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aB3TACT 

The work reported in this. thesis aims at the develop-

ment of objective techni_u es for the clinical evaluation of aud-

itory function. The auditory evoked poteLtial (:;EP), a convenient 

• electrophysiological signal, has been examined in detail. Several 

statistically-based methods have been devised and assessed for its 

objective detection. Power measures have been studied, together 

with two pattern recognition techniques: phase distribution anal-

ysis, and template matching by cross-correlation. 

The detection of the 1E1? is rendered particularly dif-

ficult by several factors: the variability of the REP, its low 

signal-to-noise ratio, and its interaction with a nonstation_rr 

noise source. These features limit the efficacy of methods based 

on amplitude or power measures. Pattern features are therefore 

potentially more attractive and a phase spectral approach is con- 

• venient. Phase values, however, are inherently periodic, and this 

cannot help but complicate statistical analysis and interpretation. 
• 

ITonetheless, by recourse to a data simulation, and to rotational 

statistical procedures, the sampling statistics of certain phase 

measures can be determined. Although a strong sample size bias 

has emerged very clearly from the analysis, the empirical phase 

statistics have been shown to be well-behaved and entirely reliable 

for objective use in indicating the presence of the AEP. The ef-

fectiveness of the phase techniques suggests that a pattern recog-

nition approach is appropriate to the data, and this finding is 

further confirmed by the cross-correla.tion studies. 
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CHAPTER ONE 

INTi1OLUCTIOi 

Within the field of clinical audiometry, there has always 

been a need for some objective means of testing auditory fuzction. 

Subjective tests, where the patient hinself indicates 'heard' or 

'not hard' in response to an acoustic stimulus, break down when-

ever his cooperation cannot be relied upon. Some physiological or 

electrophysiological variable, such as the electrocochleogram (ECochG) 

or electroencephalogram (EEG), must then be used to indicate the 

presence or absence of a response to sound stimulation. These 

physiological responses can be assessed in one of two ways: either 

the tester scores them visually, a situation which retains an 

element of subjectivity insofar as his bias is involved; or they 

may be assessed by machine scoring. Here, the criteria for detect-

ing the responses are in-built and statistically derived, making 

the test truly objective. The work reported in this thesis ex-

amines one of these responses, the late components of the auditory 

evoked potential (AEP) present in the EEG, and explores several 

new techniques for detecting it objectively, based largely on a 

pattern recognition approach. 

Study of the auditory evoked potential is of considerable 

interest and importance. Although a diffuse and non-specific re-

sponse, the AEP in some way reflects the integrity of the entire 

auditory pathway. As such, it provides us with a clinically useful 
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physiological response to acoustic stimulation. As an audiological 

test, its merits are limited only for want of some objective means 

of detecting the evoked potential. This, in itself, is a challeng- 

- ing problem in signal analysis. Whenever both signal, the AEP, 

and noise, primarily the :SEG, occupy a similar frequency band, 

signal detection by some means of frequency selectivity, such as 

analog filtering or coherent averaging, is limited in scope and 

applicability. Differentiation on the basis of signal strength 

will only be effective where signal-to-noise (S/N) ratios are high, 

a situation seldom encountered with AEP data. Use of pattern rec-

ognition techniques assume a consistent signal will be found in 

stimulated records. Whatever methods of signal detection are em-

ployed, statistical measures must be relied upon to indicate sig-

nificant or nonsignificant findings. The nonstationarities exper-

ienced in EEG records can and often do affect the statistics ap-

plied, and care must always be taken in interpreting the results 

of any analysis performed. 

Once these problems are resolved, and some objective 

methods developed to detect the evoked potential consistently and 

reliably, many further developments are possible. The same, or 

similar, techniques can then be applied effectively to other elec-

trophysiological responses with similar characteristics, such as 

the brain-stem evoked potentials (BSEP) or the ECochG. This would 

greatly extend the use, and reduce the expense, of electric response 

audiometry (ERA) by eliminating the need for clinically trained 

personnel to assess these responses visually. Surveys could then 

be conducted in a much wider context than has been attempted to 

date for want of a simple, objective, and universally accepted 

means of audiometric testing. 
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The present study is primarily concerned with the detect-

ion of the AEP. A consistent means of detection would place this 

particular audiometric test on an objective and reliable footing, 

and possibly allow for similar developments in other areas of ERA. 

As will be seen, the techniques developed and outlined here have 

also allowed us to examine individual evoked potentials, a study 

that could not be considered before. Analysis of individual re-

cords may well enable us to gain some further insight into the 

physiology underlying the generation of the AEP and aid in any 

inferences we make as to the possible location of their generators. 



CEAPTER T',V0 

ELECTRIC RESPONSE AUDIOlaTRY 

2.1. Early Developments in ERA 

The auditory evoked potentials (AEPts) under study are 

present in, though frequently obscured by, the spontaneous elect-

rical activity of the brain. The presence of electric potentials 

in the exposed cortex of animals was first observed by Caton in 

1875. These, he suggested, were related to cortical function, 

and in some way influenced by sensory stimulation. It was not 

until fifty years later that similar potentials were observed 

from the human brain. Berger (1929) identified the alpha-rhythm 

in the electroencephalogram (EEG) as having a frequency centered 

on 10 Hz, and being associated with a resting or inattentive 

state. Alpha-activity, he found, was blocked by visual alert-

ness and less frequently by sound. Later Adrian and Matthews 

(1934) confirmed his observations and noted that the Berger- or 

alpha-rhythm could be induced by photic stimulation. 

Specific changes in the EEG in response to an acoustic 

stimulus were reported by P. Davis and by Davis, Davis, Loomis et 

al. in 1939. Presentation of tones was found to check the alpha-

activity or beta-activity in some waking subjects. ( Davis, P., 

1939 ) For others, a diphasic or triphasic wave accompanied the 

onset or cessation of the sound. These on- or off-effects were 
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not always discernible in the EEG and did vary•greatly in amp-

litude.' Because they were maximally recorded from the vertex, 

they have come to be known as the vertex- or V-potentials. 

