, and 27X in the /u/ context. 

Thus in the VC9 test too, the corresponding recognition 

scores unde r var 1 ous conditions are seen to general 1 y decrease 

from the la/ context to the /i/ context and then to the /u/ 
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s L / / n e ts for 

as es are uch re 

he context. For the 6 dB 

s re in the / u/ context 

Ls I' / e x ( 92 ersus 86 ) . It is, 

genera tha insp· te of IDOdifying the 

tens· ra hese results agree with the 

:--...:-s : • s . ._. SJ had reported ( for unmodified 

s_·: :a es g es s res fr syllables containing 

he \ ... ~: ~ \ol'e r s res f r sy l ables with the vowels /u/ 

~~ i 

An e ); ina .. , he re evan nfusion matrices for the VC9 

·es are ap reciable consonant confusions in 

se and 2 dB SNR conditions for all the 

rus· s ol ing pl ace for the 6 dB SNR 

45" ) an l ap ( 25:t.) at 0 dB CVR 

- ~ · : i at : n; and l ap 22 a 3 dB CVR dification . There are 

:-1.f s ns a t ig er CVRs . Ho>1e er. vowel confusion is 

bser a · gher VRs invol ing ipl up . Thi s confusion is found 

rease f ip/ up (23 , ) a t 6 dB CVR modification to ipl up 

27' . a 9 dB C ification and i pl up (34Y.) at 12 dB CVR 

·ricat·on. is noted that this across-vowel confusion is 

. i te<i o the labial l pl context. No other appreciable 

across-vowel confusions were observed . Thus, there appears to be a 

on the a.ount of CVR modif icat i on that may be used, beyond 

wh ch certain vowel confusions ay begin to surface. This 1 imi t, 

as the spec ic vowel confusi ons may again depend upon the 



esl se 

Thus. e res · s f he and C9 tests indicate 

that increasing C R d es prove he re ogni t ion scores in the 

presence of inask'ng road band noise for nor al-hearing subjects . A 

co pa.risen of s cores in Fig . 6 . and 6 . 2 shows that the 

recognition scores for stops in the c context are generally 

higher than those n the CV c ntex for all the conditions 

considered here . Hence, this result is independent of consonant 

amplification. 

Fig. 6. 3 gives the pattern of confusions observed in the 

identification of place of articul ation for different condi lions 

in the CV9 and C9 tests . For the no masking noise case in the CV9 

test, there is no apprec iable change in el ther the pattern of 

confusions or the overal 1 level of confusions as the CVR is 

increased. For the 12 dB S R case too, the pattern of confusions 

is more-or- less unaffected with increase in CVR. However, the 

overall confusions are seen to decrease with increase in CVR. For 

the 6 dB SNR case, the overal 1 confusions are found to decrease 

noticeably for CVR modi fications of 9 dB and above. However, the 

pattern of confusions remains largely unaffected for all the CVR 

modifications in the CV9 test. 

for the no masking noise case in the VC9 test, near-cent 

percent recognition scores were obtained for al 1 the five CVR 

modifications . For both the 12 dB and 6 dB SNR cases, the pattern 

of confusions does not change appreciably. However. the overal 1 

confusions reduce muc h more appreciably with increase in CVR than 

in the CV9 test . The confus ions are almost reduced lo lhe no 

GG 
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masking noise level at 12 dB CVR modification. In particular, the 

labial/alveolar (LA/AL) and alveolar/labial (AL/LA) confusions 

decrease appreciably with increasing CVR. It is observed from 

Fig. 6.3 that increase in CVR is more effective in bringing down 

the overall level of confusions in the VC context as compared to 

the CV context. This suggests that increasing CVR suppresses 

forward masking of the consonant by the vowel more effectively 

than backward masking. 

The consonant recognition scores obtained for the CV9 and VC9 

tests were subjected to the paired t-test to examine the 

statistical significance or otherwise of the recognit ior. scores 

under different levels of modification as compared to those with 

no modification. As seen from Table 6. 6, no significant changes 

are seen when C/V ratio is increased in the no masking noise case 

for the CV9 test. However, for lower SNR conditions, the 

improvements in scores with increasing CVR are seen to be 

significant . For the 12 dB SNR case, significantly better results 

are obtained (p<0 . 01) for a CVR increase of 9 dB and above . For­

the 6 dB SNR case, the improvements are seen to be even rnor-e 

significant for 9 dB CVR modification (p<O. 005) and 12 dB CYR 

modification (p<0 .001). 

Table 6.6 also includes the paired t-test results for the VC9 

test. Here too, no significant changes are seen when the C/V ratio 

ls modified in the no masking noise case. For the 12 dB SNR case, 

however, significantly better scores are obtained for CVR 

modifications of 9 dB (p<0.001) and 12 dB (p<0 . 005). A similar 

level of improvement is per~eived at these CVR modifications for 
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the 6 dB SNR case too. 

Thus the results of the statistical analysis show that 

increasing CVR does improve the recognition scores in the presence 

of masking broadband noise for normal-hearing subjects. 

6.4.2 Information Transmission Analysis 

Information transmission analysis results for overal 1 

information transmission and transmission of consonant and vowel 

features for the CV9 test stimuli, summarized in Table 6 . 7, show 

that the overall information transmission for the no masking noise 

case is fairly independent of the CVR modification. However, in 

the other two noise conditions there is an appreciable improvement 

in the overall information transmitted with increasing CVR; 59% at 

0 dB CVR modification to 82X at 12 dB CVR aodif1cation for the 

12 dB SNR case; 49X at 0 dB CVR modificat1or. to 73X at l2 dB CVR 

modification for the 6 dB SNR case. A similar trend is observed in 

the transmission of consonant information; 17Y. at 0 dB CVR 

modification to 62X at 12 dB CVR modification for the 12 dB SNR 

case; BX at Q dB CVR modification to 48X at 12 dB CVR modification 

for the 6 dB SNR case. The information transmitted about vowel is 

near-perfect for the no masking noise and 12 dB SNR condi. t ions 

with a slight decrease for the 6 dB SNR condition. 

The results for the information transmission of consonant and 

vowel features for the CV9 test are also plotted in Fig . 6 . 4. For 

the no masking noise case, the transmission of consonant feature 

is about ?OY. and does not get affected much by CVR modification . 

for 
cNRs of 12 and 6 -dB, this feature is poorly 

However, a 
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transmitted for unmodified stimuli, and increases monotonically 

and appreciably with in i CVR t creas ng , up o 12 dB. CVR 

modifications exceeding 12 dB have not been considered due to the 

possibility of the "weak-vowel" cue mentioned earlier. The 

information transmission about vowel feature is higher than that 

for consonant feature for al 1 the CVR modifications and SNRs 

considered. 

lnformat ion transmission analysis results for the VC9 test 

stimuli, summarized in Table 6.8, show that the overall 

information transmission as well as transmission of consonant 

feature in the no masking noise condition is near-perfect for all 

the CVRs. As in the CV9 test, there is an appreciable improvement 

in the overall information transmitted with increasing CVR for the 

two noise conditions: 77Y. at 0 dB CVR modification to 97Y. at 12 dB 

CVR modi fication for the 12 dB SNR case; 66Y. at 0 dB CVR 

modliication to 90Y. at 12 dB CVR modification for the 6 dB SNR 

case. A similar trend is observed in the transmission of consonant 

feature : 55Y. at 0 dB CVR modification to 97Y. at 12 dB CVR 

modification for the 12 dB SNR case; 40Y. at 0 dB CVR modifi cation 

to 96Y. at 12 dB CVR modification for the 6 dB SNR case . The 

information transmission about vowel feature is near-perfect for 

the no masking noise and 12 dB SNR conditions with a slight 

decrease for the 6 dB SNR condition. 

The results for the information transmission of consonant and 

vowel features for the VC9 test are also plotted in Fig. 6 . 5. For 

SNRs of 12 and 6 dB, the transmission of consonant feature i s seen 

to increase appreciably· with increasing CVR, and reach 
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ne ar-perf c l eve ls a 2 B d iflca l o 

transmission about v o we l feature is , in genera , hi & p r :h.an ha 

for consonant feature for a l st all the CVR i rt c a ions and 

SNRs considered . The only not iceable exception is at 6 dB SJ f or 

which the information trans ission of consonant is higher han 

that for vowel f o r CVR modif i cations exceeding about 10 B. 

6.4.3 Response Time 

The response time for each presentation was recorded as a 

possible measure of differences between the tes t st i u l i processed 

differently . The response times for the CV9 and VC9 t est s, 

averaged across the fl ve subjects, are sUJRma.r · zed i 

For the no masking no ise case in the CV9 

ab e 6 . 9 . 

e s t, CVR 

modification does not appear to have any appreciabl e effec on 

response time . For the two noise situations, there appears to be 

an improvement in subject response with increasing CVR_ For the no 

masking noise case in the VC9 test, there appears to be no 

appreciable effect of CVR modification on response t i me . For he 

two noise cases, however, there appears to be an i proveoent in 

subject response times upto 6 dB CVR modification. 

Thus, for both CV9 and VC9 tests, it i s not e d ha. .e 

average response time certain l y does no t deter i orate and i n :DOS t 

cases appear to indicate a quicker response by the subj e cts fo r 

increasing values of CVR. 

The response times, averaged across the five subjects for t he 

CV9 and VC9 tests, for various levels of modification were 

compared with those for no modificatton by subjecting the data to 



the paired t-test for statistical significance. The res ult s a r e 

tabulated in Table 6 . 10. It is observed that, in general, there is 

no slgnlflcant change ln response tlme for all the conditions in 

both the tests. In one case, there ls a significant improvement 

(decrease) ln response tlme (p<0.1 at 12 dB CVRM for s dB SNR in 

the VC9 test). 

S.5 TEST RESULTS FOR CVS AND VC6 STIMULI 

The results for the CVS and VC6 stimuli are presented here. 

The percentage recognition scores are considered first, fol lowed 

by information transmission analysis, and response times. 

6.5.1 Recognition Scores 

The consonant recognition scores obtained by the five 

subjects for the CVS test are shown in Tabre 6.11 . As the trend in 

scores under diffe~nt conditions for individual subjects was 

similar, these scores have been averaged across the five subjects 

and are given in the last row of Table 6. 11 and plotted in 

Flg. S.6. The recognition scores for all ~he CVR modifications in 

the no masking noise case are seen to be near-perfect . For the 

12 dB SNR presentation, the recognition score increases from 811. 

at o dB CVR modification to 90/. at 3 dB CVR modification, then 

falls to 87/. at s dB CVR modification and thereafter increases to 

94/. at 12 dB CVR modification. For the S dB SNR presentation, the 

recognition score increases from 73/. at 0 dB CVR modification to 

871. at s dB CVR modification and 89/. at 12 dB CVR modification. 

For the CVS test, there are no appreciable consonant 

{' l 
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nfus \ n i n the n m:l k l ng n i s s f r the f 

m difi a t1 n F r t h d NR pr s n ati n. h ns 

nf u ions are d go . ) and g d 4• at 8 

modification ; da/ga ( 29· ) at dB CVR modifi ati n; ( 3 

and ga/da (24X) at 6 dB VR modl ficati n with n a ia e 

confusions at higher CVRs. Fo r the 6 d SNH resent a n. he 

consonant confusions are ka/ta (25X) and k pa. 2 4· a 8 c 

modification; ga/da ( 32Y.) and t ka 22 a dB 

modification; ga/da (22X) at 6 dB CVR modi f i ati n : and g da 

(22X) at 9 dB CVR modification . It is obser ed f m he abo e ha 

there are no voicing errors in the confusions . F'ur her re. he 

number of appreciable consonant confusions is seen t general ) 

decrease with increase in CVR. Examinati n nfusi n 

matrices does not reveal any symmetry in these o n.fus i n s . 

The consonant ~cognition scores obta.ine 

subjects for the VCS test are shown in Table 6 . 2 . Here t U e 

trend in scores under different a su· ~·e ts 

was generally similar . Hence . these s copes ha e been a ""r-a.ged 

across the five subjects as g iven in he l as t r \..• f a e ~ - ·-

and plotted in Fig. 6 . 7 . The rec gnition s ores f r aJ the 

modifications in the no masking noise case , as seen in . ab e ~ - 1 _ _ 

are near-perfect. For the 12 dB SNR presentati n. he 

score increases from 85% at 0 dB CVR modificati on t a 

CVR modification a total increase of 12 •. F r the 

presentation, the recognition score inc reases fr m 1 at 

modification to 94Y. at 12 dB CVR modification - an 

23%. 

at 

B 

'B 

rease f 
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F r the VC6 test. t here are n consonant nfus i ns in 

2 X in the no masking noise case for al 1 the fi e R 

dificati ons . For the 12 dB SNR presentation, the cons nant 

confusions are ap/ at (23X ) at o dB CVR modificati o n with no 

appreciable confusions at higher CVR modifications. For the 6 dB 

SNR presentation, the consonant confusions are ap/ at (30X) and 

a t/ap (23X) at 0 dB CVR modification; and ap/ at ( 23X) a t 3 dB CVR 

modification with no appreciable confusions at highe r CVR 

modifications. It is observed from the above that there are no 

voicing errors in the confusions considered as appreciable . It is 

also observed that the number as well as the severity of consonant 

confusions generally decrease with increasing CVR in both CV and 

VC contexts, with mo.re positive results in the VC context. 

Figs . 6 . 6 and 6 . 7 give the plots for the percentage correct 

recognition scores obtained using the CV6 and VC6 stimuli. The 

results of the CV6 and VC6 tests thus indicate that increasing CVR 

does improve the recognit ion scores in the presence of masking 

broadband noise for normal-hearing subjects . It is also observed 

that the recognition scores for stops 1 n the VC context are 

generally higher than for t hose in the CV context . 

Fig . 6.8 gives the pattern of confusions observed in the 

identification cf place of articulation for different c ond itions 

in the CV6 and VC6 tests. For the no masking noise case in the CV6 

test, there is no appreciable change in either the pat tern of 

confusions or the overall level of confusions as the CVR is 

increased from o dB to 12 dB . For the 12 dB SNR case too, the 

pattern of confusions ls quite the same at all the CVRs. However, 

ttr 
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the overall level of confusions is seen to decrease gradually with 

increasing CVR. For the 6 dB SNR case, the overal 1 level of 

confusions is found to decrease noticeably for 6 dB CVR 

modification and thereafter remain unaffected at higher CVRs. The 

pattern of confusions does not change appreciably with CVR 

modification. 

For the no masking noise case in the VC6 test, near-cent 

percent recognition scores were obtained for all the CVR 

modifications . For the 12 dB SNR case, the pattern of confusions 

appears to remain unaffected with CVR modification. However, the 

overall level of confusions decreases appreciably and reaches no 

masking noise levels for CVR modification 2:: 9 dB . In particular, 

the labial/alveolar (LA/AL) confusions are found to decrease 

appreciably with increase in CVR. For the 6 dB SNR case, the 

overall level of confusions are found to decrease gradually with 

increase in CVR. The pattern of confusions does not change 

appreciably with increase in CVR. 

The consonant recognition scores obtained for the CV6 and VC6 

tests were subjected to the paired-t test for statistical 

significance and the results are tabulated in Table 6. 13. Scores 

under various modification levels were compared to those with no 

modification. It is observed that increase in C/V ratio i s 

accompanied by a slight improvement in scores (p<0 . 4) in the no 

masking noise case for the CV6 test. However, for the 12 dB SNR 

case, the scores improve significantly (p<O. 025) for CVR 

modifications of g dB and higher. For the 6 dB SNR case, the level 

Of in the improvement o f- scores is even higher significance 
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(p 0 . 0 0 1 for 9 dB CVR modifi cation) . 

Table 6 . 13 also incl udes the paired t-test r esults for th 

VC6 test· In contrast to the results for the CV6 test, the s c ar 

ls seen to improve significantly (p<0 . 05) even for a 3 dB CVR 

modification in the no masking noise case . For the 12 dB SNR case, 

higher levels of i!'lprovement are noted (p<O. 005) for 6 dB and 

higher CVR modifications . For the 6 dB SNR case, significantly 

muc h higher levels of improvement (p<0.001) are noted for 9 dB and 

higher CVR modifications . 

Thus the results of the statistical analysis for the CV6 and 

VC6 tests show that increasing CVR does improve the recognition 

scores in the presence of masking broadband noise for 

normal-hearing subjects . It also bears out the earlier observation 

that the recognition scores for stops in the VC context are 

generally higher than for those in the CV context . 

