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Chapterr 6 

Amplitudee modulation 

matchingg for subjects with 

normall  and impaired hearing 

Abstract t 

Thiss study focused on supra-threshold modulation perception. Matching 

experimentss were carried out for normal hearing and hearing-impaired subjects to 

studyy the effects of altering different parameters (bandwidth, center frequency, or 

sensationn level) on the perception of amplitude modulation. Signals were modulated 

byy a sinusoidal amplitude modulation of 8 Hz using reference depths of either m=0.5 

orr m=0.7. Carriers were presented at 10 or 25 dB SL. using center frequencies of 

11 kHz or 4 kHz. The bandwidth was either narrower or wider than the critical 

bandwidth.. The bandwidths of the narrowband signal at 4 kHz and the wideband 

signall  at 1 kHz were chosen so that the absolute bandwidth was equally large in 

Hz.. The results could be described reasonably well in terms of the differences in 

thee amount of slow inherent fluctuations in the target and reference signals. The 

differencess in the growth of loudness do not correlate strongly writh the differences in 
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888 Chapter 6. SAM matching for subjects with normal and impaired hearing 

modulat ionn depth for target and reference. Hearing-impaired subjects adjusted the 

modulat ionn depth of a target less accurately to the modulat ion depth of a reference. 

Theree was an overall t rend for hearing-impaired subjects to adjust the modulation 

depthh of the target to be higher than the modulat ion depth of the reference. In the 

Appendix,, the results of normal hearing subjects were modelled using three different 

modelss known to describe temporal processing in the human ear. 

6.11 Motivation 

Thee pr imary motivation for this study was largely empirical as supra-threshold 

modulat ionn perception and the underlying influence of parameters such as the 

bandwidth,, ('enter frequency, and sensation level have, to the knowledge of the 

author,, not been previously investigated in a systematic way. In addition, a 

previouss study measuring modulation discrimination interference (MDI ) suggested 

thatt modulat ion perception for highly modulated stimuli differs from modulation 

perceptionn for lower modulat ion depths (Chapter 5). These findings may be 

importantt to speech intelligibility , since speech contains these kinds of strong 

modulat ions. . 

6.22 Methods 

6.2.11 Participants 

Inn total, six normal hearing (average age 26 years [23-32]) and five hearing-impaired 

subjectss (average age 18 years [17-20]) part icipated in the experiments. In the case 

off  an asymmetrical hearing loss, the hearing-impaired subjects were tested in their 

bet terr ears. Al l normal hearing subjects had pure-tone thresholds smaller than 15 

dBB HL (re.: ANSI. 1996) at octave frequencies from 0.125 kHz to 8 kHz. Hearing-

impairedd subjects were ranked according to the average loss at the two frequencies 

off  interest (1 kHz and 4 kHz). The pure-tone audiograms of the test ear of the 

hearing-impairedd subjects are given in Figure 6.1. The hearing-impaired subjects 

weree volunteers and were paid for their contribution. They were recruited from a 

schooll  for the hearing-impaired. Normal hearing subjects were coworkers from our 

depar tment. . 
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Figuree 6.1: Pure tone thresholds of the tested ear for the hearing-impaired subjects. 

6.2.22 Study design 

Subjectss were seated in a sound attenuating booth, facing a computer screen. They 

weree asked to adjust the modulation depth of the target until it matched the 

modulationn depth ('wobbling sensation') of a certain reference signal using a method 

off  adjustment. 

Too initiate a trial, the subject clicked the mouse button. The first interval always 

containedd the reference stimulus and the second interval the target. Reference and 

targett were marked by a light signal. The modulation depth of the target could 

bee changed by moving the scroll-wheel on a mouse and started with a randomly 

chosenn modulation depth between the reference depth and 0 dB. The overall range, 

inn which the modulation depth could be varied, was 30 dB (minimum depth equaled 

-300 dB; m=0.03). Each step of the scroll-wheel changed the modulation depth by 0.3 

dB.. After at least four experimental trials, the subject was allowed to press an OK-

button,, indicating that target and reference were perceived as equally modulated. 

Thiss match was generally reached after 10 pairs of stimuli (lasting approximately 1 

minute).. Each test-session lasted about 10 minutes. 
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Thee difference between the modulation depth of the matched target and 

referencee is referred to as the difference in physical modulation depth for an equal 

modulationn perception (dm-EMP: difference in modulation depth for an Equal 

Modulationn Perception) and is calculated by taking the differences in decibels 

betweenn the matched modulation depth (m) and the reference modulation depth 

(rn(rnrfrf,f),f) as given by Eq. 6.1: 

dm-EMPP = 201og10(m) - 201og10(mre /). (6.1) 

Hence,, the dm-EMP gives the number of decibels the matched target was adjusted 

abovee (dm-EMP > 0) or below (dm-EMP < 0) the reference depth. 

6.2.33 Stimuli 

Thee carrier of the target differed from the reference by either increasing or decreasing 

thee bandwidth, center frequency, or sensation level. Table 6.1 describes the collection 

off  data for the three parameters. Each parameters leads to 16 conditions for the 

individuall  listener, resulting in 48 conditions (3 x 16). All conditions were repeated 

fourr times, resulting in 192 data-points (4 x 48). The first presentation of a condition 

wass regarded as a training and excluded from further analysis (remaining 144). 

Bandwidth h 

Centerr frequency 

Sensationn level 

change e 

up/down n 

2 2 

2 2 

2 2 

niref niref 

0.5/0.7 7 

2 2 

2 2 

2 2 

fc fc 

11 kHz/4 

2+ + 

2+ + 

kHz z 

SL L 

10/25 5 

2+ + 

2+ + 

BW W 

narrow/wide e 

2+ + 

2+ + 

Numberr of 

conditions s 

16 6 

16 6 

16 6 

Tablee 6.1: Conditions for each parameter for each subject. Cumulative distributions 
havehave been taken for the conditions denoted by a plus. 

Signalss were modulated using a sinusoidal amplitude modulation rate of 8 Hz 

withh a reference depth of 0.5 or 0.7, starting at a random phase. Carrier signals 

weree noise-bands with center frequencies of 1 kHz or 4 kHz. There were two noise 

bandwidthh conditions at each frequency, one smaller than, and one larger than the 

estimatedd critical bandwidth for normal hearing subjects at that frequency (Zwicker, 

1961).. At 1 kHz, the bandwidths were 1/6 octave [944 Hz-1059 Hz] and 1 octave 
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[7077 Hz-1414 Hz]. At 4 kHz. the bandwidths were 1/4 octave [3668 Hz-4362 Hz] 

andd 1 octave [2828 Hz-5657 Hz]. The narrow-band noise at 4 kHz was chosen to 

bee approximately equal in absolute bandwidth (i.e., Hz) to the wideband noise at 1 

kHz.. Signals were presented at 10 or 25 dB SL. 

Thee stimulus duration was 625 ms, 15 ms raise/fall times and 595 ms steady 

state,, in order to fulfi l the requirements of the critical duration of 4 to 5 periods of the 

modulationn frequency (Lee and Bacon, 1997). The inter-stimulus interval equalled 

2000 ms. Noise bands were generated by adding sinusoids with constant amplitude 

andd random phase, spaced by 0.001 times the center frequency. These noise bands 

weree digitized at a sampling rate of 16 kHz. Signals were scaled to equal RMS-level 

andd played back by the DA-converter of a TDT-II system, passed through an anti-

aliasingg filter (j'Cut-off = 8 kHz) and presented monaurally by SONY MDR-V900 

headphoness (using an interacoustics AC5 audiometer as headphone amplifier). 