A similar response could also be evoked during sleep. 

The K-complex ( Davis, Davis, Loomis, et al., 1939 ) consisted 

of two components, both of which varied systematically with the 

different stages of sleep. A slow component, closely related to 

the waking on-effect, was often followed by bursts of faster 

activity which decreased in frequency and grew more regular as 

sleep became deeper. Both the K-complex and the V-potential 

could be evoked by visual and tactile stimuli, suggesting that 

they were diffuse, non-specific responses of the brain to any 

sensory input. 

V-potentials, much smaller and more labile than the K- 

complex, were frequently obscured by spontaneous E±X of much 

greater amplitude than the responses themselves. Providing some 

reliable means of detecting them was a necessary first step in 

coming to a better understanding of their morphology and clinical 

usefulness. Superposition of as many as twenty responses ( Dawson, 

1947 ) enabled workers to identify the evoked potential more 

readily. However, it was not until the introduction of averaging 

( Dawson, 1951 ) and the development of the averaging computer 

( Dawson, 1954, and Clark, 1958 ) that AEP's could be recognized 

with any degree of reliability. 

With the advent of averaging, it was still uncertain, and 

by no means universally accepted, that the auditory evoked potential 

was indeed of cortical origin. Most of the controversy surrounded 

the early components ( first 30 ms ) of the response, which could 



be due to muscle tone or eye movements. ( Borsanyi and Blanchard, 

1964 ) Although movement artifacts do influence the evoked pot- 

ential and can obscure its presence, the late components described 

by various authors ( Davis, 1964 a&b, inter alia ) are now thought 

of as originating in the cerebral cortex. Whether they are specif-

ic responses, originating from the primary projection areas of 

the cortex ( Vaughan and Ritter, 1970 ) or of a more diffuse 

origin ( Celesia and Puletti, 1969 ) remains unresolved. They-do 

represent an electrophysiological response to acoustic stimulation, 

and as.such, have been used clinically as an objective audiometric 

test. 

Clinical applications, however, have been limited by 

several factors. Inter- and intra-subject variability of evoked 

potentials makes them difficult to assess visually. Each tester 

follows his own in-built criteria. ( Rose, Keating, et al., 1971 

Children pose special problems. Their EEG's and AEP's are more 

labile than those of an adult, and muscle contaminants frequently 

obscure their averaged responses. :lith the use of signal detection 

techniques, it may be possible to improve the clinical situation 

by providing an objective and consistent means of detecting the 

evoked potential. 

2.2.1. Recording 

Auditory evoked potentials, the V-potentials of P. Davis, 

are recorded extra-cranially using scalp electrodes. The electrodes 

themselves are remote from the source of the AEP, separated from 

it by scalp, skull, and indifferent but not necessarily inactive 

cortex. Thus, these scalp electrodes will record volume-conducted 
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electrical events both related and unrelated to the evoked poten-

tial. Muscle contraction at or around any electrode will intro-

duce further contaminants. In addition, far-field signals are 

substantially attenuated by the media through which they are con-

ducted. Recordings made intra-cranially in both humans and animals 

are on average twenty times as large as those detected in the far-

field. ( Celesia, l963, Celesia and Fuletti, 1969 ) ghat is 

picked up on the scalp, then, is a composite of electrical activ-

ity generated in, and conducted through, layers of cortex, and 

possibly contaminated by muscle contractions. "he evoked potential 

is small and frequently engulfed by other volume conducted cortical 

potentials. 

Faithful reproduction of EEG potentials can only be 

realized with an appropriate choice of both electrodes and record-

ing apparatus. Special consideration will be given to each of 

these topics. 

2.2.ii. Electrodes 

The relatively small potentials detected on the scalp 

are typically of the order of 100 ,AV, demanding the use of rev-

ersible, rather than non-reversible, electrodes. This distinction 

is based on the behaviour of the electrical double layer, a phen-

omenon related to the existence of electrode potentials. When an 

electrode is immersed in a conducting solution, ions pass from the 

metal into the solution and vice versa, causing a potential dif-

ference, the electrode potential, to develop between the metal 

and the surrounding solution. If the outward flux of metal ions 

into solution exceeds the inward flow of ions from the solution, 



an excess of charge builds up in the solution immediately sur-

rounding the electrode, giving rise to an electric double layer. 

Once an equilibrium is established, a small change in voltage 

,applied to the electrode will disturb the double layer. Por a 

reversible electrode, a substantial,-steady• current will flow, • 

• indicating a low electrode resistance. non-reversible electrodes, 

on the other hand, behave more like capacitors, passing very 

little current under t' ese conditions. 

The reversible electrode mo t co: •-only used for scalp 

recordin of the rJ,;G is the silver -- silver-chloride ( it -A7C1 

disc electrode. ''hen in contact with a solution or gel of sodium-

chloride ( Pa Cl ), its resistance and capacitance - may both, be 

large. }-'.owever, if the input impedance of the amplifiers is 

high ( > .5 ?Lot...), a. c. recordings will not be seriously affected. 

For d.c. recordings, imcedances of order 50 Esuare required. 

Three electrodes are used for recording auditory evoked 

potentials. Because these are thought to be maximum over the ver-

tex, a conventional placement of electrodes has evolved. 

active electrode on the vertex is taken as a positive reference. 

potential differences between it and an inactive electrode located 

on the mastoid are then detected. 	third electrode on the fore- 

head acts as body ground. This type of recording is often referred 

to as monopolar, because only the vertex electrode is assumed to 

be active. A bipolar recording results from determining the poten-

tial differences between active electrode pairs. Bipolar config-

urations are common in EEG recording and essential for any contour 

mapping of the evoked potential. 
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Fig. 2.1. The recording equipment. 
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2.2.iii. Recording Apparatus 

A detailed schematic of all the recording apparatus used 

in this study is shown in Fig. 2.1. The signals picked up between 

vertex and mastoid electrodes were fed into a differential FET 

amplifier of approximately 10 M sa. input impedance. The output 

voltage passed through further stages of amplification for an 

overall gain of 104. For most of the recordings taken, the fil-

ters were set at:.08 Hz and 16 Hz. A digital averager computed 

the averaged response and displayed this on an oscilliscope. 