6.5.2 Information Transmission Analysis 

Information transmission analysis results for the CV6 test 

stimuli, summarized in Table 6 . 14, show that the overa 11 

information transmission as well as the reception of place and 

voicing features of the consonant in the no masking noise case 

decreases slightly upto 6 dB CVR modification and then increases 

slightly for higher CVR modifications . For the 12 dB SNR 

presentation, the overall information transmission increases from 

70X at 0 dB CVR modification to 89X at 12 dB CVR modification . A 

similar trend is observed in the transmission of the place feature 

which increases from SOY. a t. o dB CVR modification to 81X at 12 dB 

r:: 
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r · a e is e rf t tr n mi si n f v \ in l n 

th the n f r 11 t h< 

VR ifi a ns . F r the B NR r s nt ll n, th l l 

·nfor t on rans i e in reases t m 5 t. dB R 

dif ica ion to 89 at 12 dB VR ifi all n . Th transmissi n f 

ace inf r a o n increases fro 3 at dB VR m dif i n i n t 

8 ~. at 12 dB CVR dificati n while that r v i ing in r 

fr 68 a B R di f' a i n l d R 

i fi at i n. 

he resu s of the informa n transmissi n analysis r 

tted n Fig. 6 . 9 . F r th SNRs f and d . h 

trans ss · on f p a c e feature i s f un to in rease ppr bl 

...- · th increas ing CVR. It i s n ed that the inf rm i o n 

rans ·ssion w·th respect to ici ng is higher than that f r pl 

feature for al l the CVR difications and SNRs considered . 

nforoat i n transcission ana ysis results for th l t 

st u suooar · zed in Tab e 6. 15 , sh w that the r l l 

1 •ore.a i on trans ission as wel l as the transmissi n of i in 

feature the no c asking noi se case in reases with in r s in 

.'R. he ranscission of the place feature is near-perf f r th 

no cask·ng no ·se case . For the 12 dB SNR resent.at.ion, the ov r a ll 

inforcat ion trans ission increases fr m 69' at 0 dB VR 

dif" ca ·on to 92X at 2 dB C R odi ficati o n . The inform lion 

rans · t e d with respect to place feature increases from 6 X at 

dB CVR dification to 92Y. and that of voicing feature incr ases 

fro 69Y. a t O dB CVR modification to 89Y. at 12 dB CVR 

<iiflcation. For the 6 dB SNR present.at ion, the o eral l 
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information transmitted increases from 50% at 0 dB CVR 

modification to 85% at 12 dB CVR modification. The transmission of 

place and voicing features too follow a similar trend . The 

transmission of place information increases from 33% at O dB CVR 

modification to 80% at 12 dB CVR modification while that for 

voicing increases from 67% at 0 dB CVR modification to 82% at 

12 dB CVR modification. 

The results of the information transmission analysis for the 

VC6 test are also plotted in Fig . 6 . 10. For SNRs of 12 and 6 dB, 

the transmission of place as well as voicing information are found 

to increase appreciably with CVR modification. A comparison of 

Figs. 6 . 9 & 6. 10 shows that for all the SNRs considered, while the 

transmission of information regarding place is superior in the VC 

context, the transmission of voicing information is superior in 

the CV context. 

6.5.3 Response Time 

The response times for the CV6 and VC6 tests, averaged across 

the five subjects, are summarized in Table 6. 16. 

For the no masking noise case in the CV6 test, there appears 

to be an improvement in the response times which more-or-less 

stabilize for CVR modification ~ 3 dB. For the two noise 

situations, there appears to be an improvement in subject response 

with increasing CVR. For the no masking noise case in the VC6 

test, there appears to be an improvent in response times which 

stabilize for CVR modification ~ 3 dB. However, the magnitudes of 

the . response times are higher than that for the corresponding 



51 t uat i n in the v es F r the is ' -es. 

a ppears to be an i n n ub~· I"'' ~ t !2~~ 
t . w h 

increasing c R. Here t th m ni ud f the I !X'l1 e 

higher than i n the V6 tes t . 

The respo nse times , a veraged a r SS h fiv u f r the 

CV6 and VC6 tests, fo r vari us l ev f n re 

compared with tho se fo r no m difi at i n y t i th at t 

the paired t - test f or statistical signifi an Th r sul ts ar 

tabulated in Table 6 . 17. It is obser ved th t, in en ral. th r is 

a slight improvement (p 0.4) i n r esponse time with in r asing R 

for all the c onditions in the t wo tes t s . 

6 .6 CONCLUSIONS 

From the result s of t he CV9 and VC9 tests. it has been 

observed that inc reasing CVR does improve recognition s ores in 

the prese nce of ma sking b r oad band noise f o r no rmal - hearing 

subjects . Howe ver, the recogn i ti on scores for stops in ~h 

syllable-final (VC ) context are seen to be higher than th se f r 

stops in the s yllabl e - i niti al (CV) position for all the VR 

modifications. Similar res ult s ha ve bee n o btained for the CV6 and 

VC6 test s too . 

The pattern of confusions in the identi f i cation of place o f 

articulation remains generally unaffected fo r al 1 the C R 

modiflcat ions in all the four tests. Si nce incr ease i n CVR has 

been seen to be more effective in bringing down t he overal l level 

of confusions in the VC context as compared to that in the CV 

context, 1t ls suggested that increasing CVR suppre sses fo r ward 

I ' 
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t. 1·anr.m I :~ s I 0 11 f' nsonant f' a lur Increases appreciably wi th 

111 Tea~;lnp, CVH f'or al I Lh SNl\s. Ho wever, the o vera ll informa ti o n 

I r·u 11s rnl llcd as w 11 as trans mi ss ion of place feature i s seen to be 

s up ~ r1 r In lh V onl xl a compared to those in the CV conte xt . 

Th• lnf'o r·m;.ilt on lr ·ans ml ss i o n o f v o we l f eature for lhe t wo t es t s i s 

sc n lo b • 11ear· - p rfe · L f or lh no mask Ing noi se and 12 dB SNR 

·ond lt.1 0 11 · wllh a s l i ghl de rca f or the 6 dB SNR condition . 

lnformal10 11 trans mi ss i o n a na lys i s r esult s for lhe CV6 and VCG 

lcs t s s ho w near - perfect trans mi ss I o n o f' overall informal i on as 

We ll a s Informat i on tra ns mitted with r espec t to place and voi c ing 

f~atur s for th no masking noise case. For the 12 dB and 6 dB SNR 

cases , the tnforma llon transmitted with respect to al l the three 

features t s found to increase apprec i abl y with increase in CVR 

mod ifi c ation . 
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TABLE 6.2 Test CV9: Consonant recognition scores, for the five 
subjects, under different C/V ratio modifications (CVRMs) and 
sNRs. for the stops / p , t, k/ in the CV context of the vowel s 
/ a, i. u/. Scores have been averaged across the three vowels. Last 
row gives the scores and the standard deviations, averaged across 
t he five subjects . 

Consonant re~ognition scores (X) 

Subject No masking noise SNR = 12 dB SNR = 6 dB 
code 

CVRM (dB) CVRM (dB) CVRM (dB) 

0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 
I I I I I I I I I I I I 

Sl 79 96 83 84 95 47 79 76 79 80 44 52 56 63 83 

52 95 95 90 91 98 56 66 82 80 90 42 59 55 63 73 

SJ 84 84 84 79 82 52 58 80 82 79 57 60 60 67 74 

54 98 98 100 98 100 81 81 90 84 97 56 65 77 79 83 

55 100 100 100 100 100 69 80 83 87 93 56 59 71 81 87 

Avg 92 95 92 91 95 62 73 83 82 88 52 59 65 71 80 
SD 9. 1 6 . 4 8 . 2 9.2 7 . 4 14 . 1 0 .3 5 .1 3 . 3 8. 1 7 .2 4 . 7 9.9 8.6 6 . L. 

I I I I I I I I I I I I 

TABLE 6.3 Test CV9: Consonant recognition scores, averaged across 
the five subjects, under different C/V ratio modifications (CVRMs) 
and SNRs, for the stops /p, t, k/ in the CV context of the vowels 
la, i, u/ . 

Consonant recognition scores (X) 

Vowel No masking noise SNR = 12 dB SNR = 6 dB 
context 

CVRM (dB) CVRM (dB) CVRM (dB) 

0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 
I I I I I I I I I I I I 

la/ 99 100 98 98 100 66 87 87 94 91 60 70 70 88 92 

/1/ 91 94 90 81 92 68 77 87 84 91 55 69 75 77 79 

/u/ 85 90 86 93 92 51 55 73 69 82 39 40 48 48 69 

I I I I I I I I I I I I ·-
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I -'' I f t;. 4 
l t· ~ I ' \ ! l t 1 n~; 1nanl l ' t 'C ( i 

. ll l \h' ~ · t :• , undt' 1· d I rrc·n·n l I r·a t I rt 

,, l\"-o • (,,, t lw s t ~ s I , t. k / In h <' vc c o n 
\I : - , 1 · c ~ ha l ' t en v l'flg"d a r o s - h l 

, 1 , 
·\vt~s l h' S C re ~ n n lh landar vial I o ns. av r g 

r '' 
. I VC' - u j \.' L . l , •. 

ns nanl r 0 n Ill o n scores ( x } 

:ub r l N mu.· k \ n n I SNR = 12 dB SNR = 6 dB 

\ ·, l' - --
- HM (dB} CVRM (dB) CVRM ( d B} 

1 9 12 0 3 6 9 12 0 3 6 9 12 
r 

:..; 0 100 100 100 8'1 95 98 96 96 75 83 87 84 86 

7 100 100 99 98 76 95 93 90 99 76 76 84 85 95 

:< 100 100 100 100 100 8 7 93 96 98 99 59 72 8 2 9 2 99 

4 100 100 100 99 100 84 83 84 100 97 76 8 79 91 88 

100 100 100 100 100 94 99 98 98 100 1 8 0 85 96 96 98 

Avg 99 100 100 100 100 85 93 93 97 98 73 81 85 89 93 
so l . 3 0 0 0. 4 l . 0 6 . 4 5.9 s .4 4 . 0 1 . 6 . 0 6 . 3 6 . 6 4 . 9 6 .o 

TABLE 6.5 Test V 
fl ve u bj t s , 

NRs, f r the 
. u / . 

o nsonanl r cognition s o r s, r ag d a c ross 

o i.re l No 
co t 

0 

100 

l \ 1 100 

I 8 

und r differ nl C/ V r a tio mod ifi ations (CVRMs ) 
t ops / p , t, k/ in th V onte t of the vow ls 

o nsonanl recognition scores ( x ) 

mas king noise S NR = 12 dB SNR = 6 dB 

c RM (dB ) CVRM ( dB ) CVRM ( dB ) 

3 G 9 12 0 3 6 9 12 0 3 .-
100 100 100 100 85 91 95 98 6 7 8 

100 100 100 0 :) 7 1 

100 10 0 10 0 0 2 4 7 4 8 4 

1 1_ L ... _L 

83 



:-es : s.~s ·:; ean 

~~ r::as.r i ng 
:'1 : s e 0 2 

95 6 . 
9 2 8 . 2 

9 91 9 . 2 
2 95 7 . 

2 0 62 14. 0 
3 73 10.3 
6 83 5. 1 
9 82 3.3 

12 88 8 . 1 

6 0 52 7.2 
3 59 4 . 7 
6 65 9.9 
9 71 8.6 

12 80 6 . 2 

veg No mask ing 
noise 0 99 l. 3 

3 100 0 .0 
6 100 0 . 0 
9 100 0.4 

12 100 1. 0 

12 0 85 6.4 
3 93 5.9 
6 93 5.4 
9 97 4 . 0 

12 98 l. 6 

6 0 73 8 . 0 
3 81 6 . 3 
6 85 6 . 6 
9 89 4.9 

12 93 6 . 0 

t' \(' ,:,:: : \t 

i - .R 

st \. f di r C' ' n1.'<..' 

tw - ail"':i 

t 

0. N 
. l ·1 N 

.... 

1. OG .... . 4 
3.2 1 -... o. c 

3 . 3 7 .... .0 1 
3.75 .... 0 . 0 1 

2.06 0 . 1 
2.35 0.05 
3.83 0 . 005 
6.76 0.001 I 

1. 00 <0.4 
1. 00 <0.4 
0 . 31 NS 
0.28 NS 

2.03 <O. 1 
2.25 <O. 1 
3.38 <0 . 01 
4.41 <0.005 

]. 58 <0 .2 
2.66 <0.05 
3.82 <0 . 0 1 
'1. 44 <0 .005 



TABLE 6. 7 Te l V9 : 
slops /p, l, k l \n th 

lnformal\on lran ml s \ on 
CV onl xl of lh lhr 

analys l 
vo we I s la, 

f or lh 
I , ul . 

-
Relative information transmitted (in 

No masking noise SNR = 12 dB SNR = 6 dB 
feature 

CVRM (dB) CVRM (dB) CVRM (dB) 

0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 
I I I I I l I l I I T T ., J.,. 

Overall 88 92 89 88 92 59 70 77 77 82 49 57 56 63 73 

Con-
sonant 

72 79 71 69 81 17 32 48 48 62 8 17 23 32 48 

Vowel 99 100 100 100 98 94 97 98 99 97 83 85 80 80 88 

I I I I I I I I I I I I 

TABLE 6.8 Test VC9 : Information transmission analysis 
stops /p, t, k / in the VC context of the three vowels la, 

for the 
i. u/. 

' I Relative inf'ormation transmitted (%) 

\ I No masking noise SNR = i2 dB SNR = 6 dB 
1Feature 1·~~~~~~~~~~~--+-~~~~~~~~~+-~~~~~~~~~---1 
I I CVRM (dB) CVRM (dB) CVRM (dB) 

I 

0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 
I I I 1 I I I I I l 1 1 

Overall 99 100 100 99 99 77 87 88 93 97 66 71 77 83 90 

Con- t 97 100 iOO 98 98 55 75 81 88 97 40 52 67 78 96 
so nan 

Vowel 99 100 100 I 
I I I I 

99 100 95 96 91 

I I I 

96 94 88 84 83 8 1 8 1 

I I I I I I 



TABLE 6.9 Response times in sec (and standard deviations) 
averaged across the five subjects for the CV9 and VC9 tests. 

I Response time (sec) 

Test SNR (dB) 
CVRM (dB) 

I 
0 3 6 9 12 

I I I I 

CV9 No . masking 2 . 09 2. 12 2 . 05 2. 12 2 . 09 
noise 

(0 . 43) (0.57) (0.66) (0 . 60) ( 0 . 61) 

12 2.57 2 . 79 2.34 2.21 2 . 30 
(0 . 69) ( 1 . 1 6) (0 . 79) { 0 . 51) ( 0 . 68) 

6 2 . 61 2.50 2.47 2 . 50 2 . 36 
(0. 89) { 0. 64) ( 0 . 55) (0 . 66) ( 0 .75) 

VC9 No.masking 2 . 01 1. 87 1. 84 2 . 38 1 . 90 
noise 

(0 . 40) (0. 37) ( 0 . 4 4) ( 1. 33) { 0 . 40) 

12 2 . 29 2 . 11 2. 10 2 . 09 2.23 
(0 . 69) ( 0. 4 4) { 0 . 49 ) (0 . 59) ( 0. 6 3 ) 

6 2 . 35 2 . 33 2 . 31 2. 35 2 . 0 2 
(0 . 55) (0 . 67) (0.60) (0 . 6 2 ) { 0 . 4 2 ) 

8 () 



T sts V9 a nd VC9: Paired l - test significance I vel s a 
TAllLE G. tlO / V rallo modiflcatlons (CVRMs) wl th reference o 0 dB CVRM ff n~n 

jl sponse llmes (ln sec) of Table 6 . 9 averaged across h five 
flr.lh r N=S. (NS= not slgnlficant) . ··ub e l s. 