6.2.44 Simulating loudness recruitment 

InIn order to simulate the effect of loudness recruitment for normal hearing subjects, 

matchingg experiments were carried out with signals presented in a background of 

pinkk noise. The pink noise was used to simulate reduced audibility resulting from 

hearingg loss. Loudness functions for normal hearing subjects become similar to those 

off  hearing-impaired subjects, in the sense that signals presented near the detection 

thresholdd (in noise) were almost inaudible, whereas almost normal loudness was 

achievedd when the signals were presented 20 dB above the detection threshold in 

noisee (Schlauch et al., 1998). Detection thresholds for the pink noise and signals 

presentedd in pink noise were determined using a 2I-2AFC procedure, in which the 

sensationn level was decreased after two consecutive correct responses and increased 

afterr 1 incorrect response, tracking the level of 70.7% correct responses (Levitt, 

1971).. Thresholds were elevated by approximately 20 dB, offering a slightly lower 

exposuree level than the average exposure level (in dB SPL) for the hearing-impaired 

subjectss in this study. Matching experiments in pink noise were carried out for 

aa change in sensation level, while keeping the bandwidth and center frequency 

constant. . 
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6.2.55 Presentation of the results 

Presentingg data using cumulative distributions, rather than summary statistics, gives 

moree insight into the structure of the data, particularly when comparing two or more 

groups.. The data from the present experiments were combined into cumulative 

distributions,, as indicated by Figure 6.2. to determine four parameters describing 

modulationn perception: 

1.. effect: experiments were conducted for increases and decreases in bandwidths. 

centerr frequencies, or sensation levels. Increasing or decreasing one of these 

parameterss may result in two different cumulative distributions. The difference 

betweenn these two distributions, as given by the medians, will be known as 

thee effect-size. The larger the effect-size, the larger the effect on modulation 

perceptionn induced by the change of a signal parameter. 

2.. shift: the shift determined the percentage of responses adjusted to be higher 

thann the reference depth. Two different cumulative distributions are given in 

thee upper left corner of Figure 6.2. The percentage of targets adjusted higher 

thann the reference depth is given by intersection with the ordinate. Normally, 

thee shift is expected to equal 50%. since an increased signal parameter is 

expectedd to result in a similar result, but opposite effect as for a decreased 

signall  parameter. Percentages larger than 50% indicate that subjects tended 

too adjust the modulation depth to be larger than the reference depth. 

3.. slope: the slope of the cumulative distributions is determined by dividing 100 

byy the difference in maximum and minimum dm-EMP. Figure 6.2 (bottom-

left)) indicates three cumulative distributions. The slope is given by straight 

liness connecting the maximum and minimum modulation depth. The dashed 

liness indicate similar slopes, whereas the dotted line indicates a more shallow 

slope.. The latter indicates that subjects were less accurate for that condition. 

Iff  the matches equal 1. as indicated by the small cumulative distribution, the 

slopee was determined by dividing the percentage at which this occurred by 

thee difference in modulation depths. The larger the slope, the more accurately 

subjectss could match the modulation depth. 
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4.. ceiling: the ceiling effect was determined by the percentage of presentation, in 

whichh the target was adjusted to be as fully modulated. Figure 6.2 (bottom-

right)) indicates two conditions. One curve is given along the full ordinate, 

thee other up to 55% after which it reaches its maximum modulation depth. 

Thiss ceiling effect may affect the slope and effect size since it may indicate 

thatt subjects tried to increase the modulation depth, while this was limited 

byy signal limitations (m=l). 

dm-EMPP (dB) 

Slope e 
/ / //

/ // ' 

it/ it/ 
it/ it/ 

^ 7 7 
// / 

// / 
// / 

/ / / 
.t—r.t—ry y 

dm-EMPP (dB) 

50»( ( 

Shift t 

11 1 

!!  L 

'' ' 

92

Ceiling g 

j j 

f f 

I I 
dm-EMPP (dB) 

Figuree 6.2: The four parameters used to describe modulation perception. Effect is 
givengiven by the distance between the cumulative distributions along the abscissa. Shift 
isis given by the percentage adjusted larger than the reference depth (dm-EMP > 0). 
SlopeSlope is given by the averaged slope of the cumulative distributions. Ceiling is the 
percentagepercentage of matched signals that could not be increased further in modulation depth. 
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6.33 Results 

6.3.11 Normal hearing subjects 

Thee purpose of the matching experiment is to investigate how changing a parameter 

influencess modulation perception. The results for normal hearing subjects are given 

byy cumulative distributions in Figure 6.3 for changing the bandwidth (BW), the 

centerr frequency [Fc). or the sensation level (SL). Additional information on these 

parameterss for normal hearing subjects is given in Table 6.2. 

Forr the signals to be perceived as equally modulated, the modulation depth 

off  a wideband target (triangles Figure 6.3) had to be adjusted lower than the 

modulationn depth of a narrowband reference (Figure 6.3: 80% of the observations 

indicatee dm-EMP < 0). The modulation depth of a narrowband target was generally 

adjustedd to be higher than the modulation depth of a wideband reference (75% of 

thee observations, given by the squares, indicate dm-EMP > 0). In other words, 

thee modulation depth of a wideband target needs to be decreased to achieve the 

samee sensation of the modulation depth as the narrowband reference. The distance 

betweenn the triangles and squares, measured along the median, is similar (paired 

/-test.p-valuee = 0.15) for the reference depths 0.5 (open symbols) and 0.7 (solid 

symbols),, indicating that the size of the effect is not strongly dependent on reference 

depth.. The shift is not significantly different from 50% (i-test; p-value = 0.40). 

Furthermore,, the slope and ceiling indicate accurate matchings. suggesting that the 

resultss are reliable. This is supported by Cronbach's a. which equalled 0.78. 

Thee matching experiments in which the center frequency was altered, given in 

thee upper right panel of Figure 6.3. indicate that the modulation depth of a noise 

withh center frequency 4 kHz (target) wras adjusted to be lower in modulation depth 

thann the modulation depth of a 1 kHz reference noise-stimulus (median of triangles 

indicatee dm-EMP < 0). The modulation depth of a 1 kHz target noise signal was 

adjustedd to be larger than the modulation depth of a 4 kHz reference (medians of 

thee squares indicate dm-EMP > 0). The effect size, is smaller (paired i-test, p-

valuee = 0.045) for reference depth 0.7 (solid symbols) than for 0.5 (open symbols). 

Otherr parameters given in Table 6.2 indicate, by showing large slopes and low ceiling 

effects,, that matches were quite accurate. This is partly supported by Cronbach's 

a,, which is very large (a = 0.88). 
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-100 -5 0 5 10 

dm-EMPP (dB) 

Figuree 6.3: Cumulative distribution for the data from normal hearing subjects. 
ExperimentsExperiments carried out with a reference depth of 0.5 are represented by open 
symbols;symbols; solid symbols represent data measured using a reference depth of 0.7. The 
cumulativecumulative curves represent : 

BW:BW: triangles —> reference narrowband, target wideband. 
squaressquares —> reference wideband, target narrowband. 

FFcc::  triangles —> reference 1 kHz, target 4 kHz. 
squaressquares —> reference 4 kHz, target 1 kHz. 

SL:SL: triangles —> reference 10 dB SL, target 25 dB SL. 
squaressquares —> reference 25 dB SL. target 10 dB SL. 

Thee lowest panel of Figure 6.3 (SL) displays the results of the matching 

experimentss in which the sensation level increases from 10 dB SL to 25 dB SL 

(triangles)) or decreases from 25 dB SL to 10 dB SL (squares). The modulation 

depthh of the target was generally adjusted to be just as large as the modulation 
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depthh of the reference (medians indicate dm-EMP = Ü) and thresholds were not 

significantlyy different from 0 (paired Mest). Again, matches were quite accurate, 

accordingg to the slope and ceiling effect. This is supported by Cronbach's a (o = 

0.78). . 