Timing of the 'averager was controlled by a stimulator, which in 

turn triggered an audiometer. Tone bursts were delivered through 

the audiometer at a rate set to one every two seconds. These had 

a rise and fall time of 10 ms and an overall duration of 100 ms. 

For off-line analysis of these data, both the stimulus 

marker pulse and the signal output.from Stage 2 were stored on 

analog tape and later digitized. In addition to this, on-line 

analysis of the data was also attempted. The same two signals 

were fed into an analog-to-digital convertor (ADC) and processed 

by a Hewlett-Packard 2100 computer. 

2.3.i. The Auditory Evoked Potential 

The characteristic features of the AEP described in the 

literature pertain to averaged rather than individual responses. 

If N sweeps are summed for each post-stimulus time, an average 

waveform can be derived. Events related to the stimulus, such as 

the evoked potential, will be enhanced by averaging many records. 

Any random or unrelated REG activity, on the other hand, will be 
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diminished. Ensemble or coherent averaging can improve the signal- 

Fig. 2.2. Typical averaged 1_1:ditory evoked potential. 

The typical auditory evoked pots itial consists of several 

characteristic components. Of these, only those occurring more than 

50 ms post-stimulus tire have been considered. A small vertex pos-

itive peak may or may not be seen at 50 to 75 ms post-stimulus time. 

( Fig. 2.2. ) A striking vertex negative trough between 100 ms and 

150 ms and followed by a positive deflection anywhere between 175 

and 200 ms is the most consistent feature of the response. A.second 

low negative trough occurring at approximately 250 ms is often prom-

inent in children but less common in adults. A further slow pos-

itive wave at about 300 ms may also be present. This latter compon-

ent ( Sutton, Braren, et al., 1965 ) and the contingent negative 

variation ( Walter, Cooper, et al., 1964 ) are related to stimulus 

expectancy. Because the present study was not concerned with the 

secondary psychological aspects of perception, recordings were set 

up so as to minimize any effects due to conditioning or stimulus 

uncertainty. Thus, neither of these components is prominent in 

Fig. 2.2. Here, and throughout the text, vertex positive deflect-

ions are plotted upwards. 
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To date, no satisfactory terminology exists for the naming 

of the components outlined above. Throughout this text, the scheme 

suggested by Davis ( 1976 ) will apply. Vertex positive components 

are labelled with a Y, vertex negative waves with an E. Eoth are 

followed by a subscrint indicating the approximate pCst--sti::mlus 

ti:'.e at which they occur. Thus, the components described in the 

preceding paragraph would be designated by: P , i% 	, P 	, 50 loo 2no  

and P300.  

2.3.1i. AEP Variability 

Although Fig. 2.2. attempts to illustrate a 'typical' 

evoked potential, the varibility of waveform experienced hot'. a ;:_ong 

subjects and within the same subject is considerable. Some aspects 

of this variability are reasonably systematic, like the char•ges in 

amplitude and latency as a function of stimulus intensity. Others 

do not appear to follow any specific pattern. 

With changes in intensity level, the evoked potential de-

creases in magnitude and increases in latency until no observable 

response can be seen in the averaged record. ( Fig. 2.3. ) Changes 

in both parameters are gradual as the intensity is reduced to about 

30 dB SL. Below this, latency shift of the rl100  and P200 	—compon- 

ents is marked and may change by as much as 100 ms. 

Any variations in psychological state may affect the nat-

tire of the evoked potential, often in ways which are difficult to 

define. Certain broad generalizations can often be made. H reduct-

ion in amplitude of the AEP with repetitive or boring stimuli, for 

example, is known to occur. The presentation of random or surprise 

stimuli frequently enhances the amplitude of the response. Sleep 

and drugs both affect the AEP in broadly similar ways. The background 
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Fig. 2.2. Averaged auditory evoked potentials as a function of 

stimulus intensity. Subject JD, F., age 23, at 1 kHz. 
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EEG progresses through distinct stages during sleep, and the 

evoked potential becomes larger, broader and more prolonged. A 

fast rhythmic component often follows the response. In deep sleep 

or general anaesthesia, the AEP is rarely found. 

The averaged waveforms in children are even more var-

iable. In part, this is attributed to the immaturity of the 

central nervous system (CNS). As neural pathways develop, greater 

and greater consistency can be found in the evoked potential. 

Activity and restlessness may also account for the fluctuations 

experienced. The response is distinctly different in many features 

from the adult response, as illustrated in Fig. 2.4. In older 

children, it is possible to detect both adult and childlike wave-

forms. 

1 	1 	4 	1 	I 

/oo 	S"00  Ac,   7 .S. 

Fig. 2.4. The average response from a 3-year old child. 

2.3.iii. Ponstationarities 

Some of the variability mentioned above reflects the 

presence of nonstationarities in the data. Most physical or 

physiological data does exhibit time-varying statistical properties 

such as the mean, the second or higher _moments of its distribution. 
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Nonstationarities may arise from transients in the system under 

study, or during long-range periods of time where the system grad-

ually undergoes a change of state. This second condition is prob-

ably more descriptive of the nonstationarities present in the EEG, 

because it implies that a given input, such as an acoustic stimulus, 

will produce a variable output with the passage of time. The pre-

cise nature of the nonstationarities, though, has never been a 

• equately examined. Time-varying means, variances and frequency 

structures may be found in EEG records. Chapter Three considers 

the problems of a nonstationary variance in detail, while Chapter 

Four suggests some means of examining the time-varying frequency 

structures present in some EEG data. 

