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Chapterr 10 

Finall  discussion 

10.11 Measuring SAM perception 

Fourr different experiments that focus on the perception of SAM are described in 

thiss thesis. Modulation perception was assessed using three different paradigms. 

Subjectss were asked: to detect a difference in the modulation depth (modulation 

discrimination;; Chapter 5); to match the modulation depth of a target to a given 

referencee depth (modulation matching: Chapter 6). or to detect the modulation of a 

carrierr (modulation detection; Chapters 8 and 9). The experiments are visualized in 

Figuree 10.1. The parameters involved and the Chapters in which they are examined 

aree summarized in Table 10.1. 
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Figuree 10.1: Four conditions in which the sensitivity to SAM was assessed. The task 
waswas to detect the modulation of a target (black) in the presence of a masker (gray), 
thatthat was modulated (upper panel) or non-modulated (lower panel) or to equalize the 
modulationmodulation depth. 
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Paradigm m 

Procedure e 

Hearing g 

^target ^target 

^^ m asker 

Modulation n 

Bandwidtli i 

Carrierr (tar 

rate e 

get) ) 

Carrierr (masker) 

Sensationn le 

LSI I 

vel l 

CHH 5 

discrimination n 

3AFC C 

NHH and HI 

mmrefref = 0:0.18:0.:«) 

mm = 0:0.18;0.30 

4:8:166 Hz 

n.a. . 

1.44 kHz (tone) 

0..r)) kHz: 4 kHz (tones) 

M C L L 

00 ins 

CHH 6 

matchingg and detection 

n.a. . 

NHH and HI 

mmrereff = 0.5:0.7 

n.a. . 

88 Hz 

narrowband/wideband d 

lkHz/4kHzz (noise) 

lkHz/4kHzz (noise) 

10/255 dB SL 

2000 ms 

CHH 8 

detection n 

1AFC C 

NHH and HI 

mmrereff = 0 

mm = 0;1 

88 Hz 

n.a. . 

11 kHz (tone) 

11 kHz (tone) 

25;; 50 dB SL 

0..6255 ms 

CHH 9 

detection n 

1AFC C 

NHH and HI 
mmrefref = 0 

mm = 0;0.5:1 

88 Hz 

n.a. . 

11 kHz (tone) 

22 kHz (tone) 

25:: 50 dB SL 

-625... 125 ms 

Tablee 10.1: The parameters considered and the chapters, in which they are examined. 
TheThe abbreviation n.a. indicates that the situation was not applicable for experiments 
describeddescribed in the chapter 

10.1.11 Modulation Discrimination Interference (MDI ) 

Thee results from the MDI experiments for hearing-impaired subjects indicate that 

thee amount of interference is often similar to. or smaller than, the interference for 

normall  hearing subjects. Any differences in MDI can be attributed to a higher 

sensitivityy to SAM for hearing-impaired subjects when the target is presented in 

thee presence of non-modulated maskers, rather than the sensitivity to SAM in the 

presencee of modulated maskers. 

10.1.22 Modulation matching 

Inn modulation matching experiments, the modulation depth of a target has to 

bee adjusted until it sounds just as modulated as a given reference depth. In 

thesee experiments, target and reference differed in bandwidth, center frequency, or 

sensationn level and experiments were conducted for hearing-impaired subjects and 

normall  hearing subjects (Chapter 6). Changing the bandwidth alters the perception 

off  the modulation depth. This is mainly due to the difference in inherent fluctuations 

determinedd by the bandwidth of the carrier. Hearing-impaired subjects tended to 

adjustt the modulation depth of the target to be higher than the reference depth. 
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10.1.33 Adaptation 

Thee finding that hearing-impaired subjects generally adjust the modulation depth of 

aa target to be higher than the modulation depth of the reference (Chapter 6) suggests 

thatt pre-exposure to SAM may reduce the sensitivity to SAM. These findings have 

beenn confirmed in Chapter 8. Measuring modulation detection preceded by a 

modulatedd adaptor leads to a reduced sensitivity to SAM with regard to a non-

modulatedd adaptor. This effect, referred to as adaptation, was observed for all 

hearing-impairedd subjects, whereas, in general, normal hearing subjects did not 

demonstratee this effect. 