Parameter r 

Bandwid th h 

Centerr frequency 

Sensat ionn level 

mmrtJ rtJ 

0.5 5 

Ü.7 7 

Ü.5 5 

Ü.7 7 

0.5 5 

0.7 7 

effectt (dB) 

3.655 (1.84) 

3.055 (1.44) 

2.055 (1.94) 

0.933 (2.24) 

0.633 (2.7) 

0.200 (1.6) 

shiftt (%) 

54.44 (22.9) 

42.99 (16.0) 

44.22 (22.2) 

41.77 (33.8) 

499 (21) 

4ÜÜ (29) 

slopee {?c/dB) 

16.22 (9.2) 

19.22 (8.3) 

18.99 (3.0) 

22.22 (5.9) 

25.22 (12.6) 

27.22 (6.0) 

ceilingg (%) 

5.500 (6.24) 

8.000 (9.92) 

1.3(2.1) ) 

0.833 (2.0) 

0 ( 0) ) 

0 ( 0) ) 

Tablee 6.2: Aspects of behavior for normal hearing subjects determined using the 
methodmethod described in section 6.2.5 using the bandwidth of the stimuli as a parameter. 

6.3.22 Hearing-impaired subjects 

Estimatess of the parameters for a change1 in bandwidth are given in Table 6.3. The 

lastt two rows gives the averages for normal hearing subjects. As with normal hearing 

subjects,, a positive effect was found for most hearing-impaired subjects. Differences 

betweenn the sizes of the effect for the two reference depths are non-significant for 

hearing-impairedd subjects (paired t-tcst; p-value = 0.42) as are the differences 

betweenn normal hearing and hearing-impaired subjects (f-test: /rvalue = 0.43). 

Forr hearing-impaired subjects, there is a significant shift (f-test: p-value < 0.01) 

towardss higher percentages, indicating that most subjects adjust the modulation 

depthh of the target to be more modulated than the reference depth. The slope, 

aa parameter indicating the accuracy by which matching experiments are carried 

out.. shows an inconsistent behavior. Relatively small values for HI1 (m=0.5). HI3 

andd HI4 are reported, whereas others show values close to the values for normal 

hearingg subjects. Differences based on reference depth or hearing capacity are 

nott statistically significant (paired t-test, p-value > 0.1). The ceiling effect was 

significantlyy higher for hearing-impaired subjects than for normal hearing subjects 

(*-test.. p-value < 0.001). 
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Subject t 

HI1 1 

HI2 2 

HI3 3 

HI4 4 

HI5 5 

meann NH 

niref niref 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

effectt (dB) 

-0.08 8 

0.70 0 

1.20 0 

2.40 0 

7.80 0 

7.80 0 

5.70 0 

4.20 0 

1.20 0 

1.20 0 

3.655 (1.84) 

3.055 (1.44) 

shiftt (%) 

83.0 0 

66.5 5 

87.5 5 

46.0 0 

57.5 5 

53.5 5 

71.0 0 

53.0 0 

79.0 0 

48.0 0 

54.44 (22.9) 

42.99 (16.0) 

slopee (%/dB) 

6.5 5 

7.5 5 

21.5 5 

19.1 1 

6.1 1 

6.1 1 

7.7 7 

8.8 8 

14.1 1 

13.4 4 

16.22 (9.2) 

19.22 (8.3) 

ceilingg (%) 

83 3 

66.5 5 

12.5 5 

12.5 5 

30.5 5 

30.5 5 

41.5 5 

33.5 5 

12.5 5 

16 6 

5.500 (6.24) 

8.000 (9.92) 

Tablee 6.3: Identifiers of typical behavior for hearing-impaired subjects determined 
accordingaccording to the method described in section 6.2.5 using the bandwidth of the stimuli 
asas a parameter. 

Thee four parameters that characterize the behavior of subjects in these matching 

experimentss for a change in center frequency are given in Table 6.4. Regarding the 

sizee of the effect, the results of hearing-impaired subjects are inconclusive; relatively 

largee effects (compared to normal hearing subjects) are reported for subject HI5, 

oppositee effects are reported for subjects HI1, HI2 and HI3, but only for reference 

depthh 0.5 whereas data for HI4 are similar to the data for normal hearing subjects. 

Dataa regarding the shift are also inconclusive, HI4 and HI5 tended to adjust the 

modulationn depth of the target to be lower than the modulation depth of the 

reference,, whereas other subjects clearly tended to adjust the modulation depth 

off  a target to be higher than the modulation depth of the reference. The slope has a 

comparablee discrepancy. Cumulative distributions for HU, HI4. and HIS are clearly 

moree shallow than for HI2 and HI3, which are more similar to the data reported 

forr normal hearing subjects. The ceiling effect was significantly larger for hearing-

impairedd subjects than for normal hearing subjects (t-test, p-value < 0.001). 

Tablee 6.5 gives the results for a change in sensation level given by the four 

parameterss characterizing the behavior of subjects. Hearing-impaired subjects 
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Subjectt m,(f effect (dB) shift (%) slope (9?/dB) ceiling (%) 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

-2.55 5 

2.85 5 

-0.3 3 

0.15 5 

-0.9 9 

n.a. . 

2.85 5 

1.95 5 

6.15 5 

6.0 0 

2.055 (1.94) 

0.933 (2.24) 

70 0 

60 0 

80 0 

65 5 

70 0 

n.a. . 

60 0 

25 5 

30 0 

35 5 

44.22 (22.2) 

41. . 77 (33.8) 

5.8 8 

6.3 3 

10.4 4 

9.0 0 

13.3 3 

n.a. . 

5.0 0 

5.6 6 

6.8 8 

7.0 0 

18.99 (3.0) 

22.22 (5.9) 

35 5 

35 5 

4 4 

10 0 

34 4 

n.a. . 

20 0 

15 5 

15 5 

10 0 

1.33 (2.1) 

0.833 (2.0) 

Tablee 6.4: Similar to Table 6.3. now for a change in center frequency: 
n.a.n.a. stands for not available 

adjustt the modulat ion depth of a target presented at 25 dB SL to be lower than 

thee modulat ion depth of a reference presented at 10 dB SL. The other way around, 

thee modulat ion depth of a target presented at 10 dB SL was matched with a 

higherr modulat ion depth than a reference presented at 25 dB SL. This effect 

onn modulat ion perception induced by a change in sensation level is significantly 

largerr for hearing-impaired subjects than for normal hearing subjects (t-test. p-

valuee < 0.001). Hearing-impaired subjects showed a significant trend to adjust 

thee modulat ion depth of the target to be higher than the modulat ion depth of 

thee reference (t-test;p-value < 0.01). The slope indicates that most subjects are 

relativelyy consistent at adjusting the modulation depth equal to the target. The 

slopee for normal hearing and hearing-impaired subjects is not clearly different (t-

test:p-valuee = 0.051). The ceiling effect is significantly larger for hearing-impaired 

subjectss than for normal hearing subjects (f-1est;p-value < 0.001). 



6.3.6.3. Results 99 9 

subject t 

HI1 1 

HI2 2 

HI3 3 

HI4 4 

HI5 5 

meann NH 

ITlref ITlref 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

effectt (dB) 

-1.8 8 

-3.6 6 

-0.2 2 

-1.7 7 

-1.0 0 

-1.2 2 

-6.2 2 

n.a. . 

-5.7 7 

-5.7 7 

0.633 (2.7) 

0.200 (1.6) 

shiftt (%) 

60 0 

65 5 

100 0 

50 0 

85 5 

75 5 

70 0 

n.a. . 

65 5 

45 5 

499 (21) 

466 (29) 

slopee (%/dB) 

15.9 9 

13.0 0 

33.8 8 

29.1 1 

12.3 3 

5.5 5 

14.7 7 

n.a. . 

22.2 2 

22.2 2 

25.22 (12.6) 

27.22 (6.0) 

ceilingg (%) 

35 5 

45 5 

10 0 

5 5 

40 0 

40 0 

25 5 

n.a. . 