Test SNR (dB) CVRM (dB) mean SD 

c 9 No masking 
0 2.09 0.43 noise 
3 2. 12 0.57 
6 2.05 0.66 
9 2 . 12 0.60 

12 2.09 0.61 

12 0 2.57 0 .69 
3 2.79 1. 16 
6 2 . 34 0.79 
9 2 . 21 0 . 51 

12 I 2 . 30 0 . 68 
I 

6 0 I 2.61 0.89 
2 . 50 0 . 64 3 

I ~. 47 0.55 c 
u 

i .:: . 50 0.66 9 
12 ! 2 . 36 C. 75 

I 

u . 40 I No mas kl ng 

I 2. 01 
VC9 

0 
1. 87 0 . 37 I noise 

3 
~ 1. 84 0 44 I 

I 2 . 38 1. 33 I 9 
1. 90 0 . 40 12 

I 2 . 29 0 . 89 r 12 
J 2 . 11 0 . 44 

6 2. 10 0 . 49 

9 2.09 0 . 59 

12 2.23 0 . 63 

2 . 35 0 .55 6 0 
2.33 0 . 67 3 

0 . 60 6 2.3 1 
0 . 62 9 2 . 35 
0 . 42 12 2 . 02 

I 
I 
I 

I 
I 
I 

I 

I 
I 
I 

I 
I 
I 
I 
I 
I 

I 

Test of difference 
(two-ta I led ) 

l p 

0.09 NS 
0 . 11 NS 
0 . 09 NS 
0 . 00 NS 

0 . 40 NS 
0 . 49 NS 
0 . 94 0. 4 
0 . 62 N. · 

0 . 2 N 
0 . 30 NS 

NS ,... 
2 u 

48 NS 

0 . 57 NS 
0.64 NS 
0 . 60 N 
0 . 4] NS 

0 . 49 N 
0 . 50 NS 
0 . 49 N 
0 . 14 N 

0 . 05 N 
0 . 11 N 
0 . 00 NS 
2 . 28 o. 1 

) I 



TABLE G.11 Test CV6: Consonant recognition scores, for the five 
subjects, under different C/ V ratio modifications (CVRMs) a nd 
SNRs . for the stops ~p, t, k, b, d, g/ in the CV context of t he 

wel / a/. Last row gives the scores and the standard deviations 
a~eraged across the five subjects. · 

I Consonant recognition scores (%) 

Subject No masking noise SNR = 12 dB SNR = 6 dB 
code 

CVRM (dB) CVRM (dB) CVRM ( dB) 

0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 
; I I I I I I I I I I I 

I Sl \loo 100 100 100 100 69 97 89 91 96 \ 64 94 80 90 96 
' I 

I S2 9 7 91 97 99 100 80 89 91 96 99\ 82 82 90 94 89 
I I I . 
I S3 I 94 91 91 87 87 74 89 83 90 86 • 7 0 70 83 9 3 83 I I 

S4 \ 10 0 100 10 0 100 100 86 92 91 97 92 1 7 8 67 90 86 90 

SS , 100 91 91 87 92 91 83 89 89 9- · 7 2 88 31 91 9 i 

I 
Avg I 98 95 94 95 96 81 

I 
90 87 91 94 73 83 87 90 89 

so 12 . 6 4 . 9 4 . 2 7. 1 6 . 1 8 . 0 4 .8 4 2 6 S . Z ; c .5 s .o ~ . 7 s . o 4 . 

I 

I 
I 
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·: .~~ \' :· . 
. 

<.'S t \ .., nsonant recognition 
\~ : •'-1 1· different C/ V ratio 

scores, for the five ... \,,. ., ... ~ :-: .. 
modifications :-- ~ ..... 

t I t, k, b, d, (CVRMs) and I g/ in the vc :-. ....:.· . 
context r w gives the scores and the Of the ..... ~':.". ·- . 

standard deviations ~-~. ~-'' five subjects . 
I 

Consonant recognition scores ( % ) 
~.:. ... 

.. ~ ~Sking n ise SNR = 12 dB SNR = 6 dB -
-- .. 

\!RH dB) CVRM (dB) CVRM (dB) 
6 9 12 0 3 6 9 12 0 3 6 9 12 

,0 09 99 100 100 82 86 96 99 93 66 77 89 92 94 
- -

::;:,: s 98 97 99 86 91 90 97 100 70 83 86 97 89 

S2 100 100 77 74 96 89 93 63 67 80 87 91 
-, s~ 99 1 100 100 89 91 98 97 100 76 84 90 96 97 
:s 

s:: _g 1 100 100 89 90 98 98 99 80 82 90 96 98 

A"-g 93 99 99 99 100 85 86 95 96 971 71 79 87 93 94 
s:; L9 l . 3 l. 0 l . s 0 . 5 5 . 2 7. 1 3 . 4.0 3 . 5 6 . 9 7.3 4.3 4 . 1 3. 

I 
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TAULE 6. 14 l" L \ ~ : l n rmL LI n Lrans m\ s 1on l y s Is an o r e 
:- t ps I ~ , t . d , , In lh nl ·t h 0 \.1 

R ( i . ) 

N mask in no i se SNR = R = d 
f "'::i lur 

CVRM ( dB ) CVRM ( dB ) RM ( d ) 

0 3 6 9 12 0 3 6 2 

eral l 96 91 87 91 93 70 84 80 84 89 56 75 5 8 2 8 

P lac e 93 84 81 82 86 50 74 67 78 8 1 3 63 3 

Voicing 100 98 92 95 100 97 95 88 87 98 6 2 7 9 

TABLE 6.15 Test VC6: Information transmissi n anal sis f r h 
stops I p, t. k, b , d, g / in the VC context of the we 1 / 

Relative i nformat ion transmi tte 

No masking noise SNR = 12 dB dB 
Feature 

CVRM (dB) CVRM ( dB) CVRM ( dB ) 

0 3 6 9 12 0 3 6 12 0 3 9 2 

Overall 86 97 98 98 99 69 7 1 89 90 92 50 61 70 84 

I Plac e 94 98 99 97 99 62 64 86 93 92 33 47 62 82 

7 9 89 6 5 ! Vo i c ing 67 94 96 100 100 69 67 84 
I 



... 

:.~SLE 6. 16 R s nse ti mes in sec (and standard deviations) 
.-., ·t.-=--~ .... - ~-r SS t five subjects for the CV6 and VC6 tests . 

Response time (sec) 

est S 1R dB ) 
CVRM (dB) 

0 3 6 9 12 

·s No.masking 2 .04 l. 63 l. 67 2 . 11 l. 65 noise 
(0. 65 ) ( 0 . 72 l ( 0 . 65) ( 1. 30) (0 . 58) 

12 2.08 2.01 2. 18 l. 89 l. 82 
C0 . 62) (0. 56 l ( 0. 7 1 l ( 0 . 4 5) ( 0 . 54) 

6 2.29 2 . 11 2.03 1 . 95 2 . 04 
(0 . 56 ) ( 0 .7 3) (0.50) ( 0. 61 l ( 0. 64) 

I 0 No.T:'lasking j 2.59 
noise 

2 . 24 2.22 2 . 17 2 . 18 
(0.35) ( 0 . 4 4 l ( 0 . 51 l ( 0 . 52) ( 0 . 35) 

2 I 2.58 2.50 2 . 23 2 . 27 2. 19 
I ( 0 . 37) (0. 37 l ( 0. 38 l (0.35) (0 . 23) 

s 2. 74 2. 80 2 . 58 2.40 2.36 
I ca . 35 ) ( 0. 4 1 l ( 0. 29 l ( 0 . 4 6) ( 0. 4 4 l 
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m l It u . Thu a h 

m \ f1 caU o n a nd h 

y l lab 1 h·d t h r v r s l o ns , o n wl h no 

othe r t wo wi t h VOT modl f \ c atl o n of 50% 

and 100% . 

The modlfl catl o n s In d urat i o n we r 

In o rde r n o t t o l os t he pe r ceptual 

11m1 ted to t he above r ange 

c haracterl st l cs of he 

consonant s · In a 11 the c ases . the ove ral 1 d ur at l on of each CV 

syl lab le was maintained at 300 ms by adjusting the vo we l d uration 

appropriately . Hearing impairment was simulated 1n norma l -hearing 

l isteners by mixing each stimulus with synthesized broadband 

no i se. As in the CVR modification experiments, the t ests we r e 

performed under three listening conditions : no mas king no ise , a nd 

masking noise w1 th 12 dB SNR and 6 dB SNR. Thus, t he BO 

modification test included 6 CV syllables under 6 cond it ion s 

(2 BO modifications X 3 SNRs) with a total o f 36 sti mul i . The FTO 

mod ification test inc luded 6 CV s y l l ables under 9 condit i ons 

( 3 FTO modif1 c at1ons X 3 S NRs ), thus invo lvi ng 5 4 stimuli . The VOT 

modlflcatton tes t t oo invo lve d 6 CV sy ll ab l es under 9 conditi ons 

(3 VOT modifi c ati o ns X 3 S NRs) y i e l d i ng 5 4 stimuli. Appendix B 

Inc ludes sample spec t rograms o f durat i o n modifi ed s timuli . 

1 · 3 EX PERI HENT AL METHOD 

Four of the flve subjects who pa rti c ipat d i n t h e VR 

mod lf1cat1on expe riment s , 

modlficat1on experiments . 

we r e a va ilabl e for t h dur tion 

1 I · -

The apparatus and the presentati o n p r ocedure w r e th sam as 

lhos ado pte d for the CVR modifi cat i o n exper 1m nt s . F r a h 

Subj ec t . the BO mo dlf1 cat1on tes t · invo lving x r i ment l 
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d I l \ n s t < . ,, a 

• n 
vr rndif \ 

u t t hl ' t'l' I 

l\ n l sL 

r U I ' h un; roi- . m I (1 I 0 r ,. 1 rn 

wh i h lnvo lv d x Im n ~ I 

c nd lti n s tw e n t he m t ook abou t lgh t l o n hours o g h r f o 

~pl tion. Thus the thre t s t s r e quir d abou t l w Iv o f o urte n 

11 urs per s ub ject . The e xp r 1 m nt s we r s p r ad o v r a o n - mon h 

~riod for the f o ur s ubjec ts test e d . 

Just as in the CVR modification experiments , the t es t runs 

were randomized in order to reduce biases due t o learning e f fe c s 

At the end of each run, the stimulus-response confus i o n matrix, 

the recognition score, and the average response time we re s t ored . 

For evaluation purposes, the stimulus-response c onfusion matr ices 

from a number of test runs for each experimental conditi o n were 

combined, and two different measures based o n t he m we r e used, 

namely, recognition score and relative information t r a ns mi ssion . 

In addition, average response l ime was al s consider d as 

possible meas ure of comparing the test s ti muli proc ss d 

d i ff ere n t I y . 

7. 4 RESULTS 

The r e sults for e a c h o f the three tests are presen ted h r 

The recognition scores a r e cons ide red firs t , fo ll ow d b 

Information trans mission a nalys i s , and ave r age r sponse tlm 

Al though useful and eas y t o i nt e r pre l. the r ogni t 1 n s r d 

not p 1 t h rov de any info rrna tl n o n d 1s t r i b u t 1 n f rr r 

Information trans mi ss i o n a na ly l s ha th m r \t t h t 

lhe 
o va ri a nce between th ti mu I \ and 1· an h n t k. -

Into a a unt the t h t w Th t t , t mu l I 

1 I 



I rocessed differently c ould a l so be compared o n the bas i s o f 

C\ve rage r e sponse time, with increasing response time generally 

indicating an increasing level of difficulty encountered by the 

subject in processing . 

7.4.1 Recognition Scores 

The consonant recognition scores obtained for the burst 

duration 1!illl modification test are given in Table 7 . 1. Al 1 the 

four subjects show a reduct ion in scores as SNR is reduced for 

both unmodified stimuli as well as stimuli whose burst duration is 

doubled. For the case of no masking noise, Subjects Sl and S2 show 

near-perfect recognition scores which decrease by about 3'Y. when 

burst duration is doubled. However, the score for Subject S3 shows 

an increase of 8'Y. when burst duration is doubled while Subject S4 

shows perfect identification for both the burst duration 

modifications. 

For the 12 dB 5NR presentation, while Sl and 54 show a 2'Y. and 

4'Y. decrease in score, 52 and 53 show a 12'Y. and l'Y. increase in 

score. For the 6 dB 5NR presentation, while 51, S2, and 53 show a 

4Y., 7'Y., and 8'Y. increase in score, 54 shews a 7'Y. decrease in s cor e 

when burst duration is doubled. 

The recognition scores for the BD modification test, averaged 

across the four subjects, are seen in the last row of Table 7 . 1 

and In the case of no masking noise, the plotted in Fig . 7 . 1 . 

recognition score is unaffected whe n burs t durati o n i s doubl e d . 

For the 12 dB and 6 dB SNR presentations , a ve ry s light inc r ease 

( 1 Y.) in recognition score d Whe n burst duration i s is o bserve 



IJ e 

For he BO es . e re are no a pprec i a e 

consonant coruusions in the no r:.asking noi se case . For h e 12 dB 

SNR case. the consonant confusions are da/ga c22x) for OX BO 

increase with no appreci able confusions f o r oox BO increase . For 

the 6 dB 5NR case. the consonant confusions are ka/ta ( 34X ) , ta/ka 

( 23%) , and ga/da C 23Y. ) for OY. BO increase; and ga/da ( 40Y.) and 

ta/ka (32%) for lOO'l. BO increase . 

The consonant recognition scores for he t est involving 

formant transition duration (FTO) modification are given in 

Table 1 . 2. Al 1 the four subjects exhibit a reduct ion in scores as 

SNR is reduced for all the FTD modifications . For the case of no 

masking noise, subjects 51 and S2 show near-perfect recognition 

scores with their scores decreasing by 3X and 12Y. when FTD s 

doubled, and 54 shows perfect identification . T ." scores f'or S3 

are s 1ight1 y 1 ower and are seen to decrease by 2Y. when FTD is 

doubled . 

For the 12 dB 5NR case, while 51, 52, and 54 show a 3Y., 15% , 

and llY. decrease in scores when transition duration is doubled , 53 

registers a 13Y. increase. For 6 dB 5NR 51 , 52, and 53 show a 16% , 

4X, a.Pd 16% increase respectively for 50% FTD increase and then a 

6X, 9Y., and SY. decrease f'or lOOY. FTD increase . The score for 54 

decreases by 11% as FTD is doubled . 

The recognition scores, averaged across the four subjects, 

for the FTD modif'ication test, are seen in the last row of 

Ta ble 7 2 7 z The score decreases by 3% in . a nd plotted in Fig . · · 

the no rna k · . d by 4X in the 12 dB SNR case when FTD s ing noise case an • 

1 , 5 



l 

iS d o ubled . For he 6 dB SN case , f i s reas~s y X . o ;-

h.-o '''• FTD inc rease and hen fa lls y 4/. f o 100'' FT · 
" , , 

1
• 1 nc ase 

for the FTD mod i fi cat ion es . consonan confusions i e o 

masking noise case include da/ga ( 25/. ) f or 50/. FTD increase and 

da/ga (23/.) for 100/. FTD inc rease . For the 12 dB SNR case , he 

consonant confus i ans are ga/da ( 261. ) and ta/ka ( 23/. ) for ox FTD 

increase; da/ga (43/. ) and ga/da ( 27/. ) for 50/. FTD increase ; and 

da/ga (60%) and la/da ( 40%) f or 100/. FTD increase . For the 6 dB 

SNR case. the consonant confu s ions are ka/ta ( 30%). a/Y.a ( 29% ) . 

and ga/da (22/.) for 0 % FTD inc rease ; da/ga ( 43/. ), ga/da ( 33/. ) , and 

ta/da (22/.) for 50% FTD increase ; and da/ga (54% ), t a/ka ( 49% ), 

and ka/ta (23%) for 100% FTD increase . 

The consonant recogn i lion scores for the voice onset ti me 

(VOT) modification les t are given in Table 7 . 3 . All four subjects 

exhibit a reduction i n scores as 5NR is decreased for al l he VOT 

modifi c ations. For the no masking noise case, while the scores for 

S l, 52, and S4 are near-perfect and decrease by 6%, 9%, and 3% 

whe n VOT is doubled, the score for 53 is seen to increase by 8% 

f or 50% VOT increase and then fall by 10% for 100% VOT i ncrease. 

For the 12 dB SNR case, whl le 51 shows a 6% increase in score as 

VOT is d bl d 52 53 and 54 show a 22%, ?''!. , and 3% decrease OU e , , , 

respectively. For lhe 6 dB SNR c ase, while 51 shows an 8'l. increase 

in score as VOT is doubled , 52 and 53 show a 21% and 7% decrease 

respectively. The score for 54 remains fairly unaffec ted wilh 

increas e in VOT . 

The r ecognition sco r es, 
averaged ac ross the four s ubjects , 

for· 
.he VOT modif ication tesl, i the I ast row of are seen n 

1 c ,. 



7 3 and plotted in Fig . 7 . 3 . 
Table · A 4% decrease in score is seen 

wnen VOT is doubled in the no masking noise case . For the 12 dB 

sNR case, the score falls by 6% and for the 6 dB SNR case it falls 

bY 4% as VOT is doubled. 

for the VOT modification test, there are no appreciable 

consonant confusions in the no masking noise case for all the FTD 

modifications . For the 12 dB SNR case, the consonant confusions 

include da/ga (28%) for 0% VOT increase; and ta/ka (42%) for 50% 

VOT increase. For the 6 dB SNR case, the consonant confusions are 

ka/ta (43%) and ta/ka (30%) for 0% VOT increase; ta/ka (33%) and 

ka/ta (28%) for 50% VOT increase; and pa/ta (23%) and ta/ka (22%) 

for 100% VOT increase. 