Thesee measurements indicate that adaptation to SAM occurs for pre-exposure 

off  shorter durations than previously reported (Tansley and Regan, 1979; Tansley and 

Suffield,, 1983; Regan and Tansley, 1979), at least for hearing-impaired subjects. The 

exactt reasons for hearing-impaired subjects being more susceptible to this adaptation 

too SAM remained unclear within this project. Chapter 8 discussed three possibilities: 

1.. their auditory system is still analyzing the first signal (adaptor), while being 

exposedd to the second modulated signal (target) and SAM is only detected for 

modulationn depths larger than the 'after image' of the adaptor. 

2.. physiologically, the AM-filter s (Millman et al., 2002) of hearing-impaired 

subjectss may recover more slowly, adapt more quickly, or do both. 

3.. psychophysical,̂ the temporal focus of the hearing-impaired ear may be 

inadequatee to separate the modulated adaptor and target. 

10.1.44 From MDI to adaptation 

Thee sensitivity to SAM in the presence of a modulated or a non-modulated signal was 

assessedd using time discrete intervals ranging from simultaneous (MDI) to clearly 

non-simultaneouss presentation (adaptation). The results indicated that adaptation 

occurss even when the target and reference differ in carrier frequency. If the target and 

maskerr are presented partly simultaneously, the sensitivity to SAM in the presence of 

aa competing modulated signal slowly reduces as the target and masker become more 

overlapping,, until the asynchrony equals 3 periods (375 ms) after which sensitivity 

abruptlyy decreases. Similar effects, but to a smaller extent, have been reported for 
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normall  hearing subjects. The reduction in sensitivity to SAM at each inter-stimulus 

intervall  is larger for hearing-impaired subjects than for normal hearing subjects, even 

forr simultaneous presentation. Hearing-impaired subjects also indicated a slower 

recoveryy of the sensitivity to SAM than normal hearings subjects. 

10.1.55 Non-linear modulation perception 

Thee results described in Chapters 5 and 9 do not support each other. Whereas 

Chapterr 5 does not report significant differences in MDI between normal hearing 

andd hearing-impaired subjects. Chapter 9 indicates clearly significant differences 

betweenn the two groups for simultaneous presentation (-625 ins). The conditions in 

Chapterss 5 and 9 differ in a couple of ways, as described in Table 10.1. In Chapter 

o.. da ta were obtained using a 3I-3AFC procedure for modulat ion discrimination 

(referencee depths 0.18 and 0.30). whereas Chapter 9 describes a 1I-2AFC procedure 

forr modulat ion detection (reference depth 0). It is unlikely that the differences 

betweenn the chapters can be attr ibuted to the different procedures. The procedure 

usedd is likely to have an effect on the overall sensitivity, but not on MDI . as MDI 

expressess the difference between two conditions examined using the same procedure. 

Hence,, the differences in the results from Chapters 5 and 9 are more likely to have 

beenn introduced by the difference in reference depths. 

Thee perception of clearly audible modulat ion depths was determined using 

matchingg experiments (see Chapter 6). The results suggest that the perception 

off  SAM for noise carriers depends primarily on the inherent fluctuations in the 

signal.. The appendix in Chapter 6 showed that the results from the matching 

experimentss of normal hearing subjects can be predicted quite accurately using 

modelss described in the literature. These models transform the fluctuations of a 

signall  into a statistical output. The data could be modelled fairly accurately using 

thee statistical output at a given modulation depth. However, the predictive power 

off  the models was clearly improved when the ratio between the statistical output 

att a given modulat ion depth and at the modulation detection threshold was used. 

Thiss is examined in the footnotes to section 6.6.2. Care should be taken when using 

thee results from Chapter 6 to explain the discrepancy between the results from 

Chapterss 5 and 9. Whereas the inherent fluctuations are clearly present, for noise 

carriers,, they an1 absent for pure tone carriers (Chapter 5 and 9). On the other 
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hand,, the effect of the difference in inherent fluctuations for the different carriers in 

Chapterr 6 has already been incorporated by determining the statistical output at the 

modulationn detection threshold. Since the predictions of the models use the ratio of 

statisticall  outputs, the actual effect of the inherent fluctuations on the predictions 

mayy be smaller than originally thought. Hence, the modulation depth alone does 

nott explain the contrasting conclusions in Chapters 5 and 9. 