10 0 

10 0 

0(0) ) 

0(0) ) 

Tablee 6.5: Similar to Table 6.3, now for a change in sensation level 
n.a.n.a. stands for not available 

6.3.33 Normal hearing subjects with signals presented in noise 

Inn order to simulate the effects of reduced audibility as a result of hearing-impairment 

forr normal hearing subjects, experiments are carried out at similar SPLs and SLs by 

presentingg stimuli in a background noise. The results are given in Table 6.6, with 

thee sensation level for reference and target given by the subscript. The size of the 

effecteffect is not significantly different for normal hearing subjects for signals presented 

inn noise and without noise (paired i-tests; p-value > 0.3). Based on the shift of the 

cumulativee distributions, the results of experiments carried out in a masking noise 

andd without a masking noise are significantly different (paired £-tests(8); p-value 

== 0.06). The slope is significantly higher for a change in sensation level of 5 dB 

startingg at 10 dB SL {SL10/15) (paired t-tests; p-value < 0.05). Ceiling effects were 

nott reported for normal hearing subjects without masking noise, whereas the other 

conditionss show ceiling effects in a limited percentage of cases. The reported effect 

sizee and the ceiling effects are still significantly larger for hearing-impaired subjects 

(pairedd t-tests; p-vahie < 0.01). 



1000 Chapter 6. SAM matching for subjects with normal and unpaired hearing 

condition n 

noo noise 

SLSLn)n)/i/i h h 

SL\Q,SL\Q, 25 

SS £25/30 

m,m,eJ eJ 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

0.5 5 

0.7 7 

effect.. (dB) 

0.866 (3.34) 

0.300 (1.94) 

0.600 (0.50) 

0.866 (1.47) 

-0.300 (1.95) 

0.455 (2.85) 

1.433 (1.91) 

1.166 (1.34) 

shiftt (CA) 

56.33 (19.3) 

50.00 (32.4) 

84.22 (5.8) 

61.11 (8.8) 

71.55 (11.4) 

54.77 (8.7) 

68.77 (8.0) 

48.88 (12.0) 

slopee (c/f-/dB) 

25.22 (12.6) 

27.22 (6.0) 

17.99 (5.1) 

22.99 (12.4) 

20.88 (6.7) 

22.00 (2.7) 

19.66 (5.5) 

30.44 (6.4) 

ceilingg (%) 

0(0) ) 

00 (0) 

4.11 (4.8) 

5.44 (10.8) 

3.00 (3.8) 

5.44 (5.7) 

1.00 (2.0) 

2.11 (2.5) 

Tablee 6.G: Similar to Table 6.3. now for for four conditions of a change in sensation 
levellevel averaged for all normal hearing subjects; the four subjects without added noise 
(no(no noise), and the conditions with added noise. The sensation levels for reference 
andand target are given by the subscripts 

6.44 Discussion 

Normall  hearing and hearing-impaired subjects were asked to adjust the modulation 

depthh of a target until it sounded as equally modulated. In each experiment, 

onee parameter was varied at a time (bandwidth smaller or larger than the critical 

bandwid thh (Zwicker. 1961). the center frequency 1 kHz or 4 kHz. or the sensation 

levell  10 or 25 dB SL). while the other two parameters were kept constant. Based on 

Figuree 6.2, the results can be interpreted in terms of effect size (effect), overall shift 

inn perceived modulat ion depth (shift), accuracy (slope), and ceiling effects (ceiling). 

Studyingg the data, it is striking that most hearing-impaired subjects, 

independentt of the parameters that were varied, adjusted the modulat ion depth 

off  the target higher than the modulation depth of the reference (shift: dm-EMP > 

0).. This tendency is unexpected since increasing a parameter should result in an 

oppositee result as decreasing this parameter. Since the target is always preceded by 

aa modulated reference signal, this could indicate that the sensitivity to SAM drops 

whenn the stimulus is preceded by another modulated stimulus. In order to reach an 

equall  modulat ion perception, subjects had to adjust the modulation depth higher 

thann the modulat ion depth of the target. Similar adaptat ion to SAM has 
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beenn reported previously for normal hearing subjects for much longer pre-exposure 

timess (Regan and Tansley, 1979; Tansley and Regan, 1979; Tansley and Suffield. 

1983). . 

Inn this Discussion two parameters are distinguished, which may have influenced 

thee results described within this chapter; 

1.. signal characteristics; differences in inherent fluctuations may affect the 

perceptionn of the target fluctuation (see section 4.1.1) 

2.. factors of perception; effects such as loudness recruitment, may affect 

modulationn perception by enlarging level differences in the peaks and valleys 

off  the modulation. 

6.4.11 Signal characteristics 

Thee total power of inherent fluctuations in the modulation spectrum is independent 

off  the exposure level of a given noise band. Additionally, the envelope spectrum 

becomess broader and flatter with increasing noise bandwidth (see section 4.1.1). For 

increasingg carrier bandwidths, this leads to a reduction in the envelope power for low 

modulationn frequencies and to an increased envelope power for higher modulation 

frequencies.. In other words, the ratio between target modulation and inherent 

fluctuationsfluctuations does not depend on the sensation level, but increases for an increasing 

absolutee bandwidth. Within this context, the effects found for normal hearing 

subjectss can be understood. Increasing the bandwidth and center frequency, both 

resultt in an increased absolute bandwidth, which reduces the low frequency energy 

off  the inherent fluctuations. As a consequence, the modulation depth of the target 

iss adjusted lower than the modulation depth of the reference (resulting in negative 

dm-EMPs).. Since the ratio of the envelope fluctuations and the target modulation 

doess not change for an altered sensation level, no effect for a change in sensation 

levell  on the perceived modulation depth was to be expected. 

Thee absolute bandwidth of the wideband signal with a center frequency of 1 kHz 

iss just as large as the narrowband signal at 4 kHz. Therefore, altering the bandwidth 

forr a 1 kHz signal should result in a similar effect as a change in center frequency for 

narrowbandd signals, provided that the bandwidth is the main parameter determining 

thee sensation of the modulation depth and filtering the bandwidth according to the 
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criticall  bandwidth concept does not alter modulation perception (Eddins, 1999). 

However,, when higher frequencies contribute more to the sensitivity to SAM than 

lowerr frequencies (Formby and Muir, 1988), the dm-EMP for an altered center 

frequencyy should be larger than the dm-EMP for an altered bandwidth. Figure 6.4 

showss a scatter plot of dm-EMPs for a change in center frequency for narrowband 

signalss (ordinate) and a change in bandwidth for the noises with a center frequency of 

11 kHz (abscissa). Hence, both panels indicate a similar change in absolute bandwidth 

(incrementt on the left side, decrement on the right side). Normal hearing subjects 

aree given by open circles, hearing-impaired subjects by solid diamonds. 
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Figuree 6.4: Scatter plots for similar changes in bandwidth. In both cases, the change 
inin absolute bandwidth (Hz) remains the same. Normal hearing subjects are given by 
openopen circles, hearing-impaired subjects by solid diamonds. 

Normall  hearing subjects showed similar results for the corresponding matching 

conditionss for an altered bandwidth or center frequency (rn/j=0.75 [p-value<0.0001]; 

pairedd i-test [p-value = 0.6]). This suggests that the perception of amplitude 

modulationss for normal hearing subjects is mainly determined by the absolute 

bandwidthh and thereby the amount of inherent fluctuations and filtering by the 

basilarr membrane does not have an effect on the percept. The results of hearing-

impairedd subjects are not significantly different from each other, corresponding data 

howeverr do not result in similar results ( ^=0 .18 [p-value > 0.2]; paired t-test 

[p-valucc = 0.5]). Apparently, the results of hearing-impaired subjects cannot be 
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explainedd only in terms of inherent fluctuations. The ceiling effect, shown for 

hearingg impaired subjects, may underestimate the actual correlation between the 

dm-EMPss for a change in bandwidth and a change in center frequency. Still, 

hearing-impairedd subjects show large differences for the two parameters. This 

mayy indicate that the center frequency of the signal alters the perception of the 

amplitudee modulation for hearing-impaired subjects, due to for instance changed 

signall  perception characteristics such as an altered loudness recruitment for the two 

frequencyy ranges. 

6.4.22 Parameters in perception 

Iff  the exposure levels at which signals are presented, are important (see for instance 

Sectionn 4.3.2), the largest differences would be expected for conditions, at which 

thee center frequency is changed. Table 6.4 indicates that HI4 and HI5 deviate from 

thee other hearing-impaired subjects and normal hearing subjects. Except for having 

thee largest losses, the shapes of the pure-tone audiograms of these subjects are not 

clearlyy different from the other audiograms. 