The consonant recognition scores obtained for the above three 

tests, averaged across the four subjects, were subjected to the 

paired t-test for statistical significance and tabulated in 

Table 7.4. Scores under various modification levels were compared 

to those with no modification. No significant improvement is 

observed when burst duration is doubled. However, for the FTD 

modification test, a slight improvement in performance (p<0.5) is 

observed as FTD is increased by 50% for the 6 dB SNR case . When 

FTD is increased by 100%, no s ignificant change in performance is 

1U7 

seen for the no masking noise and 6 dB SNR conditions . However, 

there is a slight degradation in performance (p<0.4) in the 

12 dB SNR case. 

For the VOT modification test, there is no significant change 

in Performance when VOT is increased by 50% in both the no masking 

notse as Well as the 6 dB SNR cases. There is a slight degradation 
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P' . wh n VOT is doubled i th n e no masking noise 

n lh 6 dB SNR case no significant c hange in 

s rved . For the 12 dB SNR case, a slightly 

~ - , 1 ~ant egradation in performance (p<0.2) is noted when VOT 5 ........ 

~ 5 5. n.:r ased 50%. However, the level of degradation is seen to 

lx> s i ~ht y ~ r (p 0.4) when VOT is doubled. 

Th results o f the statistical analysis suggest that o f the 

-. ~ee a us ic segmen ts contributing to increased consonant 

d 'rat n in cl ear speech, formant transition duration modification 

•:eds s ightly positi ve results . 

7 . 4. 2 I nf'ormat ion Transmission Analysis 

Inf'ormation transmission analysis results for overall 

infor mat ion transmission as well as for consonant place and 

·oic ing feature c lassifications of the BO modifi cation test 

stimuli are summarized in Table 7 . 5. For the no masking noise 

case, 54 shows perfect overall information tra nsmission for both 

the BO modificat ions . For 51 and S2, the o verall information 

transmitted is near-perfec t and decreases by 4% and 6%, while that 

for 53 is lower and increases by 2% when burst duration is 

doubled. Transmission of place information is seen to increase for 

S • S2, and S3 by 8% , 4%, and 14% when burst duration is doubled . 

Howevever, the transmission of voicing information is found to 

decrease f o r 51, 52, and 53 by'30%, 26%, and 8% respectively . 

Fo r the 12 dB SNR case in the BO modification test, Sl, 53, 

anct S4 show a s ho w a decrease in overall information transmitted 

as Well as transmission of place information when burst duration 

1(J8 
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doubl d . l\o w v e r, lhe voicing information t 
\ S ransmission is found 

by 18% for S1 and 13% for S3 Lo decrease and to increase by 5% for 

for 52, the overal 1 information transmitted as well as 

Lransmiss\on of place and voicing features increase by 13%, 22%, 

and 8% respectively. For the 6 dB SNR case, the overal 1 

\nformatlon transmitted increases for Sl, S2, and 53 by l%, 61., 

and 9% respectively and decreases for S4 by 6%. The transmission 

Of P lace information increases for Sl, 52, and 53 by s~ 14"' d lo, lo, an 

12% respectively and decreases for S4 by 7% when burst duration is 

doubled. The information according to voicing decreases for 51, 

S2, and 54 by 13%, 13%, and 11% respectively and increases for 53 

by 14% . 

T~ relative information transmitted, averaged across the 

four subjects. for the burst duration modification test, are seen 

in the last !"'OW for each feature in Table 7.5 . The overall 

\nforam.tl.on transmitted decreases by 2% in the no masking noise 

case. ~ma.1 ns unchanged in the 12 dB SNR case, and increases by 2% 

in tht- - d!: SNR case . The transmission of place information 

incr~ases by ~ in the no ma-sk.:ing noise case, 2% in the 12 dB SNR 

case, and S~ in the 6 dB SNR case when burst duration is doubled. 

However, t rar.sm.i ss. .. i..on of d b 5 ·'. voicLng information ecreases y h 

1 (, ~) 

in the no Ria.Sking no.!.se case, 3% in the 12 dB SNR case, and 5% in 

the 6 dB SNR case when burst duration is doubled. These results 

are Plotted in Fig . 7.4 . 

lnformat ion trans•ission analysis results for the formant 

tr!lnsiti d lflD) --A~fication test sti~uli are summarized -..... on urat ion ___ lllVU.t 

in Table 7.6 . For Ure no m:asktng noise case, the overall 



informal 100 trans m1 tted decr eases for 5 1, 52, and 53 by 5%, 12%, 

ZX respectively when FTD is doubled while 54 shows 
and 

r -perf ect 
nea 

iruormation transmission. Transmission of place 

1 
nformat ion 1 s seen to decrease for 51, 52, and 53 by 1 lY., 26Y., 

and 4y. respective 1 y and remain perfect for 54 when FTD ls 

doubled . All four subjects exhibit perfect transmission of 

voicing lruormation for the unmodified stimuli as well as the 

stimuli with modified transition duration. 

For the 12 dB 5NR case, the overall iruormat ion transmitted 

increases for 51 and S3 by 2Y. and 19Y. respectively and decreases 

for 52 and 54 by 3% and 4Y. respectively when FTD is doubled . 

Transmiss~on of place informat ion is seen to increase for 51, 52, 

and 53 by 13%, ~. and 33Y. respectively and decrease for 54 by 5% 

when FTD is doubled. Transnrissi.on of voicing information is seen 

to decrease for all four subjects as transition duration is 

increased 

For the E CB SNR case, the overall information transmitted 

1 ncreases f o; 5' ~ and 53 by l-4% and 26% respective 1 y for 50Y. FTD 

increase and t?ler! decreases by 7% and llY. respectively for 100% 

F'TD lncreasie _ Tne overall informa:tion transmitted increases for 52 

by 9X and ~reiii:Se:S for 54 by 2% when FID Ls doubled. Transmission 

of place information increases for Sl, 52. and S4 by 30Y., 15%, and 

3% respectively for 5041. FTD increase and then decreases by SY., 2%, 

and 3•J. 53 h ws an 1 ncrease of h respectively for lOOY. FTD increase. s o 

33Y. i FTD 1 d b 1 d n the transmission of place truonnation when s ou e . 

Transmission of voicing Information is seen to generally decrease 

as transition duration ls Increased. 

110 



The relative i nformat 1 on transmitted 
' averaged across the 

four subjects, for the formant transit ion duration mod if icat ion 

test. a.re seen in the last row for each feature in Table 7 .G. The 

overall information transmitted decreases by 4X in the no masking 

no 1 se case and increases by 3X in the 12 dB SNR case when FTD i 5 

doubled. The overall information transmitted in the 6 dB SNR case 

1 ncreases by 9X for SOX ITD increase and then decreases by 2Y. for 

100X FTD increase. The transmission of place information decreases 

by 10~ in the no masking noise case and increases by 12Y. in the 

12 dB SNR case when FTD is doubled. The transmission of place 

infer-mat ion in the 6 dB SNR case increases by 19Y. for SOY. FTD 

tncrease and then decreases by 2Y. for lOOY. ITO increase. The 

tracsaission of' voicing information is generally perfect in the no 

masking noise case and decreases by 2"r/. in the 12 dB SNR case and 

by 25'X ir. the 6 dB SNR case when FTD ts doubled. These results are 

plo~ted in Fig. 7.5. 

Irlormat..ion t.r:ansmissi.on analysts results f'or the voice onset 

tlae !VaTJ lllJOd.j£ica:t.ion test sti.JDu1-i are summarized in Table 7.7. 

Fer tbe no mask:ing noise case. the overall information transmitted 

~ fer all the f'our subjects as VOT is increased. 

:_-.:n&a!ssion or p1a.ce and vo.icing iniormatlon is also seen to 

~oera.1 ly decJ ease for all t-he f'our subjects as VOT ls increased. 

For the 12 dB SNR case, the overall information transmitted 

increases for 51 by 10~ and decreases for 52, 53, and 54 by 21Y., 

7X ... ...._. • ..&...~n Uln'T ls doubled. Transmission of' place ' -.. .... ax respectively Wiii:; YU& 

lnfor.a.tton lncreases f'or Sl by 13X and decreases for 52, 53, and 

S4 by 3 sx. tn. 13X respectively when VOT ls doubled. 

lll 



mission of voicing information d 
rrans ecreases for al 1 

lhe four 
subJects as VOT is increased. 

for the 6 dB 5NR case, the overal 1 information transmitted 

increases for 51 by 2'Y. and decreases for 52 53 • • and 54 by 17Y., 

16r., and 7'Y. respectively when VOT is doubled. 
Transmission of 

P lace information increases for 51 bv lOY. and d 
.r • ecreases for 52, 

S3, and 54 by 19'Y., 15'Y., and 12Y. respectively when VOT is doubled. 

Transmission of voicing information decreases for all the four 

subjects as VOT is increased . 

The relative information transmitted , averaged across the 

four subjects, for the VOT ·modification test, are seen in the last 

row for each feature in Table 7.7. The overall information 

transal t ted decreases by 10.'Y. in the no masking noise case, 9Y. in 

the 12 dB 5NR case, and 13"/. in the 6 dB SNR case when VOT is 

doubled . Tr-a-.'lSmission of' p1a:ce information decreases by 4Y. in the 

no masking noise case, l3'Y. in the 12 dB SNR case, and lOY. in the 

6 dB SNR case . Transmiss-ton o:f v-0icing tnf'ormation decreases by 

23" i n the no ma.ski ng noise case, 22'Y. in the 12 dB SNR case. and 

32X ln the 5 dB SNR case. These result~ are plotted in Fig. 7 . 6. 

7.C.Jae R~._.,,..11See Ti.me 

The response times for the 

Table 7. 8 for 1 ndi vi dual subjects• 

four subjects . 

three tests are given in 

and also averaged across the 

the response times for the four 
For the fill modification test, 

(improve) when burst 
SUbJects are seen to generally decrease 

dur-atlon is doubled. 

l l'.-2 



for the FTD mod if icat ion test al 1 the four 
subjects show an 

i
ncrease in response time as FTD is increased 

for the no-noise 

case· While 51 and 53 show an improvement in response 
times with 

1 
creasing FTD for the 12 dB and 6 dB SNR case 

n s, 54 shows a slight 

increase in response time. The response t 'me f 
.1. or 52 is seen to 

i mprove with increasing FTD in the 6 dB 5NR case. The response 

time, averaged across the four subjects, is seen to increase in 

the no noise case and decrease in the 12 dB 5NR case when FTD is 

increased . In the 6 dB SNR case, the average response time is seen 

to decrease for 50% FTD increase and remain unaffected thereafter 

for 100% FTD increase. 

For the VOT modification test, the four subjects exhibit a 

general increase in response times with increasing VOT for the 

three noise conditions. 

The response times, averaged across the four subjects were 

subjected to the paired t-test and the results are given in 

Table 7 . 9. For t:he burst duration modification test. no 

sig."tificant changes in response times are observed in the no 

-.sk!ng noise and 12 dB SNR cases when the burst duration is 

R the response time dt>l::bled. Ho.wever, for the 6 dB SN case, 

illproves fairly significantly (p<0.2) 
when burst duration is 

doubled. 

For the formant 
. t· duration modification test, 

trans1 ion 
no 

are observed in both the no 
s1gn1flcanl change in response times 

when the transition duration is 
lllasktng noise and 12 dB SNR cases 

1 ht t mprovement 
l ncre ..... .-.... 6 dB SNR case. a s 1 

g 
-~ However, in the 

the transition duration 
(p<O.S) ln reeponse time is observed when 

11~ 



for 
the voice onset time modification test, the 

response l1 me 

iS seen to increase (p<0.2) in the no masking noise case when VOT 

15 
doubled. A similar situation is observed for the 6 dB SNR case 

toO· 

S CONCLUSIONS 1. 

from the recognition scores and information transmission 

analysis for the no-noise and 12 dB SNR cases, one of the four 

subjects shows an appreciable increase in performance when burst 

duration is doubled. However, at 6 dB SNR, three of the subjects 

show an improvement in performance. This seems to suggest that 

some subjects may find burst duration modification beneficial at 

lower SNRs. 

For the F!D modif'!cat ion test, as SNR is reduced, three of 

the subjects show a general increase in recognition scores as FTD 

1s increased ~o SO~ and then a decrease in scores as FTD is 

increased to ~00~. For the the fourth subject, a falling trend in 

scores is observed as ITO is increased to 50% and then to 100%. 

However, \n!ormation transmission analysis reveals a general 

increase 1n cverall information transmitted as FTD is increased to 

SOY. • Which then decreases when FlD is increased to 100%. This 

suggests that for the stimuli considered here an FlD increase upto 

SOY. \.IOU l d be beneficial beyond which the scores and overall 

1 nfor t 11 d rease ma ion transmisston would genera Y ec · 

For the VOT snodl~lcatton test. the recognition scores as well 

114 



as 
tnformation transmission analysis show a slight benefit i n 

tncreaslng VOT for one subject. As SNR is reduced, the ainount of 

benefit accruing from increased VOT for that subject is seen to 

decrease. However, for the other three subjects the performance is 

seen to generally decrease with increasing var for all the three 

no 1 se cases. 

The average response time is seen to general l y decrease 

(improve) with increase in burst duration and formant transi ti on 

duration. However, with increasing VOT, the average response ti.e 

is seen to generally increase . 

The above results seem to suggest that of the three acoustic 

segments considered here that contribute to increased consonant 

duration in clear speech, formant transit ion duration y i e l ds the 

110st positive results . An FTD increase upto SOY. is seen to i prove 

the performance for all the three subjects. At ower S:ffis . thls 

amount of ITD increase may be combined \J: th burst durat lon 

llOdification and expected to yield better performance . Howeve:- . 

voice onset time does not appear to be a suitable cand i dat e for 

~ification because of the reduct ion in performance seen wi t h 

i ncreasing VOT . 
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E 7 _ 1 Burst duration modification test· c 
rABL _ for different amounts of burst du ·t · .onsonant recogniti on 

res. ra ion (BO) · 
~co for the four subjects. Last row gives th increase and 
~Nl~·tandard deviations, averaged across th fe recog~ilion scores 
and s e our subjects. 

--- -
Consonant recognition scores ( x) 

No masking noise SNR = 12 dB SNR = 6 dB Sub-
jecl BD increase BD increase BD increase 

I 

I ox lOOX ox lOOX ox lOOX 

\ 

I I I 

51 98 94 91 89 73 77 

S2 99 96 82 92 73 80 

53 84 92 83 84 69 77 

54 100 100 93 89 86 79 

Avg 96 96 88 89 77 78 
(SD) ( 7. 3) ( 3. 3) ( 5. 4) ( 4 . 1 ) (7 . 2) ( 1 . 7) 

I I I 

TABLE 7.2 Formant transition duration modification test: 
Consonant recognition scores, for different amounts of formant 
transition duration (FTD) increase and SNRs, for the four 
subjects. Last row gives the recognition scores and standard 
deviations, averaged across the four subjects . 

Consonant recognition scores (X) 
-

Sub- No masking noise SNR = 12 dB SNR = 6 dB 

ject FTD increase FTD increase FTD increase 

ox SOX lOOX ox 50X lOOX ox SOX lOOX 
~ 

I I I I 
I I 

St 99 97 96 87 ~7 84 70 86 80 

s2 99 90 87 88 79 73 69 73 64 

SJ 86 80 84 76 82 89 71 87 82 

S4 100 89 83 78 84 73 73 
99 100 

A"g 83 81 75 79 75 
96 92 93 85 

ISO) ( 6 . 8) ( 7. 1 ) ( 7 . 4) (8 . 0) 

(6 . 9) ( 8 . 4) ( 7. 4) ( 6 . 1) ( 3 . 2) 
I I -..._ ____ 

I I I I -

llG 
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l 

tABLE 7.3 Voice 
--e-:~gnition s cores 
·. -rease and SNRs , 
l~ 

recogni ti on scores 
four subjects . 

-· -

I 

Sub-
No mask i ng 

onset ti me modification test : Consonant 
for different amounts of voice onset time (VOT) 

for the four subject s . Last row g i ves the 
and s t andard deviations, averaged across the 

Consonant recognition scores ( x) 

no i se SNR = 12 dB SNR = 6 dB 

ect VOT increase VOT increase VOT increase 

0% SOX 100% ox SOX lOOX ox SOX lOOX 
I I I I I I 

Sl 99 96 93 86 87 92 73 78 Bl 

S2 ' 93 80 79 59 87 84 92 74 70 
I 

S3 I 83 9 1 81 80 77 73 : 6 69 69 

S4 100 9 9 97 90 8~ 87 81 80 81 

Avg 95 94 91 88 81 82 79 77 75 
( so) ( 7. 6) ( 5 . 2 ) ( 7 . 5) 

\ 

( 5 . 4) ( 5 . 7) ( 10 . 6) ( 3 . 8) ( 5 . 1) (10 . 7) 

I 

~ I 
I I I I 
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r~ .J, 

I 
I 

i 
L. __ - L 

9.i?. ' '.rn 

p;,., cask 1 n g 

r..ois':: 

1 ~ 

Ur., 1!.<:i c:: Id n g 
r.r; i s e 

1~ 

. , 

•:~ :::ask1r.~ 
!°l'J l ~~ 

12 

r, 

- -

Kod1f1~d 

parameter 

BD i ncrease 

() 

100 

0 
100 

0 
100 

FTD increase 

0 
50 

1 r ,,.., 
! V V 

0 
50 

100 

0 
50 

100 

vr:rr increase 

0 
~o 

100 

0 
50 

100 

0 
50 

100 

(7.) 