Very few satisfactory methods exist for the treatment of 

nonstationary data. Often an assumption of stationarity is made 

and a variety of statistical tests performed on the data. Distort-

ions may result from assuming that the statistical properties of 

the sample do not change with the course of time. Tapering of a 

linear trend, for example, would introduce a false first harmonic 

in the frequency domain representation of the signal. Even coherent 

averaging can be affected by the presence of nonstationarities. 

Bursts of high amplitude EEG activity of variable frequency often 

swamp the average response. 

If an assumption of stationarity is made with the EEG 

data, care must be taken in interpreting the results of any tests 

or processing applied. Certain features, such as trends, can be 

removed, if it can be shown that these are influencing the stat-

istical test results, but not a characteristic feature of the sys-

tem as a whole. Or, the effects of particular processing tech-

niques, like the distortion of trends by Banning or tapering, may 
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be ignored in interpreting specific tests involving the discrete 

Fourier transform. Some nonstationary methods are also available. 

These involve determining nonstationary probability density funct-

ions from unbiased estimates of time-varying means and variances. 

These are likely to be different for each subject tested, and prob-

ably for the same subject over the course of time. Ionstationary 

. statistical procedures would only be warranted if careful and 

selective analysis accounting for the presence of certain non-

stationarities proves to be inadequate. 

2.4.i. The Noise Sources 

Two main sources of biological noise are present in AEP 

data: the spontaneous electrical activity of the brain; and myo-

genic artifacts, mostly.due to the contraction of neck muscles. 

Each of these will be discussed under separate headings. 

2.4.ii. The EEG 

The EEG is an extremely complex and inherently nonstat- 

ionary signal; its amplitude and frequency vary considerably with 

the passage of time. Several reasonably regular waveforms, however, 

have been identified. These have come to be associated with var-

ious physiological states and with the maturation of the central 

nervous system (CNS). Even though certain rhythms may be more 

prominent at one time of life than another, or at one time of day 

than another, they wax and wane, giving way to different character-

istic rhythms within the space of a few seconds or a few minutes. 

Several of these more characteristic waveforms will be considered 
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in this section. 

EEG activity is more variable in children than in adults, 

a feature generally attributed to the growth and development of the 

CPS. Particular rhythms, usually of low frequency and high but ir- 

regular £mplitude, are characteristic in the you, 	child. Delta- 

activity (L 4 Hz ) is dominant and often asy?le!:r=fiUs in the first 

few •.oaths of life. As the child develop ., these ~- i, -..l, variable 

., aves are gradually replaced by more regular activity of higher 

frequency and lower amplitude. The generation of tLeta waves ( P to 

6 hz ) and some alpha ( 8 to 15 Hz ) can be obser-, ed after a year or 

so of birth. These rhythms gradually become More _ _ ;nl ar in appear-

ance and more specific in origins as the child matures. By the tine 

the child reaches puberty, the EEG closely resembles that of an ad-

ult, though irregular, high amplitude, low frequency rhythms may 

still he found in the recordings. 

The EEG of an adult is characterized bg the local gen-

eration of alpha-activity in the occipital regions of the brain. 

This consistent rhythm is. usually most 'prominent when the subject 

is resting with eyes closed. This is the Berger effect. Higher 

frequency beta waves (> 13 Hz ) may also be seen irate : ninled with 

the lower frequency theta described earlier. Usually, for both 

children and adults, a composite of activity is to be found. One 

prominent rhythm gives way to a second, or several aroear super-

imposed on one another. 

Physiological changes of state, such as sleep or the ad-

ministration of drugs, produce substantial changes in the character 

of.EEG waveforms. During the various stages of sleep, for example, 

the alpha-activity of the resting state waxes and wanes until it is 

replaced by the emergence of theta and the occurrence of higher 
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frequency sleep spindles or .sigma rhythms ( 14 Hz ). As sleep be-

comes more profound, delta waves develop. REM sleep marks a return 

of low amplitude, relatively high frequency waveforms. Drugs, too, 

affect the rhythms observed in the EEG. Anaesthetics generally re-

duce the frequency of prominent rhythms and increase their amplitude 

and variability. Thus, in the early stages of anaesthesia, alpha 

is quickly replaced by the widespread generation of theta and delta 

activity. In deep anaesthesia, little EEG activity can be seen. 

Other patterns may also be seen in EEG tracings, though 

these are attributed to extra-cerebral sources and constitute bio-

logical artifacts. Eye blinks, for example, introduce localized 

triangular deflections in the frontal regions of the scalp, while 

eye movements show up as slow waves both frontally and temporally. 

Muscle contraction produces spindles, again highly localized. 

Sweating, too, introduces extremely slow delta waves, usually in 

frontal regions. Head or limb movement is reflected by variable 

waveforms in the EEG, a common occurrence with children. 

All of the rhythms described above occur spontaneously. 

It is possible, however, to induce specific rhythms or to check 

their presence. Adrian and Matthews ( 1934 ) were able to induce 

alpha activity by the use of strobe flashes. Sounds, or the at-

tention to problems of mental arithmetic, can block this activity, 

as can visual alertness. The discrimination of complex visual pat-

erns seemsto enhance the generation of beta. Reading, restlessness 

or boredom cause the EEG to change in as yet ill-defined ways, all 

contributing to the complex temporal pattern of the signal, and, 

of necessity, give rise to many of the nonstationary properties 

observed in the data. 



2.4. iii. ;'.uscle Roise 

The second source of biological noise common to AEP re-

cordings arises from muscle contraction. These muscle spindles 

are localized to the region .immediately surrounding their generation, 

but can introduce artifacts of his amplitude should a recording 

electrode be placed in that vicinity. For AEP data, the main source 

of myegenic •contamination is the mastoid. Head or neck movements 

may produce high amplitude spindles which can easily obscure the 

signal detected at the reference electrode. 	hen recordings are 

taken, care must be exercised to ensure fiat the sub.;ect is relaxed, 

with head cornfo_rtab?;' resting on a high backed chair or lying down. 