Itt is generally believed that all signals are subjected to a non-linearity which 

workss compressive for normal ears and more linear for impaired ears (see section 

4.3.1).. This difference in non-linearity, may influence the perceived modulation 

depth.. The slope of the growth of loudness functions*  can be seen as a direct psycho-

acousticall  measure of the magnifying factor by which the compressive non-linearity 

alterss the intensity relations across conditions. These growth of loudness functions 

mayy depend upon bandwidth and center frequency since loudness depends on both 

(Zwickerr et al., 1957). In this study, two different situations (different bandwidths, 

centerr frequencies, or sensation levels) have been matched in modulation depth 

too each other. Therefore, the differences in the growth of loudness functions 

(dgol)) may have influenced the differences by which the peak-valley differences of 

"Thee growth of loudness is determined by method of categorical loudness estimation. The 
procedure,, as described by Hellbrück and Moser (1986), divides the dynamic range into 20 
equidistantt intensity intervals, presented in pseudo-random order. The first stimulus is presented 
att moderate loudness, and subsequent trials are presented within half the dynamic range from the 
precedingg stimulus. Subjects are provided with nine response intervals ranging from 'very soft" to 
'veryy loud'. 
Responsess and exposure levels are related to each other using second order functions using the 
exposuree level as the dependent and loudness as the independent variable. The explained variance 
byy these curves is generally high. The derivative of this function is thought to display the growth 
off  loudness. 
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thee modulat ions of target and reference are magnified relative to each other. In 

otherr words, if the modulat ions in the target signal are enhanced less than the 

modulat ionss in the reference, the modulation depth of the target must be increased 

relativee to the reference in order to be judged as equally modulated and vice versa. 

P lasmanss et al. (2003) asked subjects to rate the loudness of a signal between 1 

andd 9 in a study carried out parallel to this study (see footnote). A second order 

functionn was plotted relating the loudness of a signal to the actual exposure level, 

representingg the loudness as a function of the intensity. The derivative of this 

functionn can be interpreted as the magnifying factor by which small differences 

inn level at a specific sensation level are enhanced: the growth of loudness. The 

relat ionshipp between dgol and dm-EMP has been determined by a correlation 

coefficient.. The correlation coefficients for normal-hearing and hearing-impaired 

subjectss were non-significant for all parameters. The generally small dgols and 

thee relative rough method to determine the growth of loudness by loudness scaling 

mayy have obscured the correlation coefficients. For normal hearing subjects, the 

maximumm dgol is typically small (0.054 CLU/dB) compared to hearing-impaired 

subjectss (0.27 CLU/dB). In addition, factors such as the ceiling effect, may have 

affectedd the correlation coefficient for hearing-impaired subjects. Moore and Jorasz 

(199G)) showed that the impaired ear enhanced the modulat ion when compared to 

thee normal ear in unilaterally hearing-impaired subjects, indicating that recruitment 

hass a clear influence on modulation perception. 

Thee effect of growth of loudness is also studied for normal hearing subjects 

byy adding a background noise. The effects found for this simulated hearing loss is 

inn agreement with the trends found for hearing-impaired subjects. However, the 

effectss are more pronounced for hearing-impairment subjects. A small change in 

sensationn level (10 to 15 dB SL) shows a significant difference for simulated hearing 

loss,, for both the shift and slope of the cumulative distr ibutions, compared to normal 

hearingg subjects without added noise. Since hearing-impaired subjects are mainly 

differentt in respect to the shift and the ceiling effect, and given the lack of relations 

wit hh dgol, the effects reported for hearing-impaired subjects may to some extent be 

determinedd by lack of audibility, but mostly by other facets of recruitment, such as a 

losss of compression and. as a consequence of this, a reduction of frequency selectivity. 
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6.55 Summary & conclusions 

Thee influence of altering one parameter (bandwidth, center frequency or sensation 

level)) on the perception of the modulation depth has been investigated. Results can 

bee summarized as follows: 

1.. increasing the bandwidth or center frequency for normal hearing subjects 

resultss in a modulation depth that is adjusted lower than the modulation 

depthh of the reference. Decreasing the bandwidth or center frequency results 

inn a modulation depth that is adjusted higher than the modulation depth of 

thee reference. Hearing-impaired subjects show a similar trend when corrected 

forr the overall shift in the data. 

2.. changing the sensation level does not clearly influence modulation perception 

forr normal hearing subjects. Increasing the sensation level for hearing-impaired 

subjectss results in a lower dm-EMP than decreasing the sensation level. 

3.. the effects for normal hearing subjects can generally be explained by taking 

thee difference in inherent fluctuations into account. 

4.. differences in dgol did not correlate with the dm-EMPs. This implies that 

wee have not been able to show that recruitment is responsible for the altered 

modulationn perception in hearing-impaired subjects. 

5.. hearing-impaired subjects generally adjust the modulation depth of the target 

largerr than a given reference. This suggests that the sensitivity to SAM reduces 

whenn a signal is preceded by a modulated signal. 

Thee appendix describes the modelling of the data from the normal hearing 

subjectss from the matching experiment using three models; the leaky integrator, 

thee sliding temporal window, and the modulation filter bank. Equal modulation 

perceptionn is hypothesized to occur on equal statistical output. The leaky integrator 

andd sliding temporal integrator offered generally reasonably high predictive powers. 

Thee modulation filter bank showed a lower performance, but did not clearly worsen 

whenn the modulation detection threshold is not used as a parameter. In contrast, 

thee predictive power of the leaky integrator and the sliding temporal window clearly 



1066 Chapter 6. SAM matching for subjects with normal and impaired hearing 

worsenedd when the predictions were only based on the statistical output, without 

usingg the sensitivity to SAM. 

6.66 Appendix - Modelling the results from SAM-

matchingg for normal hearing subjects 

Inn this Appendix, the data from this chapter will he modelled using three different 

typess of models known to describe temporal processing. These models, the leaky 

integratorr (Viemeister. 1979). the sliding temporal window (Plack et al.. 2002). and 

thee modulation filter bank (Dau et al.. 1997b). have been previously discussed in 

sectionn 4.7. In order to predict the data, the modulation detection thresholds were 

obtainedd for the same subjects using the same stimuli of the modulation matching 

experiments.. These results will be discussed briefly. 

6.6.11 Measuring the sensitivity to SAM 

Methods s 

Modulationn detection thresholds were determined using a three interval, three 

alternativee forced choice (3I-3AFC) procedure. The modulation depth was increased 

afterr one incorrect response and decreased following three correct responses, thus 

determiningg the level of 79.1CX correct responses (Levitt. 1971). At the beginning 

off  the run, the signal was fully modulated. The initial step size was 4 dB and was 

reducedd to 2 dB after two reversals. The test ended after 10 reversals. The detection 

thresholdd was calculated by taking the mean of the final 6 reversals. Each test was 

carriedd out twice. If the thresholds found in the two tests differed by more than 2 

dB.. a third test was carried out. The modulation detection thresholds. T(rn),\rc-

weree calculated using Eq. 6.2. where rn denotes the modulation index. 

r(m).4Frr = 201og1(J(r») (6.2) 

Visuall  feedback was given after each response. 
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Results s 

Cronbach'ss a equaled 0.95, which indicates that the tests are very accurate. In 

addition,, no statistical evidence of a substantial learning effect is found according 

too the linear mixed effects models and a paired i-tests (p-value > 0.1). 

-QQ 1 kHz NB 

- 00 1 kHz BB 

VV 4 kHz NB 

AA 4 kHz BB 

sensationn level (dB) 

Figuree 6.5: Sensitivity to SAM at two sensation levels for four different signals (see 
legendslegends upper left corner). All signals were presented at a level of either 10 or 25 
dBdB SL. A small lateral offset was applied to avoid overlapping error bars. Error 
barsbars show the standard deviation across subjects. The horizontal lines indicate the 
referencereference depths used in the modulation matching experiment. 