96 .2 
96 . 4 

88 . 4 
89 . 1 

77 .3 
78 . 4 

(7.) 

96 . 4 
92 . 4 
92 . 8 

85 . 2 
82 . 6 
80 . 7 

75 . 0 
78 . 8 
74 . 5 

( 7.) 

95.4 
94 . 4 
91. 0 

; 

I 87.7 
I 

81. 0 
I 82 . 1 
I 

78 .5 
77 . 3 
74.6 

Test of d1fferenc;l 
SD <two-ta11ed) 

t p 

7 . 3 
3 . 3 0 . 05 NS 

5 . 4 
4. 1 0. 21 NS 

7 . 2 
1. 7 0. 28 NS 

6 . 9 
8 . 4 0.74 <0 . 5 
7 . 4 0 . 71 NS 

6 . 1 
3 . 2 0 . 76 <0.5 
6 . 8 0 . 99 <0.4 

7. 1 
7 . 4 

I 
0.74 <0.5 
0.09 NS 8 . 0 

I 
I 

7 . 6 
I 

5.2 0.22 NS 

7 . 5 0 . 82 <0.5 

5.4 
5 . 7 1. 71 <0.2 

10.6 0 . 94 <() . 4 

3 . 8 
0 .38 NS 5. 1 
0.69 NS 10 . 7 

- ---



5 
Burst duration (BO) modification test: Information 

rASL£.i~s ion analysis for the stops /p, t, k, b, d, g/ in the CV 
t ran5 f the vowel /a/, for the four subjects . Last row for each 
context 

0
gives the relative information transmitted, averaged 

feature · t the four subJeC s . a.cross 

~ I I 

I 

I 

r SNR 
feat ure Sub- I 

ject 

I 

cr.-eral l Sl 
S2 
S3 
54 
Avg 

? !ace ,.. . 
.::; l 

S2 
' 53 
54 

,Avg 

i l o1 cir.g S 1 

1s2 
i S3 :54 

BO 

O'l. 

I 
96 

' 
98 

I 
87 

100 ' 
i 94 
; 

I 92 
I 

' 96 
67 

100 
87 

100 
100 

I 100 
100 

Avg , 100 

Relative information transmitted ( Y.) 

= No noise 

increase 

lOO'l. 

92 
92 
89 

100 
92 

100 
100 

81 
100 
94 

70 
74 
92 

100 
85 

I 
! 

I 
I 
I 
I 

I 
I 
I 

' 

I 

I 
I 
I 
I 

SNR = 12 dB 

BD increase 

O'l. 

86 
77 
79 
85 
80 

76 
57 
66 
78 
68 

100 
92 

100 
91 
94 

lOO'l. 

82 
90 
75 
83 
80 

71 
79 
63 
74 
70 

82 
100 
87 
96 
91 

SNR = 6 dB 

BD 

O'l. 

70 
64 
64 
76 
66 

40 
43 
44 
62 
47 

100 
92 
78 
96 
90 

increase 

lOOY. 

71 
70 
73 
70 
68 

48 
57 
56 
55 
52 

87 
79 
92 
85 
85 

I 
I 

I 

11 ~) 



AS1E 1 . 6 formant transition duration (ITO) modification test: 
~nfor.ation transmission analysis for the stops /p, t, k, b, d, g/ 
. n the CV context of the vowel /a/, for the four subjects. Last 
~"' for each feature gives the relative information transmitted, 

.-..oed across the four subjects. ave. ""'C> 

I 
I 
\
Sub-
ject 

' Feature 
ITO increase 

SNR = No noise 

Relative information transmitted (X) 

SNR = 12 dB l SNR = 6 dB 

ITD increase I FTD increase 

I ox sox ioox ox sox ioox ox sox ioox i 
'1--~~~'~~-+-~~~~~~~~+-~~~~~~--+~~~~~~___J 

\ I I 

Overall 

I 
ls1 \ 98 

\~ \\ :~ 
\54 100 
lAvg 1 93 

94 
89 
BS 
97 
89 

93 
86 
83 

100 
89 

79 
82 
67 
83 
76 

82 
78 
83 
75 
TT 

Bl 
79 
86 
79 
79 

62 
66 

I 62 

I 

76 
63 

76 
71 
88 
73 
72 

69 
75 
77 ' 
14 I 
70 I 

iPlace 

\ I 
I 

\s1 1·. 96 
j S2 I 96 

85 
70 
61 

31 
42 ~~ I 

72 I 

' l S3 \ 6S 
i54 l 100 

92 
7S 
S9 
95 
78 

100 
TT 

62 
68 
44 
73 
61 

70 
66 
66 
71 
68 

7S 
74 
78 
68 
73 

I 39 
61 

61 
57 
70 
64 
60 

61 \ 

L 

\Avg 1 frT 

i I 
iSl . 

!~ \lE 
\54 100 
\ Avg 100 
i 

92 
100 
100 
100 
98 

100 
100 
100 
100 
100 

92 
92 
92 
95 
92 

92 
78 
92 
66 
78 

70 
48 
84 
68 
65 

41 

87 
87 
82 
95 
87 

87 
74 

100 
65 
76 

58 i 
i 

70 
S3 
67 
63 
62 

I 

1 20 



TABLE 7. 7 Voice onset time (VOT) modification test: Information 
transmission analysis for the stops /p, t, k, b, d, g/ in the CV 
context of the vowel /a/, for the four subjects. Last row for each 
feature gives the relative information transmitted, averaged 
across the four subjects . 

Relative information transmitted (%) 

Sub-
SNR = No noise 

Feature 
SNR = 12 dB SNR = 6 dB 

ject VOT increase VOT increase VOT increase 

OY. 50% lOOY. OY. SOY. lOOY. 0% 50% lOOY. 

Overall 151 98 91 90 78 86 88 70 70 72 
52 89 82 76 I 86 67 65 75 67 58 

\53 87 88 78 71 67 64 74 55 58 
54 100 97 94 85 74 77 75 71 68 
Avg I 92 88 82 ' 79 70 70 71 64 58 

Place Sl 1 ~ 88 88 63 68 76 40 46 50 

I ~ 
67 75 76 50 40 56 51 37 

\ 66 79 65 59 49 47 50 34 35 
j54 100 100 95 75 56 62 58 48 46 

I I Avg 84 84 80 68 53 55 49 44 39 

Voicing ls1 100 92 87 92 92 87 100 92 87 

152 100 92 67 I 100 74 61 92 79 49 
I 153 1100 92 67 79 74 41 100 57 36 
I 

I 
54 I 100 91 84 100 93 91 96 96 82 

Avg 1100 92 77 93 85 71 96 82 64 

i 



·tut·l\t \ t ll\ mo d l r \ c: n.l \on lm~ t.: , \hind • 
(I\ I 

St 

~ 

S:l 

54 

Avg 

SNH "" No ~o 1 

UU inc r ease • 

s e 

l)'Y. 

t. :m 
(0. lH 3 ) 

t. 66 
( 0 . l 4) 

2 .49 
(0.08) 

t. 59 
(0 . 03) 

1. 78 
(0. 49) 

100 Y. 

1. 
(0. 

1 . 
(0. 

2. 
( 0 . 

~ 1 

l 2 ) 

48 
09) 

41 
OG) 

52 1. 
( 0 . l l ) 

1 
( 0 

.73 

.45) 

Hespons c time (sec) - --
SNR • 12 dB -
DD increase 

OY. lOOY. - - I 

1. 86 1. 61 
(0 . 23) ( 0. 16) 

2.01 1. 92 
(0.07) (0.08) 

2 . 58 2.87 
(0.26) (0 . 35) 

2.26 2. 15 
(0 . 32) (0 . 31) 

2.18 2.14 
(0.32) (0 . 54) 

d~ vl a.U onJ-; ) f o r t he 
Frw manl l r ans 1t1 o n 

---
SNR = 6 dB 

BO increase 

OY. lOOY. 
I 

2 . 15 1. 82 
( 0. 24) (0 . 23) 

2.35 1. 87 
(0.46) (0.28) 

3.40 2 . 60 
(1.26) (0 . 20) 

2 . 56 2 . 46 
(0 . 25) ( 0. 32) 

2.62 2 . 19 
(0 . 55) (0 . 40) 

lb) Formant transition duration modification test : 

I ~ ' SNR = 
Response time (sec) 

No noise SNR = 12 dB SNR = 6 dB l 

FlD increase FTD increase F'TD increase 
I 

! o~ SOY. 100Y. OY. SOY. 100Y. O'Y. SOY. 1 OOY. I I l I I I I 
1sl 1 

1. 35 
1. 65 2.01 1. 77 1. 93 

' I I • 39 
1. 50 1. 84 1. 78 I I <o. 2 81 ( 0 . 04) (0 . 13) (0 . 03) (0 . 06) ( 0. l 3) (0.17) (0.08) (0 . 231 : ~ l 1. 57 1. 65 1 . 77 1. 65 1. 89 1 . 78 2 . 25 1. 90 1. 94 I ' <0.241 

(0 . 19) (0 . 30) (0 . 10) (0 . 14) ( 0. l 7) (0.58) (0 . 21) (0 . 28) 
I 

~ 2. ss 2.56 2 . 62 2 . 86 2 . 40 2 . 30 2 . 86 2 . 60 2 . 40 (0 . 20, 
(0 . 39) <0.211 (0 . 27) (0.08) (0 . 05) (0.36) (0.15) (0 . 0SI s 1. 44 

2 . 40 2 . 32 2 . 41 2 . 41 
4 1. 57 1. 66 2 . 12 2 . 24 <0 . 04, 

10 . 0R) (0.10) (0 . 36) (0.46) (0.38) (0 . 38) (0 . 60) (0.25) 4 1. 74 
2.36 2 . 17 2.17 " 1. 78 1.89 2.12 2.08 2.03 9 <o . ss, 

I0 . 63) 
(0.29) (0.37) (0.36) (0 . 40) (0 . 271 (0 . 50) (0 . 53) - I 

I 
I I I I 

Table 7.8 cont.·· 



8 cont 
r.able 1. 

·· onset time modification test: 
l ) \loice c 

.--: Response time (sec) 
5 
u ~ No noise SNR = 12 dB b 
j SNR = 
e VOT increase c VOT increase l 

0% 50% 100% 0% 50% 100% 
I I I -- I 

t.39 1. 83 1. 79 1. 84 2.10 1. 83 
5 
1 (0.28) (0.26) (0 . 03) (0 . 09) (0.04) (0 . 13) 

5 1. 72 2.54 2.60 2 . 49 2.45 2.28 
2 (0 . 18) (0.17) ( 0. 62) (0 . 56) (0.32) (0 . 29) 

5 2.17 2.36 2.54 2.58 2.77 2. 74 
3 (0.39) (0.14) (0 . 16) (0.13) (0 . 12) (0.45) 

5 1.32 1. 57 1. 88 1.88 2.27 2.21 
' (0.05) (0.05) {0.33) (0.23) (0.29) {0.20) 

A 1.65 2.07 2.20 2 . 20 2.40 2.27 
v 

(0.39) {0.45) (0.43) q (0 . 39) (0 . 29) {0.37) 

I I I I 

SNR = 6 dB 

VOT increase 

0% 50% 100% 
I l 

2. 15 2. 10 2.06 
(0 . 24) (0.36) (0 . 26) 

2.22 2 . 24 2. 68 
(0.08) (0.22) (0 . 32) 

2.49 2. 61 2. 51 
(0.08) (0.12) (0 .14) 

2.07 2.34 2. 32 
{0.16) (0 . 31) ( o . 21) 

2.23 2.32 2.39 
(0.19) (0 . 22) (0.27) 

I I 
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Paired t-test significance levels of response 

TABLE · Table 7. 8 for the three tests, averaged across 5

ecl of (SD• Burst duration; ~D, Formant transition subjcctsi . onset time) . N=4. VOT: Vo ce 

FTD No masking 
noise 

12 

6 

! 

I 

VOT No mas k 1 ne 
noise 

12 

6 

ti mes (in 
the four 
duration; 

L_JL. ___ j_~_J_~~--~-

9 
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No mo1kl11q nol1e 

SNR - 12 dO 
SNR - 6 dB 

, 
~ 

., 
"-
0 
0 
Cl) 

50 
c. 
0 
~ ·c: 
Ol 
0 
0 
t.I 

a:: 

0 
100 0 100 

BO increase (sg) 
0 100 

FIG. 7. 1 BO modification test: Percentage recognition score 
versus burst duration increase averaged across lhe four subjects. 

100 
No masking noise SNR - 12 dB SNR - 6 dB 

.........._ 

~ 
Cl.> 
I.. 
0 
0 
Cll 

c 50 
0 

'..J ·c: 
°' 0 
0 
Cl.> 

a:: 

0 
0 50 100 0 50 100 0 50 100 

FTD increase (~) 

FIG 7 2 FTD dT ation test: Percentage recognition score 
V • • f tmto 

1 '~t.on duration increase averaged across the ersus orman rans1 1 
four subjects. 



100 

No masking noise SNR • 12 dB SNR - 6 dB 

,-... 

~ ., 
.... 
0 
l) 
en 

50 
c 
0 
~ ·c 
C1' 
0 
l) 
I) 

et: 

0 
0 50 100 0 50 100 0 50 100 

VOT increase (•) 

FIG. 7 . .3 VOT modification test: Percentage recognition score 
versus voice onset time increase averaged across the four 
subjects. 
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~:~~ 7
.4 BO modification test: The relative information tronsmi~ted .about 

for ~· and voicing features plotted as a function of burst d';Jrot1on increase 
•fferent SNRs. (Data points are connected by straight hne) 
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FIG. 7 .5 FTD modification test: The relative information transmitted about 
place and voicing features plotted as a function of formant transition duration 
increase for different SNRs . (Dalo points ore connected by straight line) 
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CHAPTER 8 

CONCLUSIONS 

y!(fRODUCTION 
s.1 

A promising scheme for enhancing the speech signal is based 

of speaking clearly for the hearing impaired. Studies 
Studies on 

differences between "clear" speech and "conversational" 
of the 

have identified certain consistent acoustic modifications 
5peech 

Speech signal in clear speech. Two characteristics of clear 
of the 

(intelligible) speech, namely consonant-to-vowel (C/V) intensity 

ratio and consonant duration, have been chosen for evaluation in 

the present study. 

A few studies reported in the 1 i terature have evaluated the 

intelligibility of natural speech artificially transformed to 

clear speech by altering either one or both of the above acoustic 

parameters. While all the studies reported improvement in C/V 

intensity ratio mod if icat ion, the effect of increasing consonantal 

duration has been equivocal. This may have been because the 

acoustic subsegments associated with consonant phonemes increase 

ln a nonun1 form manner and such changes cannot be aptly simulated 

by 111ere1y 
replicating portions of the phonemic subsegments in 

order- t 0 
extend consonantal duration. \.That is called for is some 

inethod 
Whereby the effects, on perception, of increasing the 

d1Jr- t a ion of 
each acoustic segment independently can be monitored. 

ihis can be 
St\ld 

'I, a 
modified form of th i r the software based formant syn es ze . 

achieved by using synthesized speech material. In this 



----·-
l56l 

. rnu l i . 
stl 

s modifications can be 
variou 

synthesis parameters . 
the 

used to generate the test 

introduced by appropriately 

Thus emphasis on various 
tering 

3 segments can be altered independently. 
icoust iC 

interest to study which 
It 

of particular phonemic 

ur
es would be aided in perception by the processing and 

feat 
it would have any adverse effect on the perception of the 

whether 

anving vowels. Hence, it was decided to conduct experiments 
3ccomP J 

losed-set CV and VC syllables. 
on c 

Realizing the attendant difficulties in carrying out such a 

study on subjects with sensorineural hearing impairment, the 

experlments were carried out on normal-hearing subjects with 

hearing impairment being simulated by presenting the sounds in a 

background of flat-spectrum noise. This simulates a moderate 

sensorineural loss, the extent of which can be control led by 

varying the levels of background noise. 