This relaxes the important nec muscles. When testing adults or 

older children, this can 'be accomplished without difficulty. Young 

children, hyperactive or disturbed subjects, or those suffering from 

lack of muscle coordination present substantial problems, as can 

epileptics. 

2.5. Detection of the AEP 

The variability of the evoked potential, its low s/PI and 

its interaction with a ronstaticnary noise source of similar freq-

uency range all compound the difficulties of signal detection and 

interpretation. Any method of analysis chosen will be effective 

only insofar as the data conforms to the assumptions inherent in 

that technique. In order to simplify statistical analyses, an 

assumption of stationarity is often made which may limit the res-

olution or reliability of the signal methods used in detecting the 

AEP. However, the usefulness of objective techniques for analysing 

ERA data cannot be overlooked. At present, no really reliable, 
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objective means of detecting the evoked potential is available. 

Although several machine scoring methods have been proposed, co-

herent averaging is still widely used in the clinical setting. 

As long as records are visually assessed, considerable variability 

will be experienced both on an inter-judge and intra-judge basis. 

( Rose, Keating, Hedgecock, et al., 1971 ) Providing a method 

of detection based on statistical probabilities rather than var-

iable, subjective criteria will put ERA on a more objective foot-

ing. In addition, it may come to be accepted as a standard proced-

ure, allowin_, audiometric surveys to be carried out with full as-

surance that the data from regional centres could be compared un-

equivocally. Signal analysis rnetLods may also provide the means 

for examining individual AEP sweeps in greater detail, thereby 

adding to existing knowledg e and understanding of the evoked poten-

tial. 

In the first instance, detection is of primary concern. 

Two general approaches to this problem exist. Each makes different 

assumptions as to how the AEP might be generated. If the evoked 

potential can be thought of as a signal superimposed on a noise 

source, then differences in amplitude, power, or signal strength 

could be found between stimulated and unstimulated records of EEG,. 

suggesting that methods which improve the signal-to-noise ratio 

would be worth investigating. If, however, the &EP is thought 

to result from some synchronization or time-locking of existing 

EEG activity, pattern recognition techniques would be indicated. 
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2.6.i. Amplitude Eeasures and the SA 

Improving the signal-to-noise ratio of AEP data has been 

attempted with considerable success, suggesting that, to some extent 

at least, the evoked potential may indeed be a specific response 

superimposed on continuous LEG. Coherent averaging, for example, 

enhances the response at the expense of any random fluctuations in 

the background activity. Determining the characteristic amplitudes 

and frequencies of the EEG in pre-stimulus. epochs, then removing 

these elements from cost-stimulus records ( Salomon and parford, 

1977 ) reduces the effects of periodic, rather than random, aspects 

of the noise source. 

Superimposing a signal on a noisy background has been as- 

sumed to produce an increase in the amplitude 	power of the 

noise source alone. This working hypothesis ( Schimmel, :lapin and 

Cohen, 1974 ) has led to detection techniques which are as sensitive 

as the visual scoring of averaged waveforms. The assumption, how-

ever, can only be justified for relatively high signal-to-noise 

ratios; for those encountered in ERA data, other factors, such as 

the phase of both signal and noise, must be taken into account. A 

more detailed account and critique of these procedures may be found 

in Chapter Three. 

Several other amplitude measures have been developed, each 

supposedly as sensitive as the subjective assessment of averaged 

records. ( Shimizu and Glackin, 1967, Saloman, 1970, 1974 ) .Aver-

aging, itself, is limited by the discrepancies between the assumed 

and actual behaviour of the data, viz., its variability and non-

stationarity. In addition, subjective criteria introduce a further 

element of variability, making this choice of reference unsatisfactory 
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for establishing the effectiveness of any new signal detection 

technique. Sensation level (SL) is another possibility, but it, 

too, is subjective on the part of the listener, and discrepancies 

have been found to exist between SL and threshold detection by 

ERA averaging. ( Rapin, 1974, Rose, Keating, et al., 1972, inter 

alia ) Neither reference, then, is really adequate, yet it is 

only on the basis of one or the other that any comparisons can 

be made. 

For this study SL at the time of ERA testing has been 

arbitrarily chosen as a reference. Like averaging, sensation level 

still retains some elements of subjectivity, but makes no simplify-

ing assumptions about the data which might influence test results. 

The reasonably consistent results reported by authors 

using averaging, or some amplitude or power measures to .d.etect the 

AEP does suggest there may be some merit in modelling the evoked 

potential by superposition. Such a description, however, does not 

conform to present-day understanding of how neurophysiological 

mechanisms are thought to function. Neurones fire spontaneously, 

and send off synchronous volleys of impulses whenever they are 

stimulated. ho superposition of response on the background act-

ivity is observed, but rather, the spontaneous discharges are seen 

as synchronized to the stimulus. From the physiological point of 

view, it would be more reasonable to assume that similar mechanisms 

are at work at the cortical level. The evoked response can be 

strongly influenced by background EEG, being of similar amplitude 

and frequency in both the waking and sleeping states. To speak of 

the AEP as resulting from some synchronization of existing EEG act-

ivity allows us to consider pattern recognition techniques which 

may be of greater resolution than those which rely on a superposition 
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model. 

2.6.ii. Pattern Recognition Techniques 

If spontaneous EEG became synchronized in response to an 

acoustic stimulus, then some consistent pattern would be found in 

an ensemble of post-stimulus sweeps. The presence of a consistent 

pattern could then be detected in either the time or frequency 

domains. 

In the time domain, both autocorrelation and cross-

correlation W h a respons template could bring out the pattern in 

the data. The .choice of template, however, must take certain known 

sources of response variability into account. Simulating one from 

the use of second order differential equations ( Derbyshire, Osenar, 

et al., 1971 ) will only be effective when inter-subject variability 

of responses is small. As this seldom happens, this template will 

only be successful when applied to those subjects whose response 

pattern closely resembles the template. Using each subject as his 

or her own reference, and possibly adapting the template to account 

for latency shifts at lower intensity levels may prove more effect-

ive. 