Figuree 6.5 shows the sensitivity, averaged over subjects, to amplitude 

modulationn as a function of the sensation level. The two horizontal lines indicate the 

referencee depths used in the matching experiment. Main parameters bandwidth and 

centerr frequency were both significant (LME, p-value < 0.0001). Increasing these 

parameterss increased the sensitivity to SAM by 5.4 dB for the bandwidth and 4.1 

dBB for the center frequency. Main parameter sensation level was not statistically 

significantt (LME, p-value = 0.018). First order interactions were not statistically 

significant. . 
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Discussion n 

Sensitivityy to SAM increased with bandwidth, indicating that subjects may be 

distractedd by the intrinsic fluctuations, which are less prominent in wideband signals. 

Similarr results were described by Dan et al. (1999) and these results are in close 

agreementt with their data for a modulation rate of 5 Hz. which is close to the 

targett modulation of this study. Thresholds for a wideband signal at 1 kHz are not 

significantlyy different from the thresholds for a narrowband signal at 4 kHz (paired t-

test:: p-value = 0.25). In addition, there is a trend for subjects to be more sensitive to 

SAMM at higher sensation levels, which is also consistent with literature (Kohlrausch. 

1993:: Kohlrausch et ah. 2000). 

Thee differences between the conditions measured in the two experiments of this 

chapterr are larger for the modulation detection thresholds than for the differences 

reportedd by modulation matching. The modulation detection thresholds differ 5.4 

dBB and 4.1 dB for the main parameter bandwidth and center frequency, respectively. 

Forr the modulation matching experiment, these main effects result in differences of 

3.11 dB and 1.5 dB. Furthermore. Table 6.2 suggests that these differences decrease for 

increasingg reference depths, as was indicated by a significant main effect for reference 

depthh obtained by pooling the data for the three different parameters (LME. /;-value 

<< 0.001). Increasing the reference depth reduced the difference between conditions 

byy 1 dB. Apparently, the perception space for amplitude modulations does not follow 

thee physical rules for modulation depths (2()log10[in]) . but acts compressive. Similar 

findingss were suggested based on the findings of Chapter 5. 

Analogouss to the sensation level of a signal, the modulation sensation level 

cann be defined as the amount of decibels the modulation is presented above the 

thresholdd of modulation detection. It is apparent that the modulation sensation 

levelss differ for the different conditions presented in Figure 6.6 (distance dashed 

liness and hatched blocks). The 1 kHz NB-noise signal, for instance, is presented (for 

referencee depth 0.5) at a 3.2 dB modulation sensation level, whereas the 1 kHz BB-

signall  is presented at a modulation sensation level of 9.3 dB. Hence, the difference in 

modulationn sensation level equals 6.1 dB for a change in bandwidth at 1 kHz. The 

arrowss start from the reference depth pointing to the matched modulation depth for 

aa change in bandwidth with a center frequency of 1 kHz (left panel) or for a center 

frequencyy of 4 kHz (right panel). The arrows are parallel for situations going either 
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Figuree 6.6: Compression on the perception of SAM. The hatched blocks give the 
sensitivitysensitivity to SAM, dashed lines show the two reference depths. Arrows identify the 
resultresult of the matching experiments. 

downn in modulation sensation level or for large dynamic ranges in the modulation 

depthss (4 kHz). However, arrows converge when the bandwidth is decreased, at least 

forr large differences in modulation sensation level. This indicates that modulation 

perceptionn converges for high modulation depths, which suggest a compression-like 

systemm in the modulation domain. 

6.6.22 Modelling supra-threshold SAM-perception 

Descriptionn of the models 

Threee different models are applied to account for the psychophysical data from the 

matchingg experiment. All three models are known to describe temporal processing 

inn the auditory system and have been described more explicitly in section 4.7. 
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ModelModel 1: The leaky integrator 

Thee leaky integrator (Viemeister. 1979). is primarily developed to describe the 

sensitivityy to SAM as a function of the modulation rate for broadband carriers. 

AA computational version of this model consisting of threet successive stages is 

implemented:: (1) a half-wave rectifier: (2) low-pass filter (first order Butterworth) 

withh a 3-dB cut-off frequency at 64 Hz: (3) a decision device generating a statistical 

representationn of the incoming wave. Five different statistical representations of the 

decisionn device have been distinguished and used in this Appendix (see section 4.7. 

Stricklandd and Viemeister. 1996). 

Equall  SAM perception is believed to occur when the statistical outputs are 

equall  according to one of the statistical devices (Equation 4.4-4.8). In other words, 

thee target and reference are expected to be perceived as equally modulated for an 

equall  statistical output. The statistical output is determined as a fraction of the 

statisticall  output at the detection threshold to SAM for that particular condition 

andd the statistical output at a particular modulation depth (e.g. in = 0.5). 

ModelModel 2: The sliding temporal window 

Thiss model is described comprehensively by Plack et al. (2002). In the original 

model,, the output of the model is based on the ratio between the signal plus masker 

andd the masker alone. In this Chapter, this decision device is replaced by the 

samee five statistical devices as used for the leaky integrator (model 1: Equation 4.4-

4.8).. Equal modulation perception is believed to occur for conditions with an equal 

statisticall  output according to one of the aforementioned statistical devices for the 

twoo conditions in the matching experiment. The statistical output on which equal 

nodulationn perception was determined, is given by the fraction of the statistical 

outputt at a given modulation depth and the statistical output at the modulation 

detectionn threshold to SAM. 

'AA 2000 Hz wide pre-detection filter is incorporated in the original model of the leaky integrator, 
rangingg between 4000 and 6000 Hz (first order Butterworth). Since this pre-detection filter is 
probablyy not applicable to the conditions described in this Chapter, it was removed from the 
model.. Results, as given in Table 6.7 with and without this pre-detection filter were generally 
comparable. . 
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ModelModel 3: The modulation filter bank 

Thiss model is a simplified version of the model of Dan et al. (1997b). The model 

consistss of four computational stages: (1) a half-wave rectifier (2) followed by an 

FFTT that determined the energy of the target modulation (3) followed by a model 

output-devicee according to: 

1.. the ratio of the energy of the 8 Hz component to the energy falling in the 8 

Hzz modulation filter. Energy values between 5.5 Hz and 10.5 Hz are summed, 

followingg the 5 Hz bandwidth according to Dau's model. Hence, the energy 

off  the target modulation frequency is determined relative to the inherent 

fluctuationsfluctuations falling in the same modulation filter. 

MTFD o t t ll = - ! | - (6.3) 
>> r r E 

2.. The energy around the modulation frequency of the target, given by the 

surroundingg spikes at 8 Hz, is determined relative to the energy falling in 

thee modulation filter of 8 Hz. 

MTFDf t ,22 = ^ f - (6.4) 

£5.55 E 

3.. The energy of the target modulation determined relative to the energy of 

thee signal passing a 2nd order butterworth bandpass filter centered at 8 Hz 
(approximatelyy 6 Hz wide) 

EErelireli  = § (6.5) 

E E 

4.. The energy around the target modulation determined relative to the energy of 

thee signal passing a 2nd order butterworth bandpass filter centered at 8 Hz 

Er c i22 = ^ f - (6-6) 

5.. The energy of the 8 Hz component itself 

E88 = E{8) (6-7) 

Again,, equal modulation perception is thought to occur based on equal statistical 

outputt of the statistical devices. The statistical output is determined relative to the 

valuee of the statistical output at the detection threshold to SAM for that particular 

condition. . 
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Applyin gg the models 

Figuree 6.7 shows how the level of equal statistical output is determined. As a 

functionn of the modulation depth (abscissa), the output based on one of the above 

mentionedd statistical devices (Kurtosis. leaky integrator) is determined. The first 

panell  of Figure 6.7 shows two curves, the dashed curve is based on the narrowband 

noisee with a center frequency at 1 kHz. the solid curve is based on the wideband 

signall  with a center frequency of 1 kHz. The cross and circle give the sensitivity 

too SAM for these conditions (see section 6.6.1). These values are used in order to 

normalizee the system by dividing all obtained values by the statistical output at 

thee detection threshold, as given in the middle panel. The third panel is a result of 

enlargingg the middle panel. The equal statistical output is represented by arrows. 