Non-linearitiess for modulation perception have been described in the literature 

(vonn Fleischer, 1980; Ozimek and Sek, 1988; Wakefield and Viemeister, 1990). 

Weber'ss law for modulation discrimination holds for modulation depths up to 

approximatelyy -7 dB (see also section 4.2.5), after which the sensitivity to a change in 

SAMM increases. Indirectly, the reference depths used also determine the modulation 

rangee in which perception occurs. This may affect the differences in modulation 

perception,, since relatively sensitive areas may expose differences between groups 

moree easily than less sensitive areas. If modulation perception is correctly described 

accordingg to 20log)0(m), two effects would have been expected in Chapter 6. Since 

aa change in bandwidth induces a difference in the modulation depth perceived, 

ann opposite change in bandwidth should result in the same effect in the opposite 

direction.. In addition, the effects for reference depths 0.5 and 0.7 should be equal 

inn size. The results in Figure 6.6 show that this is not the case. Increasing the 

bandwidthh indeed gives similar results for the two reference depths (parallel lines). 

However,, if the bandwidths are decreased, the two lines converge. This suggests 

thatt modulation perception does not occur according to 201og10(m). 

Thee conflicting results from Chapters 5 and 9 may be explained in terms of the 

nonlinearr behavior for modulation perception. Assume that the statistical output is 

relatedd to SAM perception, as in Figure 6.7. Since the curve relating the statistical 

outputt to the modulation depth for highly modulated signals is given by a steep slope 

att these high modulation depths, the conflicting results from Chapters 5 and 9 may 

bee explained. This steepness causes the differences in modulation depth perception, 

expressedd in dB, to become relatively small. Using 201og10(m) to determine the 

modulationn depth would therefore result in smaller differences for high modulation 

depthss than for lower modulation depths. Hence, a lack of differences between both 

groupss in Chapter 5 may be due to the fact that the differences in modulation 

depthh were detected at areas in which SAM perception is relatively insensitive. At 
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lowerr modulat ion depths (as in Chapter 9), modulation perception is described by 

aa relatively sensitive area (less steep), causing the differences for both groups to 

bee emphasized in Chapter 9. Hence, the sensitivity to SAM may be reduced for 

hearing-impairedd subjects with regard to normal hearing subjects for simultaneous 

andd non-simultaneous presentation of target and masker. 

10.22 Speech intelligibilit y and fluctuating noise 

AA number of studies (Noordhoek et al.. 2001: Festen and Plomp. 1983: Dreschler, 

1983)) have offered a good insight into the psychoacoustical tasks that contr ibute 

too intelligibilit y of speech. Most studies focussed on impaired intelligibilit y in 

aa continuous background noise. The results indicated that measures of spectral 

resolutionn are strongly related to speech intelligibility , whereas measures of temporal 

resolutionn generally result in weak correlation coefficients. As Noordhoek et al. 

(2001)) pointed out. audibil ity is an essential parameter limitin g the explained 

variancee within such correlation studies. To avoid these problems, speech can be 

presentedd at relatively high levels, or speech intelligibilit y can be expressed in the 

SILL or determined for subjects with relatively fiat hearing losses. 

Thee study described in this thesis, focussed on the improvement in speech 

perceptionn in f luctuating rather than continuous noise. In this study, the 

intelligibilit yy of speech was determined using a continuous and a fluctuating 

backgroundd noise keeping the audibility of speech roughly constant. The difference 

inn SRT for both measurements is termed the masking release for speech. The 

intelligibilit yy in a fluctuating noise may increase due to temporary improvements 

inn S/N ratio. This is known as 'glimpsing'. These improvements in S/N ratio 

mayy not assist subjects who are unable to use these improvements clue to a limited 

resolvingg power of their ears. 