A PC-based test environment was created for: ( i) test 

administration, (ii) acquisition of data, (iii) data analysis and 

various modes of graphical presentation - all of which should be 

of use in future perception studies. 

The results obtained from the experiments on C/V intensity 

ratio 
modification and consonant duration modification are 

sUrnina.rized in the 
following sections. 

a. '2 F:X 
PtRIMENTs ON C/V INTENSITY RATIO MODIFICATION 

ihe e 
r Xperiments involving consonant-to-vowel intensity ratio 
CVR) 

~Od\ficat\on CV9 VC9 CVS 
were divided into four test sets : • ' 

l 



The CV~l 
yC6 · 

l\tld Vl:U t ll ! l !I \ IW O I Vo d lhc lh 
ree unvoiced 

k l \ n l lw CV 1\1\d VC ·onle xl s re 
s t p 

/p, l. 
oants 

onso 
c I s / <.1 \ , u / . 

spectively of the 

Th• CVG und VC6 l ests i 
nvolved the s ix vo\./C ' 

f
dioal 

ca ,, b, d, g/ \n ls /p, L, "'• consonan 
the 

5toP 

cell ve l y 
resP 

of Lhe vo we l 

CV and VC context s 

la/. F ive ve rsions of each 
stimulus ,,.ere 

thes\zed, one w\lh no mod\flcation and the other four with CVR 
syo 
modificat\on of +3, +6, +9, and +12 dB. To simulate hearing 

t each stimulus was mixed with synthesized broadband 
impatrmen ' 

under three SNR conditions: no masking noise, and masking 
noise 

noise with 12 dB SNR and 6 dB SNR. 

The consonant recognition scores obtained for all the four 

tests show no significant changes when the C/V ratio is increased 

in the no masking noise case . However, in the presence of masking 

broadband noise, the recognition scores are seen to improve 

signiflcantly with increasing CVR for all the tests. Another 

important finding is that the scores for stops in the 

syllable-final position (VC) are seen to be higher than those for 

stops in the syllable-initial (CV) position for all the CYRs. 

These results have also been borne out by statistical analysis . 

The pattern of confusions in the identification of place of 

articulation remains generally unaffected for all the CYR 

modifications in all the four tests . Since increase in CYR has 

been seen to be more effective in bringing down the overall level 

of conr the CY 
Uslons in the VC context as compared to that in 

context 
' it appears 

Of the 
consonant 

rna.s k. l ng . 

es forward masking 
that increasing CVR suppress 

th backward 
by the vowel more effectively an 

1 .-.) 
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r r nlll 11111 / I 11/ / 11p / ·o iil'u~ \ omi whl ·h \r1c ro nRo tl In s ve r· \ly f o r 

1·v11 11111d I t'l l· n I I O l1 l1 . Thuh , lh poss \ b I I I l y o f vowe l 

I 11 n1111I hr>I ' I' tl t o r· Lhu l 
I I 11\ 

fl ll \Oil I c ould e ol u I Im l l on lhe a mount. 

,,f t ·v11 mn ti \ I' I <·I\ L \ n 11 l hnL muy b U9od . In e xpe rime nt s wl t.h 

, · \P i1•1l - 11n l rd. \ mu I I , l hl e I \ml l ll.8 We I I us lhe s pecl flc vowe 1 

1
.,,,,r 11 i1 u m1 rnuy d n po 11d upo n the l es l s el Involve d. 

1111'01·m1\ l \ u 11 l.nrns ml i:;s \on analysis results for the CV9 and VC9 

1,, 11 t u t~ hnw l llltl l>o lh ovo rul l lnformallon transmitted as wel 1 as 

lr" 111 1 m\ m~ l o 11 or co ns onu.nl feature increases appreciably w1 th 

111c: n 1\UlllH CVH f o r ul l the SNRs . Howe ver, the uveral 1 Information 

tr1rnumlll e d us wu l l U H lruns ml ss lon of place feature Is seen to be 

HUpurlor In Lhc VC c ontext as c ompared to those In the CV context. 

Thu lnfor·mu llon Lruns ml ss lon of vowel feature for the two tests ls 

Ht.Hill lo be near-po rfoc l for the no masking noise and 12 dB SNR 

condll\ons with u s light de crease for the 6 dB SNR condition . 

I nl'ormall on trans ml ss Ion analys ls results for the CVS and VC6 

les l s show near-pe rfect. transm1 ss I on of overal 1 1nformat.1 on as 

we ll as Informa tion transmitted with respect. to place and voicing 

feature s for the no masking noise case . For the 12 dB and 6 dB SNR 

cas es , lhe Information transmitted with respect to all the three 

features ls found t.o increase appreciably with increase in CVR 

mod\ fl cut Ion. 

The res ults of the information transmission analysis for CV6 

•lnd VCG tes t s furthe r r e veal that the information transmlt.ted 

Ubout pl ace f e ature l s s uperior In lhe VC cont.ext. over that in the 

rv 
· i:ontexl. llowove r, the tra ns mission of voicing informallon \s 

l:i 1 



in the cv context over that in the vc context . 
perior 

50 .,.verage response ti mes for all the fou t "'" r ests do not rne 
S

how any deterioration and 
to 

in some cases appear to 
appear 

quicker response by the subjects for increasing values 
indicate a 

C
VR modification . This has also been borne out by statistical 

of 
f the results. 

analysis o 

These set of experiments were done to study the effect of 

increasing CVR on stop consonants from three different 

view-points: recognition score, amount of information transmitted 

on the basis of feature classification, and the average response 

time . As seen from the above study, increasing CVR had a positive 

impact in al 1 the cases. A CVR mod if icat ion of upto about 10 dB 

may be used without any adverse effect on vowel recognition for 

the test stimuli considered here. 

8.3 EXPERIMENTS ON CONSONANT DURATION MODIFICATION 

The experiments involving consonant duration modification 

were performed to study the effect on percept ion of altering the 

duration of each of the acoustic segments that constitute the 

Phoneme. Stop consonants /p, t, k, b, d, g/ in the CV context of 

the vowel /a./ t 1 · d were chosen as the stimuli to separa e Y cons1 er 

lhe effect ' BO ) of modifying the following: burst duration \ · 

for111ant 
transition duration (FTD), and voice onset time lVOT ). 

For the BD modification test in the no masking no ise and 

12 dB SNR 
cases one of the four subjects shows an apprec iable 

increase 
in perf d ti 1·s doubled . Howeve r. ormance when burst ura on 

SNR • three of the subjects show an improve ment i n 



l 

, r :sance . Th is s uggests that so~..e s ub j e c ts may find burst 
;,er • 

rr.od1f1cation beneficia l a t lower SURs . 
; ·_r a t on 

f or the ITO modification test, as SUR is reduced, three of 

5 
bjects show a general increase in recogn i tion scores as FTD 

·. r.e 

:s : ncreased to 50% and then a decrease in scores as FTD is 

:nc;eased to 100%. For the the fourth subject , a falling trend in 

5~ores 
is observed as FTD is increased to SOX and then to 100%. 

information transmission analysis reveals a general 

:~crease in overall information transmitted as FTD is increased to 

:: 'l. .,,,.hich then decreases when FTD is increased to 100% . This 

suggests that for the stimuli considered here an FTD increase upto 

50% .... ould be beneficial beyond which the scores and overall 

i nformation transmission would generally decrease . 

For the VOT modification test, the recognition scores as well 

as information transmission analysis show a slight benefit in 

increasing VOT for one subject. As SNR is reduced, the amount of 

benefit accruing from increased VOT for that subject is seen to 

decrease. However, for the other three subjects the performance is 

seen to general 1 y decrease with 1ncreas1 ng VOT for all the three 

no 1 se cases. 

The average response time is seen to generally decrease 

i:nprove) with increase in burst duration and formant transition 

r:l ration. However, with increasing VOT, the average response time 

1s 
seen to generally increase. 

The above results have also been verified by statistical 

ana lys\ s. Thus, of the three acoustic segments considered here 

··hd. t i 1 
contribute to increased consonant duration n c ear speec h, 

1~3 



formant transition duration yields the most positive results . An 

rro increase upto 5oY. is seen to improve the performance for al 1 

the three subjects. At lower SNRs, this amount of FTD increase may 

be combined with burst duration modification and expected to yield 

better performance. However, voice onset time does not appear to 

be a suitable candidate for modification. 

a.4 C/V INTENSITY RATIO (CVR) MODIFICATION VERSUS CONSONANT 

DURATION (CD) MODIFICATION 

The above results have shown that increasing CVR does improve 

recognition scores. Some vowel confusions are observed in the VC 

context at higher CVRs, but as long as CVR modification is 

restricted to about 10 dB, there is no adverse effect on the 

recognition of vowels . The information transmitted on the basis of 

feature classification, as well as the average response times were 

found to improve with increasing CVR. 

For the CD modification experiments, the acoustic segments 

that constitute the consonant phonemes were altered in duration 

separately to study their individual effects . The results suggest 

that at higher noise levels, a formant transition duration 

modification of upto about 50% may be combined with burst duration 

modification and expected to yield better performance . Voice onset 

lime (VOT) does not appear to be a suitable parameter for 

mod "f · VOT 1 ication as performance decreased with increasing · 



s.s 
slJGGESTIONS FOR Ftrnnu: VORK 

AS summarized in the previous 
section, the present study has 

.... bl ished that consonant-to-vowel 
t? S " .,. intensity ratio mod i fication 

and. to a lesser extent, modification in formant transition 

duration would improve speech perception. This study was done 

usin& nonsense CV and VC syllables as test material and subjects 

•ith simulated sensorineural impairment . In order to further 

eva l uate the effectiveness of this approach, work shou l d be 

~arri ed out on building a speech processor and conduc t ing 

experi ments on subjects with hearing impairment . 

In the earlier studies reported , the modifications have been 

done on natural speech by visual inspection of t he digitized 

~~veform, intensity envelope , and spectrogram. C/ V ratio was 

altered by modifying the intensity envelope . The consonant 

duration was increased by merely replicating smal l ti me sect io ns 

within the consonantal subsegments. This canno t be expected to 

reflect the actual changes associated with acoustic segments . I n 

:h is study, a speech synthesizer has been used for generating the 

~ est stimuli. and the parameters were modified during t he 

synthesis stage . 

In building a speech processor, an analysis / synthesis 

approach would possibly have to be adopted in which the subsegment 

boundaries can be identified and the subsegments resynthes ized 

aft er appropriate modifications . It is obvious that th i s 

ana l ys i s/synthesis approach would require a processing time delay 

extend ing subsegment dura t ions . l t has been 
over s e veral 

r. r-ev i ous l y f o r speec h process ing f or cochlear 
sho "Wn tha t 



t hcses, de\ ays of up to about \ 20 ms \ n the speech proc c s \ ne 
pr,1s 

··t\mu\us encod\ng should not \n\.erfere w\\.h the benefits of 
;\"'' " 

rv s\gnal \n aud\ov\sual comprehens\on of connected speec h 
.)\.IJ\ tO J 

Hence, \n the present case, the segmentat \on, feature 
l 'I tl \ · 

·s\f\ca.t\on, 
.;\a~ 

and speech 

\ ted ~\th\n th\s t\me . 
..:•JmP e 

enhancement processes should 

l ·>G 



APPENDIX A 

SPECTROGRAPHIC ANALYSIS OF SPEECH WAVEFORMS 

1 INTRODUCTION A. 

The analysis of speech signals involve measurements of (al 

temporal features, (b) spectral features, and (c) parameters of 

some model of lhe speech production system (58). The lime varying 

spectral characteristics of speech are traditionally displayed a s 

"spectrogram", which ls a two-dimensional pattern wl th the 

horizontal and vertical axes corresponding to time and frequency 

respect! ve 1 y and the darkness of the pat tern represent! ng the 

signal energy (59). A pascal program SPG was developed for 

displaying the spectral content of dynamic signals l lke those 

associated with speech, underwater sounds, and biome dical 

phenomena [ 601 . 

A.2 SPECTROGRAPHIC ANALYSIS 

Among the various methods of spectrogram general ion, one 

convenient method is lo compute the short-time Fourier transform 

(STFT) (58] from the sampled waveform as given by : 

\./here 

( N/2)-1 

X(n,k) [ w(m) . x(n-m) . 
- J2Trkm/N 

e 
m=- ( N/2) 

n represents the discrete-time axis, 

(A . 1 ) 

k lhe discre t e 

frequency axis, and N the discrete Fourier transform (Dtr) size . 

The di laying the STrT magnllude . The spectrogram is obtained by sp 

a is an L-poinl Hamming window. The DFT nal Ys is window used, w( m). 

' .._, 
') ' 



S
ize, N. used is 512 points. 1 n order 1.o have t.he same number· of 

spectral samples for different values of 
l, lhe sequence of lenRlh 

L i 5 padded with zeroes lo make i l f 
0 I englh N before perform i np, 

the OFT · 

Traditional spectrograms have either a good lime t'esolution 

or a good frequency resolution, bolh of which may exhibit certain 

characteristic features . The choice of window durallon trades off 

time and frequency resolution 196). In speech analysis, wideband 

and narrowband spectrograms are obtained using filter banwldths of 

300 Hz and 45 Hz respectively. With speech digitized at 10 K 

samples/s, and with the use of Hamming window in the analysis, the 

corresponding window lengths are about 4 ms CL = 43 samples) and 

about 30 ms (L = 289 samples) respectively. 

A.3 COMBINED SPECTROGRAM 

Methods have been reported for obtaining a spectrogram- Ii ke 

representation with good time and frequency resolullon available 

in a single display simultaneously (97). Most of these methods are 

computationally intensive and the resulting displays are also 

difficult to interpret . In one of the simpler methods for 

preserving the features of both wideband and narrowband 

spectrograms [ 98). a "combined II spectrogram xcb is obtained by 

evaluating the geometric mean of the wideband spectrogram Xwb and 

narrowband t X The geometric mean operation preserves spec rogram nb · 

the lighter levels of each of the two spectrograms and hence both 

th l features remain visible In the e horizontal and vertlca 

combined spectrogram . . 



nu:: SPFCTHOGRAM PROGRAM 

l(l add\lion lo the facility for displaying 
spec tro grams with 

n t spectral resolutions, 
d\ ff e re . . the program SPG al so incorporat e s 

. ed spec trogram display (61] . The 
combl n spectrogram is displaye d by 

us in& a VGA card wi lh 16 slmul taneous colours and 640x480 s c ree n 

resolution and a monochrome monitor . The spectrogram is soo pixel s 

wide, allowing a display of 500 overlapping frames, independent of 

segment length. It is 256 pixels high . The display also includes a 

grey-scale plot, vertical axis calibration, time-waveform, cursor 

readouts, and user directives. 

The digitized data file is created using a data acquisition 

card . The first entry in the file should be the number of samples 

and this is followed by the signal samples in consecutive lines . 

The time-waveform is first displayed and the user can select t.he 

segment of interest using cursors . The program ..., i ndows and then 

pre-emphasizes the selected segment to lower the dynamic range 

requirement . The STFT is calculated via the fast Fourier transform 

lFFT) · The log magnitude in dB is computed and the spectral 

information for the frame is displayed by 2S6 vertical pixels 

above the trailing edge of the time window . The above procedure is 

repeated for a new cross-section within the selected segment by 

sh i fl i ng the . d i t 1 win ow appropr a e y . The amount of this sh i ft is 

obtained such that the spectral 
d ' to 500 information correspon ing 

cross-sect l ons displayed . The display shows log 
ls ultimately 

lllagn1 tude (y-axis) for the 
as a function of frequenc y 

li111e d The m~wp i ng shows h igh 
- uratlon (x-axis) of the waveform . 

• 



spectral magnitude 
intermediate 

in 
black, as 

magnitude levels 

5
"'a.des of grey and absense of s i . f 1 " gni cant magnitude as white . The 

Program allows user set values for maximum and 
minimum magnitudes 

so that the dynamic range of the display can be adjusted . Time and 

frequency cursors are provided whereby readouts of the STFT log 

magnitude versus frequency at any selected time position can be 

obtained. In addition, the formant tracks obtained from the 

display for natural utterances can be used as supplementary 

information for generating the corresponding synthetic stimuli . 