In the frequency domain, synchronization of the EEG should 

be seen in the re-ordering or constraint of the phase spectral com-

ponents. By comparing the distribution of phase values in both 

stimulated and unstimulated data, Sayers, Beagley, and Henshall 

( 1974 ) have demonstrated the power of this signal detection tech-

nique. In addition, they have been able to synthesize an evoked 

potential pattern on continuous EEG and random noise ( Sayers, and 

Beagley, 1974 ) merely by constraining the phase values, suggesting 

that the AEP may indeed result from synchronization of that activity. 
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Beyond the advantages of improving response detection, 

modelling the AEP in this way may lead to a greater understanding 

of how the response is generated. Individual evoked potentials 

could then be examined in greater detail than at present. This, 

in turn, could allow us to make new inferences about the physiolog-

ical mechanisms which give rise to the observed behaviour and 

characteristics of the AEP. 

2.7. Conspectus 

The AEP, then, provides us with challenging problems of 

signal detection and analysis. Both general approaches outlined 

above, based on the superposition and synchronization models, will 

be examined in detail in the next three chapters. Chapter Three 

deals exclusively with the superposition model and with the merits 

and problems of detection techniques based on signal-to-noise con-

siderations. Chapters Four and Five, on the other hand, are de-

voted to two pattern recognition techniques which assume a syn-

chronization model for AEP generation. The phase distributional 

analysis of Chapter Four considers the problem of pattern detection 

in frequency domain terms. With the phase approach, any consistent 

pattern other than noise is sought out from ensembles of post-

stimulus EEG records. The template matching techniques of Chapter 

Five, on the other hand, make use of the known features of the AEP 

by attempting to match a high level response with individual mem-

bers of ensembles for post-stimulus epochs. The problems and ef-

fectiveness of each of these methods will be considered in detail. 
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CHAPTER THREE 

PO, E:R MEASURES AND THE S/N 

3.1.i. Introduction 

Traditionally, the electroencephalogram has been analysed 

in terms of its power content. The power spectrum, in particular, 

serves as a means of identifying the rhythms present in the EEG 

record, and providing some quantitative measure of their relative 

signal strengths. Similar methods may provide a useful means of 

detecting the auditory evoked potential. This chapter examines a 

few of them in detail. 

3.1.11. Theoretical Considerations 

A simple, but widely accepted, model of AEP generation 

suggests that a consistent and characteristic signal is superimposed 

on the EEG in response to acoustic stimulation. The background EEG 

is thought of as bandlimited random noise, both Gaussian and stat-

ionary in order to facilitate statistical analysis. Admittedly, a 

model of this kind fails to account for either the known variability 

of the AiP or the nonstationarities inherent in the EEG. It may, 

however, be viewed as an acceptable set of working hypotheses broad-

ly descriptive of ERA data. 

On this basis, the premise of superposition suggests a 
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variety of signal detection techniques based on magnitude and power 

measures that could be applied to the evoked potential. Firstly, 

the power of a signal superimposed on uncorrela'ted noise should ex-

ceed that of the noise source alone. This effect should be even 

more pronounced when the signal is enhanced by coherent averaging. 

Secondly, examination of the power spectra of sinal and noise may 

reveal differences in the distribution of power among the available 

frequency components. The effectiveness of t1-.ese, or similar, methods 

rests largely on the extent to which the hypotheses made apply to 

the data under -study. 

3.2.1. The Power Test 

Relying on these assumptions, Schimmel, e.pin and Cohen 

( 1974 ) have implemented several different amplitude and power 

measures for detecting the AEP. Because of the successes they. re-

ported, it seemed reasonable to accept the basic tenents of their 

model and to consider one procedure, initially, as a means of ver-

ifying their claims. A simple a.c. power comparison between av-

eraged pre- and post-stimulus waveforms was chosen for this purpose. 

A single trial consisted of 54 sweeps, each composed -  of 

640 ms of pre-stimulus and 640 ms of continuous post-stimulus EEG. 

A total of 88 trials were chosen in the-first instance. These con-

sisted of the ERA data from five-normal young adults, each tested 

under a maximum of 18 different stimulating conditions from supra-

threshold to sub-threshold intensity levels. Four of the 18 trials 

were drawn from unstimulated EEG to serve as a control for the 

analysis. 
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The coherent average for each trial was then determined 

and the variance of pre- and post-stimulus intervals compared on 

the assumption that no significant difference would be seen if the 

AEP were not present in the post-stimulus record. A Fisher-test 

formed the basis of the comparison. When applying an F-test to 

the data under these conditions, certain considerations must be 

taken into account. These involve the notion of degrees of freedom 

and how they pertain to the definition of the F-statistic. 

3.2.ii. The F-Statistic 

For a normally distributed variable, xi, with sample 

mean, , and population variance, 0-12, the following quantity can 

be defined: 

The parameter u is distributed as ,_2 with (n-1) degrees of freedom 

where n is the number of independent samples making up the, ensemble. 

For a second variable, y, with mean, y, variance, cr 2,  and en-

semble length, m, 

m 2 

 

Yi  
	 d2  
i=1 

The F-statistic is then defined as the ratio of these two quant-

ities divided by their respective degrees of freedom. 

u  
F =  n - 1 

v  
m - 1 

V = 
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As can be readily seen, the use of the P-test requires a 

knowledge of the number of degrees of freedom of the data. Because 

each sample in the ensemble average cannot be thought of as indepen-

dent of the next, the equivalent number of decrees of freedom, dfe, 

must be estimated from the Blackman -Tukey relations. Dfe is given 

by the following equation: 

df e = 2 p, 
e
T - 1 

where P is the period or data length in seconds, and B e 
is the eauiv-

. 

alent bandwidth of the data determined by comparing its smoothed 

power spectrum, Pi, to that of white noise of the same power var-

iability. 