Maskingg release for speech may be reduced by l imitations in the resolving power 

off  the ear. Chapter 4 divided measures of the resolving power of the ear into three 

parameters: : 

1.. compressive non-linearity: it is difficul t to determine the lack of an effect 

off  compression on intelligibility . Fu and Shannon (1998) determined the 

intelligibilit yy of bandpass filtered CVC-words (4 bands) as a function of the 
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expansionn applied. Optimal intelligibilit y was found for the linear condition 

andd performance decreased as expansion increased. Hence, increasing the 

differencess between the peaks and valleys within the signal did not improve the 

intelligibilit yy of speech. However, enlarging the peaks of the fluctuating noise 

usingg a lack of compressive non-linearity in the cochlea may have increased 

thee non-simultaneous masking of speech and therefore decreased the masking 

releasee for speech. 

2.. frequency selectivity: reduced spectral contrast may result in less masking 

releasee for speech. Since noise bands may modulate independently, the 

opportunityy to use a high S/N ratio may be determined by the spectral 

resolution.. From a spectral point of view, increasing the number of bands will 

increasee intelligibility , until the bands are as wide as the critical bandwidth. 

Notee that the fluctuating noise barely affected the inter-band coherence, 

becausee the signal was only split in two bands. Hence, the broader filters 

forr hearing-impaired subjects may not have influenced the results of the SRT, 

leavingg the masking release for speech unaltered. 

3.. temporal resolution: 

(a)) non-simultaneous masking: as suggested by Festen (1993), the 

intelligibilit yy of speech in a fluctuating noise is limited by forward masking 

causingg the masking release for speech to decrease. 

(b)) gap-detection: the effect of gap-detection on masking release for speech 

iss unclear. Studies relating gap-detection to speech intelligibilit y in 

noisee (Dreschler and Leeuw, 1990) showed relatively modest correlation 

coefficients,, suggesting that masking release for speech may be unaffected 

byy reduced gap detection 

(c)) SAM perception: this thesis assessed the underlying relationship between 

SAMM perception and the masking release for speech. SAM perception 

withoutt maskers was not found to be related to speech intelligibility . 

However,, masking release for speech strongly correlated with the reduced 

sensitivityy to SAM due to modulated components, which were presented 

non-simultaneouslyy (Chapter 8) or (partly) simultaneously (Chapter 9). 
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Apartt from a larger MDI for hearing-impaired subjects for simultaneously 

presentedd signals, hearing-impaired subjects also experienced more 

adaptat ionn when the target and masker were presented partly non-

simultaneously.. Based on the importance of the envelope for speech, 

thiss reduced sensitivity may part ly explain the lack of masking release for 

hearing-impairedd subjects. 

10.2.11 Method of correlational studies 

Thee experiments described in Chapters 7. 8. and 9. used correlation coefficients to 

identifyy the underlying relationships between speech intelligibilit y and measures of 

modulat ionn perception. These correlations provide, on their own. no justification 

forr a direct link between speech intelligibilit y and modulat ion perception. These1 

methodss rely on the fact that a reduced performance on one task (modulation 

detect ionn or discrimination) is related to a reduced or increased performance 

inn another task (masking release for speech). When studying these kinds of 

relationshipss between variables, pooling normal hearing and hearing-impaired 

subjectss is useful since it increases the number and range of observations. The 

validityy rests on the assumption that both groups employed the same strategy and 

thee observations were drawn from the same population. However, if the combined 

groupss represent a bimodal distribution rather than a continuum, the correlation 

coefficientt may be overestimated. To verify whether this is the case, it is essential 

too present scatter plots (e.g. Figure 8.5). In this thesis, the two groups were 

pooledd when the data from both groups displayed a continuum and rank-correlation 

coefficientss also indicated significant relationships. Rank correlation coefficients are 

lesss sensitive to bimodal distributions, since they do not take the size of the effects 

intoo account and have, therefore, been used to check the level of significance reported 

throughoutt this thesis. 
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10.33 Clinical applications 

Clinicall  applications of new psychoacoustical effects may focus on two different areas: 

1.. diagnosis: Noordhoek et al. (2001) indicated that, in general, the difficulties 

experiencedd for intelligibilit y in noise can be attributed to a reduced spectral 

orr temporal resolution. Although the adaptation effects described in this 

thesis,, may result from reduced temporal resolution. Temporal resolution is 

oftenn assessed for much shorter observation intervals. This would indicate 

thatt a third group could be defined, that have problems with the perception 

off  amplitude modulated signals. If this were true, one could discuss the 

appropriatee measurements to diagnose this group. If the reduced sensitivity to 

SAMM is related to intelligibility , as suggested by our results, one might consider 

measuringg the intelligibilit y of CVC-words presented in a fluctuating noise with 

thee pre-exposure time to the modulated noise as the dependent variable. 