The spectrographic analysis has been subsequently implemented 

by Baragi & Prasad l 102, 103] using a DSP board with Tl/TMS 320C25 

processor interfaced to the PC bus. The signal can be acquired 

using the A/D converter of the DSP board or previously digit 1 zed 

signal files can be used . The FFT analysis part is handled by the 

DSP board while the PC hardware is used for user interface and 

display operations. This has significantly improved the analysis 

speed. This program also provides facility for capturing the 

di.splay screen as bit map for storage and printing on a laser 

printer after its conversion to postscript format. Hardcopies of 

the spectrograms in this study were obtained using this system. 
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APPEr-l>IX c 
HARDWARE 00 SOFTWARE FOR EXPERIMENT CONTROL 

C.1 INTROCMX;TION 

The ai m of t he experiments was to evaluate the effect of 

~crtai n s peech processing schemes on the perception of s l op 

- nsonants by normal-hearing subjects with simulated heari ng 

pa i rment . The stimuli were to be presented to each subject over 

a headphone in a randomized order with certain uniformity 

constraints. Manual administration of the tests has the problem 

that stimulus items have to be recorded in a number of 

randomization lists . Hence a computerized test administration 

systera has been developed in order to automate the process . The 

details of the hardware and software for signal handling and 

control of ex periments are presented below. 

C.2 HARDYARE FOR SIGNAL HANDLING 

The system was developed for an IBM-PC . Peripherals included 

a terminal connec ted to the asynchronous serial port (RS-232) and 

a PC-based data acquisition card PCL-208 (from Dynalog Hier 

Systems, Bombay) . The terminal was used for displayi ng the 

response choices on its screen and for obtaining subjec t r esponses 

from its keyboard . 

Some of the impo r tant features of the data acquisiti on ca r d 

are : 

1 I Swll cll s el ec tabl e 16 single e nded or 8 diffe r e nti a l AI U 
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~JI;.~ : : : '=~ ~ :a-: i : ·- 'J l :- driving an headphone . · oudspeaker or 

r:. 3 CONmOL Of EXPERl KEXTS 

eac ezper _nta run. the st iaul · were presented in a 

w· th certa · n unifor9i ty constra · nts . For n 



Its 

5 : i ulus an . e s N presentati ns in an 

~· ... r.s traints are as f w'S 8 ) · 

era nifor ity _ Ea h item should tx- present ed Ni n tim s . 

Short - r~ noe uni fo ... i· t '-.- - An - t h t d "" 
-"'<> • -' i em s ould no t ~ presen e mor,. 

than t !1.ree ti mes conse cutively . 

..: 1 M!d-ra~ge unifor ity . In conse utive presentations. a ny 

. e s hould not occur more than J / n+2 times . 

:=-or eac h presentation of the test i tern. the subject had to 

r espond l guess, if necessary) from the list of choices consisting 

cf al 1 the items in the test set . In order to avoid any bias in 

responses due to the order in which response choices are provided 

to the subject, the order of items in the response list and the 

positions of the correct responses were randomized with uniformity 

constraints similar to the ones given above . 

The FORTRAN program TLI ST [ 7f: 1 was used for generating a 

randomized test list for presenting test stimuli in the 

experiment. The program reads the input information from a file 

LIST.DAT in the following format: 

Number of test stimuli n l~ 12), 

Number o i· presentations N l~ 60). 

Two line title for the experiment, 

Test item names (each name may be up to six characters, on 

separate lines} . 

The program outputs a file SLIST. DAT which wi 11 be used by the 

computerized test administration program. CTA. The stimulus and 

response items are referred to by order number. The list contains 

r· ') 1 d •-



ll ic it em lo be presented as W\~ 11 as the ord"'.I' - h " h 
, _ l n w \ c response 

choices should be displayed . 

A sc.hcmalic of lhc experimental set-up was shown in F\g . ~ . 1. 

The program for cont.rolling the exper\ment.s, CTA, is linked lo an 

assembler· roul ine DA. ASH for conlrol ling the DIA converter. The 

signal samples for st.imul\ \n lhe test. set are stored in separate 

file~ in random binary format.. There can be up to 12 items in each 

experimental run, and lhe individual it.ems can be uplo 20K samples 

long . The program performs lhe following lasks : 

1) display messages regarding the stimuli and procedure to the 

the subject, 

2) present the stimuli, record the subject response and the 

response time, display the scores, etc, 

3) r-ecord the scores as a confusion matr-ix, display and stor-e 

the test data for further analysis. 

The lest infor-malion to the program CTA is provided in a file 

SIGFIL.DAT in the following format : 

Sampling frequency in Hz, 

Number of items in the test set, 

Names of test i terns (to be displayed to the subject as 

response choices), 

Names of data files containing signal samples for the 

stimul L 

The information about test presentation ls provided in a file 

SLIST.DAT which is generated by the program TLIST as described 

earlier. 



Beforr. each presentation, choices are displayed on the 

subject screen. Each response corresponds to a key on the terminal 

keyboard . The signal data are read from the file. lhe subject is 

alerted with a "listen" message on his screen. and presented with 

Lhe signal over the headphone. The subject has to respond by 

hitting an appropriate key . There is no timing out, i.e.. the 

subject must respond for the test to proceed. The response is 

matched wilh the correct one and is automatically scored . The lime 

taken by the subject in responding is also recorded. The test can 

be administered with a feedback to the subject by indicating the 

correct responses or without any such feedback. Usually, the 

feedback mode is used in the practice sessions and the test data 

are collected in the no-feedback mode. 

As the test progresses, the PC monitor (not the subject 

screen) gives an update of the keys being hit by the subject, the 

time taken, cumulative scores, etc. If an invalid key is hit, t .a.t 

particular presentation is deleted from the responses. The test 

results are stored in a file sssnn_aa, where sss is the subject 

identification, nn the test number, and aa the .attempt number for 

the experimental condition. The format of the stored results is as 

under: 

Number of test items, number of presentations, 

Confusion matrix, 

Test number_attempt number, subject and test identification, 

Date and time of test, 

N be f ntal 1. ons number of valid responses, percent 
um r o prese • 

score, 
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Minimum, maximum, mean, and standard deviation of response 

time in sec, total time of the test in minutes . 

The confusion matrix results for a \.es\. set from several 

tests for one or more subjects can be comb\ ned into a singl e 

matrix by using the program CUMMAT . 



APPENDIX 0 

ANALYSIS OF CONFUSION MATRICES 

D.1 IKrRODUCTION 

A brief description of lhe programs used for Lhe analysi s of 

confusion matrices is given below. The results of a sampl e 

analysis are also presented. 

D.2 PROGRAM FOR RECOGNITION SCORES AND INFORMATION TRANSMISSION 

ANALYSIS 

A program INF was written to compute recognition scores and 

to perform information transmission analysis (as described in 

Chapter 5) of the input confusion matrix data . The input matrix is 

usually derived by combining the results from several experimental 

runs of one or more subjects using the program CUMMAT. 

The program reads the input confusion matrix (raw scores, 

percentage, or fractional relative scores) from the input file in 

the following format: 

1) Test identification in the first two lines . 

2) N ~no. of stimuli, NT ~no . of trials . 

3) Stimulus names (0-80 characters). Stimulus names can be one 

or two characters long, separated by one or more spaces. The 

first and the last entries are ignored. 

4) Confusion matrix cell entries . Entries of a row should be on 

one line. 

S) Minimum, maximum, mean, and standard deviation of the 



pe rc~ntage recognition scores . 

6) Hi ni mum , maximum , mean. and standard de viation of 

response time in sec , total duration of the t.est in minutes . 

The stimulus grouping is read from a file I NFOGR . DAT in the 

following format : 

1) N -- no . of stimuli, NF ~ no . of feature groups . 

2) Stimulus names (0-80 characters) . A stimulus name can be 

one or two characters long (separated by one or more spaces), 

and they must be in the same order as in the input 

confusion matrix . 

3) Feature classification information . Feature groups are 

assigned consecutive integer numbers (-ve, 0, or +ve) . 

Each line should be as follows : 

(a) group numbers for stimuli, 

(b) name of the feature - upto 15 charac :,: rs, 

(c) group labels (names can be one or two characters 

long, separated by one or more spaces), upto 20 characters . 

The program outputs three files : INFOSC . DAT (recognition 

scores), INFOTR. DAT (information transmission analysis results), 

and INFOTS. DAT (summary of both analyses) . 

D.3 SAMPLE ANALYSIS RESULTS 

The inputs to the program INF are the file INFOGR . DAT and the 

file containing the input confusion matrix data to be analyzed . 

The stimulus-response confusion matrix selected for this sample 

analysis corresponds to the experim~ntal condition : CVRM = 9 dB 

I_ ~ j 7 
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• (3) : Pl ACF. 

S/ H LA AL 

LA 99 

AL 86 

VE 2 10 

Correct : 91 . 0% 

• ( 2 ) : VO IC I NG 

SI R lN VO 

lN 97 3 

VO 2 98 

VI:: 

0 

13 

88 

Correct: 98 . 1% 

•• INFORMATION TRANSMISSION •• 

• ( 6 ) : OVERALL 

Stimulus info . = 2.5841 bits 

Response info. = 2.5841 bits 

Transn info. = 2. 1169 bits 

Pere transn. = 81 . 9 

• (3): PLACE 

Stimulus info . = 1.5845 bits 

Response info. = 1.5845 bits 

Transn info. = 1. 1612 bits 

Pere transn. = 73.3 

• ( 2) : VOICING 

Stimulus info. = 0.9997 bits 

Response info. = 0.9997 bits 

Transn info . = 0 . 8655 bits 

Pere . transn. = 86.6 

•• SUMMARY •• 

FEATURE N COR IS IR 

OVERALL 6 90 2 . 58 2.58 

PLACE 3 91 1. 58 1. 58 

VOICING 2 98 1. 00 1. 00 

IT RTR 

2. 12 82 

1. 16 73 

0 . 87 87 
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APPENDIX E 

EFFECT OF SAMPLE SIZE ON RELATIVE INFORMATION TRANSMITTED 

E.1 INTRODUCTION 

lt has been seen in Chapter 5 that the probabilities of 

occurre nc <' of the stimulus x .. response y ., and sti mulus-response 
l J 

pair ( x . ;y.) were estimated from a sample of N observations as 
l J 

given in Eqn. (5.1) . The covariance of the stimulus-response, 

I<x;y), is calculated using these probability values as given in 

Eqn. 5. 5. It has been observed by Miller & Nicely [ 12] that an 

estimate based on a finite number of samples wil l be biased to 

overestimate 1( x; y) for small samples. It was therefore decided to 

consider the effect of sample size on the results of the 

information transmission analysis . 

E.2 EFFECT OF SAMPLE SIZE 

In order to consider the effect of sample size, the 

stimulus-response confusion matrices obtained for two different 

experimental conditions in the CV6 test (Chapter 6) have been 

selected al random and the results are p l otted in 

Figs . E. land E. 2 . For each condition, three of the more stab l e 

(in terms of recognition score) confusion matrices were se l ected 

for each of the five subjects for analysis . Three saaple sizes 

have been considered here to observe t he i r effect on the overal l 

Informati on transmitted, and information transmitt ed about p l ace 

and vo i ci ng . In the first ca s e . the fift een matr ices have been 
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Individual 
matrices (N=JO) 

• 

I .- .87 
I (5.J) 

• 

• 

• 
• ·- 75 .. 
• 
• 

• 

• 

• 

( 10.2) 

93 
(10.-4) 

8 

Individual subjects 
(N=90) 

1_ 84 
• (2.7) 

• • 
72 

• (7.5) • • 

• 
._92 

(9.0) 

• 

c 

Overall subject 
combined (Nc:450) 

• . - 80 

·- 67 

·- 88 

Effect of sample size, N, on the results of information trans­
onolysis. (Test CV6 - CVRM : 6 dB; SNR : 12 dB) . 
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F. t INTRODUCTION 

APPENDIX F 

CALIBRATION OF DR-59 HEADPHONE 

The headphone most common 1 y us ed as standard in the are a of 

speech pcrccpl\on experiments a nd in audiological testing belongs 

Lo lhc TOii- series; e.g., TDll- J 9 or TDH-49 . Howe ve r, these 

headphones are difficult lo procure In the Indian market . A 

majorl ty of, the Indian audiometers are supplied with the DR-59 

Elega headphone (Japanese make) with rubber cushions . A DR-59 

headphone was procured for use in the experiments reported here . 

It was important that the test stimuli be presented at a 

calibrated sound level . This would have been possible if the 

stimuli were presented through an audiometer. Due 1 <> the 

non-availability of an audiometer in our la~ , it was decided to 

perform electroacoustic calibration of the DR-59 headphone using 

the faci 1 i ties available al the Ali Yavar Jung National lnsti tule 

for the Hearing Handicapped al Bandra, Bombay. The electroacoustic 

properties of lhe DR-59 headphone were determined (as described in 

the next section) i:-l order lo select the earpiece which matched the 

Tl'll-39 characteristics more clos ely. 

F.2 CALIBRATION PROCEDURE 

F.2.t Equipment used 

1) Audiometer: Qualltone Acoustic Appraiser, ANSl-1969 . 

Sound I.eve 1 Meler: Type 2?.30 B&K Prec1 s ion 1 nlegrati ng Sound 2) 

Level Meter, along with Type 1625 B&K \/3-1/1 Octave Filler· 

1 G4 



Set. and Type 41 55 B&K 112 - inch Condenser Mi rrophone This 

entire s yst em was ca li brated with a Type 4230 B&K Sound Le1e 

Calibrator {94 SPL al 1 kHz ) . 

3) 6 cc Coupler in Artificial Ear . 

4) HP Multimeter Type 34401A to obtain the equi va l e n vol tage 

across t he earpiece input for a given s ound l evel a t the 

earpiece output . 

5) Junction Box to tap the earpiece input . 

F.2.2 Method 

The set-up used for calibrating the audiometer and obtaining 

the electroacoustic characteristics of the headphone is shown in 

Fig. F. 1. The earpiece is placed over a carefully machined coupler, 

usually containing a cavity of 
3 

precisely 6 cm . A weight of 

500 grams or a spring with equivalent tension holds the receiver 

(earpiece) in place. Sounds emanating from lhe diaphragm of the 

receiver are picked up by a sensitive microphone at the bottom of 

the coupler (often called lhe artificial earl, amplified , and read 

in dB SPL on a sound-level meter. In order lo be certain lhal the 

meter is reading the level of the tone (or other signal) from the 

receiver and not from the ambient room noise, the level of lhe 

signal is usually high enough to avoid this possibility !100) . 

Hearing levels of 70 dB are convenient for this purpose, and lhe 

readout should correspond to the number of decibels required for 

threshold of the particular signal plus 70 dB . 

Since the speech perception tests were to be conducted in the 

~ 1bscncc of an audiometer, the voltage level at the earpiece input 

corresponding Lo each reading was also noted . The voltage was 
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measured by lapping the stereo audio jack from the audiometer using 

a junction box made for the purpose . The pure tone electroacoustic 

characteristics for the TDH-39 and the pair of DR-59 earpieces were 

obtained and a combined plot of the earpiece input voltage, in dBm. 

versus frequency for a 100 dB SPL at the earpiece output is shown 

in Fig . F.2 . (The dBm operation calculates the power delivered lo a 

600 ohm resistance referenced to 1 mw). It is observed from the 

plot that the DR-59b earpiece matched the characteristic of the 

TDH-39 earpiece more closely than the DR-59a earpiece . Hence the 

DR-59b earpiece was selected for the experiments reported in this 

thesis . 

Since the test stimuli were speech sounds it was necessary to 

calibrate the audiometer in the speech mode. For this, a pure tone, 

a noise containing approximately equal intensities at all 

frequencies, or a sustained vowel sound, may be used as the input. 

Here, a synthesized vowel /a/ was presented repetitively in order 

to simulate a sustained vowel. This signal was adjusted in 

amplitude so that the VU meter on the audiometer read zero. With 

the hearing-level dial set at 70 dB and with the earpiece on the 

..:oupler, the signal should read 90 dB SPL on tlie meter (70 dB HL 

pl us 20 dB SPL required for audiometric zero for speech on the 

ANSl-1969 standard) for the TDH-39 earpiece. For this calibrated 

speech audiometer, the earpiece input voltage versus ouput SPL 

readings were obtained using the DR-59b earpiece and a best-fit 

plot was obtained as shown in Fig. F.3. 

In the present study, al 1 the stimuli were presented at a 

level of about 75 dB SPL. As seen from Fig. F.3, 75 dB SPL 

~orresponds to an earpiece input voltage of -36 dBm. Hence, at the 
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APPENDIX H 

TEST INSTRUCTIONS 

H.1 Test instructions to the normal hearing subjects. 

The purpose of these experiments is to evaluate certain speech 

processing schemes on the perception of stop consonants . 

Your task will be to listen to and identify the syllab le 

presented. The sounds wi 11 be presented monaurally (in one ear 

only) over the headphone. You will be seated in front of a computer 

terminal and will use the keyboard to indicate your response after 

each stimulus presentation. The number of test sounds may vary from 

6 to 9, and a single test will take typically 5 - 8 minutes . A test 

session will involve several tests and may take 2 - 3 hours ; 

however, you may request for a break at an earlier time . 