P. (f) 1 

1 	I~bm 

1 
Pi (~'

r 
) n5T 

1=1 

Here, N is the number of samples per sweep, and ST is the 

interval, in seconds, between neighbouring samples. 

Under the null hypothesis, 0'12 and 022 are assumed equal. 

Any significance in the value of F will force us to reject Ho in 

favour of the alternative hypothesis: 0'1
2 } er22. The subscript 

1 denotes the post-stimulus record, thought to contain the evoked 

potential and therefore be of greater variance or power than the pre-

stimulus EEG. For these conditions, F reduces to the following 
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relation, where x and y represent the post- and pre-stimulus sweeps 

respectively: 

i=l 	df2  
N 

 

df1  

i=1 

  

This, rather than the conventional formula for F, was 

applied to all 88 pre- and post-stimulus averaged waveforms and 

tested for F(dfl,df2) at 5%. The results of the study are found 

in Tables 3-i to 3-v. Every table is divided into two sections. 

Each section pertains to one of the two tone burst frequencies 

under which the subjects were tested. For every intensity level, 

quoted in dB SL, the averaged waveform for both pre- and post-

stimulus epochs is depicted. The degrees of freedom for the post-

stimulus record, dfl,  and those for the pre-stimulus interval, df2,  

are tabulated alongside. F-values are given, as are the probability 

levels of the test. Any nonsignificant finding is denoted by a 

dashed line. The presence of an asterix (*) to the right of an 

F-value indicates that greater variability is seen in the pre-

rather than post-stimulus waveform. 

3.2.iii. The Power of the Test 

With reference to sensation level, 62 of these 88 trials 

can be identified as supra-threshold, and 26 as either sub-threshold 

or control EEG. To within the confidence limits set up for testing 

H
o, we would expect the supra-threshold records to show significance 

F= 
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and sub-threshold records or runs of spontaneous EEG to show little 

or none. 

Very broadly speaking, a pattern of this kind can be found 

in the data of Tables 3-i to 5-v. It would be unwise, however, to 

press the matter much further. Inconsistencies do-arise, as a com-

parison of the results from subjects CH at 500 Hz ( Table 3-i ) and 

JS at 2 kHz ( Table 3-iii ) will illustrate. In the first case, 

supra-threshold records correspond with significant, threshold and 

control runs with nonsignificant, values of F as expected under H. 

The second example reveals exactly the opposite. The data from all 

other subjects lie somewhere between these two extremes, showing 

only a general tendency towards significance at supra-threshold in-

tensity levels ( 34 in 62 ) and nonsignificance elsewhere ( 17 in 26 ). 

Taken overall, then, only 582; of the trials indicate res- 

ponse/no response conditions reliably. Of the remaining 	false 

negatives account for approximately 32;x. and false positives for 

102x. These percentages are based on sensation level, which is 

often considered to he somewhat more sensitive than threshold est-

imation by ERA testing. Disparities between the two estimates 

may help to explain some of the insensitivity seen in Tables 3-i 

to 3-v at or near threshold. It does not, however, account for 

the considerable amount of nonsignificance found at higher inten-

sity levels. 

These inconsistencies do force us to consider more crit-

ically the set of hypotheses which gave rise to the test procedure 

itself. Failure to recognize or account for nonstationarities in 

the data, for example, may be introducing distortions into the 

analysis. It could be that the variance itself is a nonstationary 

statistic in the EEG. As such, it.might well be Overshadowing any 
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significant increase in the power of supra-threshold records; but 

even the expectation of such an increase in power may not be valid 

when applied tō ERA data. 

The outcome of single test, however, is insufficient as 

a basis for investigating any of these possibilities. Nor does it 

serve as an adequate critique of amplitude and power measures as a 

means of detecting the evoked potential. Further examination of 

the power is therefore necessary. Indeed, its statistical prop 

erties, distributions under stimulated and unstimulated conditions, 

and its frequency domain characteristics may give us some valuable 

insights into the nature and behaviour of ERA data. A comparison 

between actual data and data simulated to match our assumptions of 

a signal superimposed on a stationary noise source may therefore 

help to clarify the validit:. of that set of working hypotheses in 

relation to the data itself. 

3.3.i. Simulation 

ERA data was synthesized from normally distributed broad-

band noise in the following manner. The noise was filtered dig-

itally so that its amplitude spectrum closely ressembled the amp-

litude spectrum of spontaneous EEG. Filtering was performed on 

blocks of 128 samples by a frequency domain multiplication of the 

Fourier coefficients of the noise with the amplitude spectrum shown 

in Fig. 3.1. This was chosen arbitrarily from the GF 1 kHz file 

because little difference could be detected in the amplitude spec-

tra for any of the control runs. A characteristic signal, the 

averaged response shown in Fig. 3.2., was then superimposed by 

addition on the second half of the 1288-sample sweep at various 
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Pig. 3.1. The amplitude spectrum used as the filter characteristic 

for the simulation. GP, 	age 28, at 1 kHz. 

Fig. 3.2. Averaged response to high level acoustic stimulation used 

as the characteristic signal superimposed on bandlimiteā 

random noise. 
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signal-to-noise ratios. 

Signal-to-noise ratio (00 is defined here as the rms 

level of the signal divided by that of the noise. For this sim-

ulation, the unbiased standard deviation served as the estimate of 

rms values for both the averaged response and the filtered noise. 

S/N was considered at four approximate levels thought to be fairly 

typical of ERA data, 0.5, 0.25, 0.1, and 0.05. 

Once simulated, the data was organized into 72 'supra-

threshold' trials, each consisting of 54 sweeps of pre- and post-

stimulus record 640 ms long. A further 18 trials of bandlimited 

random ncise served as a control. The F-test was then performed 

on the coherent averages of each of these 54 sweep ensembles. The 

results of the test are tabulated in Tables 3-vi to 3-x. Every 

table is divided into two sections, each consisting of nine sep-

arate trials for a given signal-to-noise ratio. For each trial, 

the coherent average is depicted. To the right can be found the 

degrees of freedom for the 'post-stimulus' interval, dfl, and that 

for the 'pre-stimulus' period, df2. F-values and their probabil-

ities at 5;: are tabulated alongside. An asterix (*) denotes any 

F-value which indicates a higher variance in the pre- rather than 

post-stimulus interval. 