2.. hearing-aid algorithms: the distorted modulation perception described in 

Chapterss 8 and 9, is likely to affect speech intelligibility . Modern hearing 

aidss use fast automatic non-linear algorithms, which are known to affect the 

modulationn behavior of incoming signals. Figure 9.5 suggests that adaptation 

too SAM occurs for pre-exposure to a fully modulated signal, whereas it 

disappearedd for a modulation depth of 0.5. If this effect is confirmed for larger 

groups,, this may have its consequences for the development of new hearing aid 

algorithms. . 

10.44 Future research 

Thiss thesis has shown that adaptation to SAM occurs for much shorter pre-exposure 

timess than originally thought (Tansley and Regan, 1979). It is striking that this 

effectt is found in all hearing-impaired subjects, but only one normal hearing subject. 

Thee process underlying this adaptation effect has remained unclear and further 

researchh is needed. Two potential factors have been investigated in more detail in 

Chapterr 9: 

1.. Perceptual grouping: depending on similarities within the signals (modulation 

pattern),, signals are more or less likely to be fused into a single percept. 
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2.. Adaptation: pre-exposure to SAM reduced the sensitivity to SAM as a result 

off  reduced neural activity after prolonged stimulation (Coombs and Fay, 1985). 

Inn order to examine, which factors are most likely to cause a reduced sensitivity 

too SAM. several parameters were considered and the results are described briefly in 

sectionn 9.3.3 and may be useful in further research: 

1.. tuning for modulation rates: modulating the envelope using narrowband noises 

wouldd lead to a reduced sensitivity to SAM in the case of adaptation, whereas 

perceptuall  grouping would barely occur. 

2.. dependence on carrier-frequencies; using a multiple tone complex with a 

harmonicc relation as an adaptor without the target, frequency is likely to 

affectt perceptual grouping, whereas adaptation may be unaffected when the 

fundamentall  frequency is sufficiently large to prevent within channel processing 

fromm occurring. However, as indicated by the effect of a modulated carrier at 

22 kHz on the sensitivity to SAM at 1 kHz, modulation perception must occur 

byy fusing different filter-outputs simultaneously before the statistical output 

device.. This is illustrated in Chapter 6, where modulation perception was 

mainlyy determined by the common bandwidth, and not by the number of 

filtersfilters excited. Hence, a reduced sensitivity to SAM, may also simply reflect 

ann across-channel effect for modulation perception. 

3.. phase-relations between envelopes; adaptation is likely to be unaffected by 

differencesdifferences in the envelope phase of the target and masker, since it is linked to 

thee activity of one channel. Perceptual grouping is likely to be reduced, since 

modulationn phase differences are known to affect perceptual grouping. 

4.. the effect of modulation depth of the preceding stimulus: adaptation is likely 

too be reduced as the modulation depth of the adaptor decreases, whereas 

perceptuall  grouping may be less affected, since grouping parameters remain 

roughlyy constant. 

5.. within and across channel processing; if the sensitivity to SAM of a pure tone 

carrierr is measured after pre-exposure to a modulated broadband adaptor, the 

reducedd sensitivity to SAM probably cannot be linked to perceptual grouping. 
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Thiss is similar to using a broadband signal as a target and a pure tone carrier 

ass adaptor. 

Clearlyy a lot of work needs to be done in order to understand the underlying 

auditoryy processes that lead to the reduced sensitivity to SAM for hearing-impaired 

subjectss (Chapter 8 and 9). The high correlation coefficients between the reduced 

sensitivityy to SAM due to pre-exposure to a modulated adaptor and masking release 

forr speech suggest that focussing on this topic may not only increase the knowledge 

regardingg the processes underlying MDI, but may also increase the knowledge on 

speechh intelligibilit y in fluctuating noise. 