Decreasingg the bandwidth using a center frequency of 1 kHz at 10 dB SL. results in 

dm-EMP(l):: a positive dm-EMP according to the data of the modulation matching 

experiment.. Increasing the bandwidth results in a negative dm-EMP given by dm-

EMP(2)) following the data of the modulation matching experiment*. 

Inn the original version, two of the three models are subjected to basilar 

membranee filtering. In a first order approach, the model output is determined as if 

signalss are not subjective to basilar membrane filtering by skipping this stage, which 

iss reasonable for low modulation rates (i.e. 8 Hz). 

Thee compression ratio (see also section 4.3.2 and 4.3.1) may have an effect on 

thee perceived amplitude modulation, by decreasing the perceived modulations. In 

orderr to study the effect of the compression ratio, three situations are distinguished: 

noo compression (CR=T.0). an uniform compression ratio of 0.2, and a two-stage 

compressionn (CR = 0.78 for low levels followed by a more compressive part for 

higherr levels CR = 0.16). The uniform compression ratio of 0.2 follows the general 

ideass of compression in the normal hearing ear for medium levels. For lower levels, 

thee compression ratio is more linear (m=l). The two-stage compression, meets 

thesee effects by using a more linear behavior at 10 dB SL (CR=0.78) and a more 

compressivee function at 25 dB SL (CR=0.16). which follows the compression ratios 

ass suggested by Plack and Oxenham (1998). 

**  Apparently the compression-like system for modulation perception is described by the models 
givenn by the converging curves in Figure 6.7. In addition, the left pointing arrow is larger than 
rightt pointing arrow. 
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Figuree 6.7: Determination of the equal statistical output for a matching experiment. 
InIn the left panel, the statistical fluctuating behavior of a 1 kHz narrowband signal 
(dashed)(dashed) and wideband signal (solid) is given as a function of the modulation depth. 
TheThe 'x' and 'o' reflect the sensitivity to SAM for the two signals (at 10 dB SL). The 
curvescurves are divided by the threshold for modulation detection (middle panel). The 
determinationdetermination of the dm-EMPs for a change in bandwidth for a 1 kHz signal at 10 
dBdB SL is given in the third panel (for mref=0.5). The arrow dm-EMP(l) illustrates 
thethe effect size expected for a decrease in bandwidth using a center frequency of 1 
kHz.kHz. The arrow dm-EMP(Z) illustrates the expected effect of the matching test by 
increasingincreasing the bandwidth. 

Modellin gg the data 

TheThe leaky Integrator 

Figuree 6.8 shows scatter plots of model predictions (ordinate) and the actual 

measuredd dm-EMPs. The left panel shows the results for the leaky integrator 

usingg the Kurtosis as a statistical device. Table 6.7 shows the explained variance 

(R2)) by the leaky integrator for all data together (all; n=48) and for the different 

parameterss that are changed within each matching condition; bandwidth, frequency 

andd level, each based on 16 observations. Model predictions are generally highly 

significantt (**  p-value < 0.001: * p-value < 0.01). Using the two-stage compression 
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forr two different sensation levels, clearly reduces the performance relative to the 

linearr and the uniformly compressed (CR = 0.2) conditions. Predictive power of the 

modelss is generally limited by the poor performance modelling data determined by 

alteringg the sensation level5 (circles). Matching data based on a change in bandwidth 

(plus-symbols)) or center frequency (triangles) are generally well predicted. The 

modelss based on the kurtosis and Crest, result in highly significant correlations for 

bothh compression conditions (p-value < 0.001). These data suggest that modelling 

iss rather successful. In addition, the data are situated around the dashed line, 

indicatingg equality of predicted and measured data1'. 
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Figuree 6.8: Three examples of model predictions based on models describing temporal 
processing.processing. The explained variance (R2) and statistical device. Plus-symbols show 
thethe data for matching experiments based on a change in bandwidth, triangles for a 
changechange in center frequency and circles a change in sensation level. 

sI nn the original model, Viemeister (1979) used the increase of the (ac-coupled) RMS value of the 
standardd deviation (0.5 dB difference for the signal interval and non-signal interval) as the decision 
statistic.. This is relatively independent of level. The poor predictive power for sensation level is 
mostt likely attr ibutable to the relative small differences found for this parameter. 

11 Several methods may be applicable to determine equal modulation output (see Figure 6.7). 
Firstly,, the statistical output can be determined relative to the statistical output at detection 
threshold.. Secondly, the statistical output can be determined relative to the statistical output 
att a certain modulation depth (e.g. -30 dB), in which case it can be considered as a noise floor 
determinedd by signal properties. Thirdly, the statistical output on its own. The big advantage of 
thee last two approaches is that there is no additional information needed (detection threshold). 
Thee results of the last two approaches indicate a significant correlation but show a relatively 
poorr predictive power. The statistical output can be determined as a fraction or relative to the 
statisticall  output at threshold for SAM detection. Both cases imply that the noise floor, limiting 
thee sensitivity to SAM, is not just given by the inherent fluctuations within the signal, but also by 
externall  factors not incorporated within the output device. By subtracting the statistical output 
att modulation detection threshold, one implies that equal modulation perception occurs at equal 
statisticall  output above detection threshold. Whereas dividing the statistical output at detection 
thresholdd implies that equal modulation perception occurs at a constant fraction. In this case the 
fractionn was determined since it offered slightly better results. 
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CR R 

1 1 

1 1 

1 1 

1 1 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

0.78-0.16 6 

0.78-0.16 6 

0.78-0.16 6 

0.78-0.16 6 

Parameter r 

all l 

frequency y 

level l 

bandwidth h 

all l 

frequency y 

level l 

bandwidth h 

all l 

frequency y 

level l 

bandwidth h 

stdev v 

0.59** * 

0.72** * 

0.26 6 

0.72** * 

0.1 1 

0.30 0 

0.08 8 

0.06 6 

0.03 3 

0.01 1 

0.08 8 

0.75** * 

kurtosis s 

0.61** * 

0.70** * 

0.18 8 

0.77** * 

0.57** * 

0.72** * 

0.26 6 

0.63** * 

0.07 7 

0.80** * 

0.1 1 

0.62** * 

Crest t 

0.36** * 

0.47* * 

0 0 

0.67** * 

0.53** * 

0.62** * 

0.07 7 

0.81* * 

0.14* * 

0.52* * 

0.05 5 

0.72** * 

rnaxmin n 

0.28** * 

0.28 8 

0.48* * 

0.35 5 

0.28** * 

0.28 8 

0.48* * 

0.35 5 

0.17* * 

0.28 8 

0.25 5 

0.35 5 

Slope e 

0.10 0 

0.32 2 

0 0 

0.16 6 

0.25** * 

0.37 7 

0.12 2 

0.55** * 

0.05 5 

0.51* * 

0.11 1 

0 0 

Tablee 6.7: Explained variance for the leaky integrator. Each column shows the 
statisticalstatistical device which was used in the model The first column shows the 
compressioncompression ratio that was used. Asterisks give the level of significance (p-
value<0.01value<0.01 *;  p-value<0.001 **). 

TheThe sliding temporal window 

Tablee 6.8 shows the squared correlation coefficients between the predicted values 

andd the obtained values for the matching experiment, based on the sliding temporal 

windoww model (corresponding to a low-pass filter with a cut-off frequency of 

approximatelyy 40 Hz). Model predictions are generally highly significant (**  p-

valuee < 0.001; * p-value < 0.01). The predictive power for the linear condition 

orr a compression ratio of 0.2 is generally high. Using different compression ratios 

forr different sensation levels, generally reduces performance. The statistical device 

influencess whether the linear condition leads to a higher predictive power or the 

uniformm compressed condition (CR = 0.2). The predictions for experiments in 

whichh the bandwidth (plus-symbols) or center frequency (triangles) were altered 

aree generally high, whereas the predictions for experiments in which the sensation 

levell  was altered (circles) leads generally to a lower performance. The middle panel 
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off  Figure 6.8 shows a scatter plot between measured and predicted dm-EMPs for the 

slidingg temporal window (Kurtosis: CR. = 1). Obtained and estimated values are 

nott only closely related, but also nicely situated around the dashed line representing 

similarr values for the model predictions and the measured data11. 