Instructions for a particular test will be displayed on your 

terminal screen at the .start of the test session. In the beginning 

you may undergo a trial run with correct answer feedback i n order 

to become familiar with the set. You should listen to these sounds 

several times in order lo establish an association between the 

sounds presented and the names used to identify them. 

During the lest, the presentation number and the set of 

choices will be displayed Cin a random order). A "listen" message 

will be displayed before each presentation . You will indicate your 

response by hit ting the appropriate key on the keyboard. The next 

presentation wi 11 fo 11 ow after a brief pause ( 2-5 seconds) . A 

nresentation wi 11 not be repeated . If you are not sure, you can 

guess . The test wi 11 not proceed if you do not respond . If you 

missed a presentation, you may indicate this by hitting a key other 

than the valid choices . 
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ll .~ Test instructions as displayed on the subject terminal screen 

during the CVS test. 

•••• CONSONANT IDENTIFICATION TEST •••• 

Your tusk ls lo identify the presented sound from among the 

fnl l owing : 

/pa/, /ta/, /ka/, /ba/, Ida/, /gal 

Aftt'I' listening lo the sound, please hit the corresponding key 

\ S qukkly as possible 

A presentation will not be repeated. If you are not sure, you 

can guess . The test will not proceed if you do not respond. If you 

mi ss~ct a presenlat ion, and cannot even guess, you may hit a key 

,,thtT than the valid choices . 

!'LEASE HIT ANY KEY \./HEN YOU ARE READY FOR THE TEST 
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SUMMARY 

A number of research studies have turned to speech 

enhancement as a possible means of increasing intelligibility for 

persons with moderate to severe· sensorineural • hearing loss. One 

promising scheme for enhancing the speech signal was based on 

studies of speaking clearly for the hearing impaired . Acoustic 

analysis revealed that there were large differences in the 

temporal characteristics of clear speech compared to 

conversational speech. Two specific characteristics of clear 

speech that were selected for evaluation in the present 

investigation were consonant:...to-vowel (C/V) intensity ratio and 

consonantal duration. These two characteristics are capable of 

being manipulated independently in the time domain. 

A few studies reported in the literature have evaluated the 

intelligibility of natural speech artificially transformed to 

clear speech by altering either one or both of the above acoustic 

parameters. While all the studies reported .improvement in 

consonant recognition for C/V ratio modification, albeit by 

different amounts, the effect of increasing consonantal duration 

has been equivocal. This may have been because the acoustic 

segments associated with consonant phonemes increase in a 

nonuniform manner and such changes cannot be aptly simul~ted by 

transforming natural speech to clear speech. 

In the present investigation, we have used synthetic test 

stimuli generated using a modified version of the Klatt 

synthesizer. Since the synthesis parameters were under user 

control, the segmentation of individual phonemes is more accurate 

and it ls possible to alter the various acoustic segments 

independently. In order to keep the test set as well as the 

feature contrasts simple, the consonant phonemes were limited to 

the English stop consonants /p, t, k, b, d, g/. 

The aim of the present investigation was to study the extent 

of consonant-to-vowel intensity ratio (CVR) modification and 
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s tlaul 1 processed d i fferentl y . 

The experlaent s lnvol·d g -:: ' r.sr.A·.ar1t - :o-vo01e · :. . t e nsit :t ra: i i:. 

(CVR) aod1fl c aU cn were dhide1 ~. · ~ f o t es t se t s : C f;j , ·1C9 . 

CVS . and VCS . The r_·19 ~ ~ ...i ., , r ed 
cu ~... . ~ t es•_ 5 . :wo ·.red t r.e ·_ r ..:-ee r.ir.·.ro :-:: 

s t o p consonants Ip, t, kl ln the <::1 and VC co t ez:s respec . ive ly 

of the three vowels la, i, u/. The CV6 ar~ vcs t es ':. s :n-..-c. . ·.red the 

sto p consonants /p t " · d • • .... 0 , • g/ in 4:.be CV a.rirl ·1c c c-nt e::ict s 
respec tively 

s ynthesized, 

modification 

o f the ·..-o we l la/ . Five vers ions of each s ti a 

one wit h no aodi f lcat on and tbe othe:- f our 

. us were 

with CVR 

was to 

of 

study 

+3, +6, +9 , and +12 dB. The a l a of the experi ment s 

the effects of increas i ng CVR on c onsonant 

recognl lion in ter.s of the f ollowi ng : vowe l -context . vowe 

1apairments, consonant pos 1t1 on 1n the sy l abl e, and response 

times . In addition, the effect of CVR aodif i cat i on on t he 

transaission of information with respec t to vowe l feature and 

features of consonantal place and vo i c i ng were a l so to be studied . 

Froa the results of the CV9 and VC9 t es t s , 1t has been 

observed that increasing CVR does i a prove recognition scores in 

the presence of aa.sking broadband noi se f or nor11a -hear i ng 

subjects. However, the recogniti on s cores f o r s tops i n t he 

syllable-final (VC) context are seen to be h igher than t hose for 

stops in the syllable-initial ( CV ) pos ition f or a l the CVRs . 

Siailar results have been obtained for the CVS and VC6 tests too. 

The pattern of confusions in the identif i cat i on of place of 

articulation re.a.ins generally unaffected for al l the CVRMs in a ll 

the four tests. Since increase in CVR has been seen to be .ore 

effective in bringing down the overal l l eve l of confusions 1n the 

/VC/ context as coapared to that in the /CV/ context. it is 

suggested that increasing CVRH suppresses foMlard .ask i ng of t he 

consonant by the vowel. 11e>re effective l y than backward .ask1ng. 

Increasing CVR can soaietiaies result in vowel confusions as 

seen fro• the /ip/-/up confusions wh1ch were found to increase in 

hl nha CVRs This confusion was found to i ncrease s ever1 ty for &" .... r · 

fr o m 23% at 6 dB CVR 11e>dif1cat1on to 27% at 9 dB CVR aodificaU on 

and 3 4 'l. at 12 dB CVR 11e>d i fi ca ti on . Thus. it appears that the 



~r.A : ~. -~•. / r.lf I'/'#. . ','~! .lS.?!:15 :$ a:n·.~ :a-c-tO!" that CO d se• a 

-- • ~ ·. '~. •.!.-: ~ ... '..-! ':tr. mr~ f ! -ca: · ~r :~: may be used . In 

as the 

•. !" ~IA4 ~~ ~,~ '/f '/,:tV,:~~- !'~t-~ :x~ appreciably wi th 

· /.!' ~~. I~ .Ir rf/#:.lf:!' •.r.'- 'Yf!'!'"~ :: :nf ~;sat · on transaitted as 

~ .. ~ •.!"~...'~• : ~. '. : -~ ':.'~.!&?:2 .... . •• !'~·-~ i s seen to be super i or 

.:. ".:;, ·r, '/~~..>:/•. ~ '/A~..:~ ·.'.. ·. rr~ ::-. the CV context . The 

.:.f,, r .,.,, : '1!" r.:~~a . .. ~. -,:. -/. 17 1: ' fe.:a:..:.r-e fo:- the two tests is 

~ r.1 'A"llllJ•. 'I!. •.:~...:-~•. ss <;;:: ana ys s N:S • ts for the CVS and VCS 

'.~t~ 'UNll 1~-~~- ~r--4llS9 1 ss 'Jn of overall 1nforsat1on as 

~ • ~ 11fr11.....,_ ~ r,;n . r~...ri&• t .e1 vi t h res~t to place and vo1c1ng 

t~ ... ~- 1ttt t',f ".r;. rh- u, s-: ~- For thie 12 dB and 6 dB SNR cases, 

the :hree features 

·:r;, r~ ·- ~ '.1! •.:;. ~ rf'r;r-.at or • . ransai ss ion analysis for CV6 

'-:"1 I Y, ~-~ ·-~ f u . ~;.; ;e·1~ l ':hat ":.he nforsation transmitted 

'-'/, .•. y v,.11: fl:'.,.• . ..r1: i~ s- ~r 1 ';; in the 'IC context over that in the 

' , I 'hf,tX/.t,, lv.Y~1f!t' , the transa1ss1on of voicing inforaat1on is 

'::. ••:;.r ,,,, 1 r. t,t.;e ~I r.nntf:zt, over that i n the VC context. 

• ~;, ,, .,~, °jj.?.f: r-~v. ~~ t .es f or a l the four tests do not 

~{1~": •.'J ~'"'"' '61:/ ~'-~!"'iorat1on and in aost cases appear to 

: 1.t::1.i,•. t: ~ ,~ '.1.1-:r r1:,v-~ISI! b'/ thf: subjects for increasing values 

1,f' ' ,'Ii' 

n11:~ ':~~r· W:f -~ '-":re d.'J~ to study the effect of increasing 

'. n• 1,r. ~·-'"" "/;(t51',[0!1t6 fro• three different view-points: 

,.,,_,,11. u,,,. V/ir~. u1,1Jit {;f 1nfonaa.t1on transa1tted on the basis 

',f t~~t. • r 1: - r, ~~~1 f '-~ '- 'Jr. , a.M ttv: average response time. It is 

'.',f.I. ·~1 t,t,;,,t u ;r '=~ ng CYR has a po51 t1 ve 1apa.ct in al 1 the 

, ;,:.;t;1; A r;·o ...-,1 t ';:::.•. r,r, 0f tJpto aoout 10 dB my be used without 

,. ... ~ ... ff,.,,_·t. ,,r ·10•.1t l recoan1Uon for the test stimuli 
" f . I "" 11: f ... -. "". 



considered here. 

The experiments involving consonant duration modification 

were performed to study the effect on perception of altering the 

duration of each of the acoustic segments that const 1 tute the 

consonant phoneme . Stop consonants /p, t, k, b, d, g/ in the CV 

context of the vowel /a/ were chosen as the stimuli to separately 

consider the effect of modifying the fol lowing: burst duration 

(80). formant transition duration (FTD), and voice onset time 

(VOT). 

From the results of the BO modification test, 1 t has been 

observed that in the case of no masking noise, the recognition 

score was unaffected when burst duration was doubled. For the 

12 dB and 6 dB SNR presentations, a very slight increase (lX) in 

recogn1 t ion score was observed when burst duration was doubled. 

From the results for the no masking noise and 12 dB cases in the 

FTD modification test, the recognition score was found to decrease 

slightly as the transition duration was doubled. However, for the 

6 dB SNR case, the score was found to increase by about 4Y. for 50X 

FTO increase and then decrease by 4Y. for lOOX FTD increase . For 

the VOT modification test, a generally decreasing trend in scores 

was observed for al 1 the three noise conditions as VOT was 

increased. 

Information transmission analysis results for the BO 

modification test show that while the overall information 

transmitted decreases slightly (2Y.) when burst duration ls doubled 

in the no masking noise case, it remains unaffected in the 12 dB 

case, and increases slightly (2Y.) in the 6 dB case. The 

transmission of place feature ls found to increase slightly when 

burst duration ls doubled for all the noise cases. However, the 

transmission of voicing feature lnformatlon ls found to decrease 

with increasing BO. 

Information transmission analysis results for the FiD 

modi fl cation test stl mul i show a 4X decrease in overall 

information transmitted when transition duration ls doubled in the 

no masking noise case . However, for the 12 dB SNR case, an 



increase of 3X is observed. For the 6 dB SNR case, the overall 

information transmitted is seen to increase appreciably (8X) for 

50X FTD increase and then decrease slightly (2X) for lOOX FTD 

increase. The transmission of place information is also seen to 

follow a similar trend. The transmission of voicing information is 

perfect for all the FTD modifications in the no masking noise 

case. However, for the 12 dB and 6 dB SNR cases, the transmission 

of voicing information is seen to decrease considerably by 27X and 

25X respectively, when transition duration is doubled. 

Information transmission analysis results for the VOT 

modification test show a generally decreasing trend in overall 

informat·ion transmitted as well as transmission of place and 

voicing information for all the noise conditions when VOT is 

increased. 

The average response time was found to generally decrease 

(improve) with increasing duration modification for the BD and FTD 

modification tests. However, for the VOT modification test, the 

response time was found to increase with increasing VOT. 

The above results suggest that of the three acoustic segments 

considered here of consonantal duration, increase in FTD yields 

the most positive results. An FTD increase of upto 50X is seen to 

improve the performance. At lower SNRs, this amount of FTD 

modification may be combined with burst duration modification and 

expected to yield better performance. However, VOT does not appear 

to be a suitable parameter for modification because of the 

reduction in performance seen with increasing VOT. 

The present study has established that C/V intensity ratio 

mod if icat ion and, to a lesser extent, modification in formant 

transition duration would improve speech perception. This study 

was done using nonsense CV and VC syllables as test material and 

subjects with simulated sensorineural impairment. In order to 

further evaluate the effectiveness of this approach, work should 

be carried out on building a speech processor and conducting 

experiments on subjects with hearing impairment. 

In the earlier studies reported, the modifications have been 



done on natural speech by visual inspection of the waveform, 

intensity envelope, and spectrogram and introducing the 

modifications. For instance, the consonant duration was increased 

by merely replicating small segments within the consonant . This 

cannot be expected to reflect the actual changes associated with 

acoustic segments. What is called for is some method whereby the 

effects, on perception, of increasing the duration of each 

acoustic segment independently can be monitored. 

In this study, the parameters were modified at the synthesis 

stage. In building a speech processor, an analysis/synthesis 

approach would possibly have to be adopted in which the subsegment 

boundaries can be identified and the subsegments resynthesized 

after appropriate modifications. It is obvious that this 

analysis/synthesis approach would require a processing time delay 

extending over several subsegment durations. 

It has been previously shown that for speech processing for 

cochlear prostheses, delays of upto about 120 ms in the speech 

processing and stimulus encoding should not interfere with the 

benefits of auditory signal in aud i ovisual comprehension of 

connected speech. Hence, in the present case. the segmentation, 

feature classification, and speech enhancement processes should be 

completed within this time . 



TC Thomas, Experimental Evaluation of Improvement in Speech 
Perception with Consonantal Intensity and Duration Modification. 
Ph . D. Thesis, Department of Electrical Engineering, Indian 
Ins titute of Technology, Bombay, 1996 . 

ABSTRACT 

A promising scheme for enhancing the speech signal is based 
on studies of speaking clearly for the hearing impaired. Studies 
of the differences between "clear" speech and "conversational" 
s peech have ldenti fled certain cons is tent acoustic mod if icat ions 
of the speech signal in clear speech . Two characteristics of clear 
( intel l 1gible) speech, namely consonant-to-vowel intensity ratio 
(CVR) and consonant duration (CD), have been chosen for evaluation 
in the present investigation. 

The alm of the experiments reported here was to study the 
extent of CVR modification and CD modification that would be 
helpful in speech perception by the hearing impaired. A 
computerized test administration system was developed in order to 
automate the experiments. It was decided to use synthetic stimuli 
since the segmentation of individual phonemes would be accurate, 
and it would be possible to manipulate the various acoustic 
segments independently. The stimuli involved stop consonants in 
the consonant-vowel (CV) and vowel-consonant (VC) contexts of 
various vowels. The subjects were normal-hearing persons and 
hearing impairment was simulated by mixing each stimulus with 
masking broadband noise . The results of each experimental run were 
obtained in the form of a stimulus-response confusion matrix. The 
confusion matrices were evaluated on the basis of recognition 
scores and information transmission analysis . Average response 
time was also considered as another possible measure of comparing 
the test stimuli processed differently. 

The results show that increasing CVR does improve recognition 
scores . Some vowel confusions were observed in the VC context at 
higher CVRs, but as long as CVR modification was restricted to 
about 9-10 dB there was no adverse effect on the recognition of 
vowels. The information transmitted on the basis of 
feature-classification, as well as the average response times were 
also found to improve with increasing CVR. 

For the CD modification experiments, the acoustic segments 
that constitute the consonant phonemes were altered in duration 
separately to study their individual effects . The results suggest 
that at higher noise levels, a formant transition duration 
modification of upto about SOX may be combined with burst duration 
modification and expected to yield better performance . Voice onset 
time (VOT) does not appear to be a suitable parameter for 
modiflcatlon as performance decreased wlth increasing VOT. 

These results suggest that lt would be fruitful to develop a 
scheme that can identify the boundaries of the various phonemic 
segments and subsegments and then perform appropriate 
modifications in C/V ratio, formant transltlon duration, and burst 
duration. This scheme could then be tested on the hearing 
impaired. 

KEY WORDS: Speech enhancement, Speech perception, Hearing 
impaired, Consonant-to-vowel intensity ratio, Consonant duration 
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3. EE3612 Telematics 6 . 0 

4 . EE3698 Special Topics in Electrical 6 . 0 
Engineering 

5 . EES801 Seminar 6.0 
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