CR R 

1 1 

1 1 

1 1 

1 1 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

0.78-0.16 6 

0.78-0.16 6 

0.78-0.16 6 

0.78-0.16 6 

Parameter r 

all l 

frequency y 

level l 

bandwidth h 

all l 

frequency y 

level l 

bandwidth h 

all l 

frequency y 

level l 

bandwidth h 

stdev v 

0.07 7 

0.68** * 

0.24 4 

0.02 2 

0.50** * 

0.70** * 

0.26 6 

0.57** * 

0 0 

0.74** * 

0 0 

0.70** * 

kurtosis s 

0.60** * 

0.72** * 

0.24 4 

0.70** * 

0.56** * 

0.72** * 

0.26 6 

0.69** * 

0 0 

0.83** * 

0.02 2 

0.66** * 

Crest t 

0 0 

0 0 

0 0 

0.04 4 

0.53** * 

0.65** * 

0.34 4 

0.69** * 

0 0 

0.04 4 

0.02 2 

0.19 9 

maxmin n 

0.53** * 

0.74** * 

0.30 0 

0.61** * 

0.54** * 

0.70** * 

0.44* * 

0.59** * 

0.04 4 

0.69** * 

0.11 1 

0.50* * 

Slope e 

0.04 4 

0.01 1 

0.21 1 

0.10 0 

0 0 

0.05 5 

0.06 6 

0.01 1 

0.01 1 

0.03 3 

0 0 

0.14 4 

Tablee 6.8: Similar to Table 6.7. but now for the sliding temporal window. 

TheThe modulation filter bank 

Tablee 6.9 shows the explained variance of the measured dm-EMP and the predicted 

dm-EMPP values based on the modulation filter bank model. Again, data are shown 

forr three different compression ratio configurations. Using two different compression 

ratioss for signals exposed at 10 and 25 dB SL does generally not improve model 

II  Similar to the leaky integrator, different approaches of handling the statistical output can be 
applied.. Firstly, the outcome of the statistical output did not result in an accurate prediction of 
dm-EMPP values. Secondly, determining the statistical output relative to the statistical output at 
-300 dB (the statistical output as determined by the signal properties). In some conditions this leads 
too highly significant predictions with reasonable predictive power (CR=1; Kurtosis 37%). Thirdly, 
thee statistical output determined as a fraction or relative to the statistical output at threshold for 
SAMM detection. In this case the fraction is determined since it offered slightly better results. 
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predictions,, on the contrary; it generally decreased performance. Generally, similar 

predictivee powers were found for uniform compression and the linear condition. 

Althoughh the predictive power of the models applied is generally high, the data 

aree not nicely situated around the dashed line. This indicates different dm-EMPs 

forr the model output and the measured data (see right panel Figure 6.8). Again, 

dataa for a change in sensation level are poorly predicted**. 

CR R 

1 1 

1 1 

1 1 

1 1 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

0.78-0.16 6 

0.78-0.16 6 

0.78-0.16 6 

0.78-0.16 6 

Parameter r 

Al l l 

frequency y 

level l 

Bandwidth h 

all l 

frequency y 

level l 

Bandwidth h 

all l 

frequency y 

level l 

Bandwidth h 

MTFMTFDauDau_i _i 

0.02 2 

0.097 7 

0.06 6 

0 0 

0.06 6 

0.05 5 

0.01 1 

0.15 5 

0.1 1 

0.31 1 

0.13 3 

0.03 3 

MTFMTFDauDau__2 2 

0.23** * 

0.40* * 

0.01 1 

0.36 6 

0.26** * 

0.69** * 

0 0 

0.37 7 

0.21* * 

0.47* * 

0.10 0 

0.17 7 

Erel-l Erel-l 

0.16* * 

0.51* * 

0 0 

0.25 5 

0.37** * 

0.58** * 

0.06 6 

0.60** * 

0.18* * 

0.50* * 

0 0 

0.59** * 

Erd-2 Erd-2 

0.45** * 

0.52* * 

0.05 5 

0.78** * 

0.42** * 

0.56** * 

0.04 4 

0.71** * 

0.36** * 

0.50* * 

0.08 8 

0.67** * 

EE8 8 

0.35** * 

0.51* * 

0.06 6 

0.63** * 

0.39** * 

0.72** * 

0.07 7 

0.62** * 

0.08 8 

0.60** * 

0.01 1 

0.60** * 

Tablee 6.9: Similar to Table 6.7. but now for the modulation filter bank. 

Discussionn of the models 

Threee models are applied and adjusted in order to fit  the data from the matching 

experiment.. Results for the different models show a similar behavior in the sense 

thatt best results are generally established by using the same compression ratio at 10 

andd 25 dB SL. The predictive power of the models is generally high, except for the 

conditionss in winch the sensation level is changed. This can probably be attributed 

**Simila rr to the leaky integrator, different approaches of handling the statistical output can 
bee applied. Firstly, the outcome of the statistical output device resulted in highly significant 
predictionss with reasonable predictive power (CR=0.2; Erf,t_2 30.4%). Similar performance could 
bee reached by subtracting the statistical output at a modulation depth of -30 dB. However, 
subtractingg the statistical output at threshold clearly resulted in a higher performance. 
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too the small effects found for a change in sensation level in the matching experiment 

(Figuree 6.3 bottom). These small effects increase the covariance within the data and 

introducee noise, which reduces the predictive power. Data given in Table 6.7-6.9 give 

thee explained variance without the correction of attenuation (Equation 5.4). When 

thee correction of attenuation is applied, representing the explained variance when the 

resultss of the measured dm-EMPs (matching experiment) and estimated dm-EMPs 

(indirectlyy given by the threshold for modulation detection) are not subjective to 

measurementt errors, the 61% given in Table 6.7 becomes actually 75%. due to a 

multiplicationn factor of 1.23 (modulation detection a.,-=0.95 | modulation matching: 

ay=0.7). . 

Forr two models, the leaky integrator and the sliding temporal window, model 

predictionss are best when the decision device is determined based on the kurtosis 

device .̂. In both cases, the predictive power is high and the measured dm-EMP 

valuess are similar to the estimated values based on the models. The modulation 

filterr bank is less successful, but is still able to explain 45% (55% after correction of 

attenuation)) of the variance within the data. These results only hold for the data 

obtainedd in this experiment and the model uses the sensitivity to SAM as one of 

thee parameters. The model of Dau et al. (1999) is known to predict this sensitivity 

too SAM as a function of carrier bandwidth quite accurately. The leaky integrator is 

primarilyy developed to simulate the TMTF-data for wideband carriers (Viemeister, 

1979).. The sliding temporal window is known to be less successful in predicting the 

TMTF,, especially for high modulation rates (Moore et al., 1988), which is probably 

off  littl e importance since 8 Hz was used as the target modulation frequency. The 

successs of the leaky integrator and the sliding temporal window can be attributed 

too the relative broad noises compared to the cut-off frequency of the low-pass filters 

usedd in these models. Both models are unlikely to distinguish between different 

bandd widths for bandwidths smaller than these cut-off frequencies and will thereby 

bee less successful in predicting matching data using these kind of bandwidths. In 

thesee situations, the bandpass filters used in the modulation filter bank, will be able 

too distinguish between different bandwidths as shown by Dau et al. (1999). 

TTThee TMT F for broadband noises was originally modelled using the standard deviation and the 
max/minn as a decision device (Viemeister, 1979). Results from Strickland and Viemeister (1996) 
indicatedd that the Kurtosis as a decision device modelled the TMT F with reasonable accuracv. 