3.3.ii. Discussion 

Not unexpectedly, signal-to-noise ratio appears to be 

the crucial factor in deciding the outcome of the F-test. Through-

out this discussion, the signal-to-noise ratio is referred to in-

dividual sweeps of simulated data. Ensemble averaging improves 

this by as much as vrT, or approximately 7.5 for the sample size 
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For S/N equal to or greater than 0.25, highly significant 

values of F occur consistently. Most are considerably greater in 

magnitude than those found in the application of the F-statistic 

to the actual ER i data in Tables 3-i to 3-v. In addition, they 

often correspond to substantially more pronounced coherent averages, 

suggesting that, all other things being equal, S/N for ERA data is 

typically 0.25 or less. Compare the coherent averages for S/i'I of 

0.5 ( Table 3-vi ) with that of the actual template ( Fig. 3.2. ). 

Below a signal-to-noise ratio of 0.25, less consistency 

is to be seen. A value of 0.1, for example, reveals slightly better 

than half the records as significant. At 0.05, this figure is re-

duced again by approximately two. Typical ense r.:ble averages at 

each of these S/N are found in Tables 3-viii and 5-ix. Note that, 

although a characteristic signal is known to be present in each 

post-stimulus sweep making up these averages, its r^.?s level at a 

. signal-to-noise ratio of 0.05 is too low for a pattern to emerge in 

the averaged waveforms. Those for S/N of 0.1, however, are com-

parable to supra-threshold records in the range from 10 to about 

30 dB SL. 

A comparison of this kind brings to light one very import-

ant matter: the signal-to-noise ratio of ERA data is often too 

low for a power measure of this kind to be any more than modestly 

effective in detecting the evoked potential. This conclusion, of 

course, assumes that our other hypotheses concerning the signal and 

noise sources are applicable to the data. Superposition and nor-

mality here are probably not as critical as the assumption of stat-

istical stationarity. An investigation of the power distributions 

for both simulated and actual data may help to-elucidate this matter. 

35 
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3.4. Distributions of Power 

Using the same ERA and simulated data, a second statistical 

parameter, the power cr variance of each 64 sample sweep, was ex-

amined for both pre- and post-stimulus ensembles. A distribution 

was then formed from a total of 9 by 54, or 4B6, estimates of var-

iance in each instance. 

For broadband Gaussian random noise, this distribution 

should be A.  distributed with (n-1) degrees of freedom, where n 

is the number of independent samples making up each power estimate. 

Bandlimiting reduces the number of degrees of freedom to about 9 

on average as estimated by the Blackman-Tukey equations. The sim-

ulated 'pre-stimulus' and 'unstimulated' data should behave in 

this manner and serve as a control. Any statistically significant 

differences between the control distributions and those for the 

simulated 'post-stimulus' ensembles may suggest some means of using 

the power per sweep measure in detecting the presence of the signal. 

Any disparities found between the control and the actual data may 

reveal the nature and extent of irregularities present in the EEG. 

Fig. 3.3. illustrates the type of power distribution 

typical of 'unstimulated' data for the simulation. As expected, 

it is k 
2 
 distributed with an estimated 8.42  degrees of freedom. 

This estimate was taken from the relationship known to hold for ,.2  

variables, namely: 

df = 2 
cv 

CV 2  
p 

where CV is the coefficient of variation of the power, defined 
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CVp  =  sd(nower)  
mean(power) 

For large enough df, the sampling statistics of CV 

can be assumed reasonably normal. Estimates of degrees of freedom 

by this means are likely to vary by approximately + 3 for the 50 

confidence interval, being somewhat smaller on average than those 

estimated by the Blackman-Tukey equations. These equations per-

tain to the smoothed power spectrum. Smoothing tends to reduce 

the original power variability, thereby increasing the number of 

degrees of freedom. As no such filtering operation is used in 

deriving the coefficient of variation, the greater variability here 

will introduce a slightly lower estimate of df on average. In 

addition, a wider spread to these estimates would be expected and 

this can be determined from the following relation, from which the 

range of df quoted above is derived. 

sd-CVp
/cv_2 

2d 	(1 + CV 
2) 

For all unstimulated control distributions, i.e., for 

simulated data, no significant difference could be detected between 

and among them as determined by a Kolmogorov-Smirnov two-sample 

test on their respective cumulative frequency distributions at 50. 

Neit'-er could any statistical significance be found between the 

controls and any of the simulated 'supra-threshold' distributions 

on the same basis. Such a finding is not surprising in the light 

of the P-test performed on the averaged waveforms. The signal-to- 

as: 



39 

noise ratio of individual sweeps is too low for a power or amplitude 

measure to reveal any significance on a sweep-to-sweep basis. 

Comparison of the control distributions with those derived 

from the five ERA test subjects, however, reveals striking and high-

ly .significant results, suggesting that on the basis of their resp-

ective power, the simulated and actual data are drawn from two very 

different underlying populations. In addition, cross-comparisons 

of the power distributions between subjects are often. significant_ 

Only within a given subject does significance fail to arise. Fig. 3.4. 

gives some indication of the kinds of power distributions exper-

ienced•with ERA data. 

Although significantly different from the control and 

from one another, the power distributions of Fig. 3.4. are still 

~C2 distributed. The number of degrees of freec.om of these dist-

ributions, however, is severely reduced, suggesting a much greater 

power variability present in the data than would be expected on 

our assumptions of normality and stationarity. The disparity be-

tween the two estimates of df are well outside the 5,J, confidence 

interval of 9 ± 3 mentioned above. The Blackman-Tukey estimates 

for all subjects are comparable to those determined for the syn-

thesized data. Df as derived from the coefficient of variation of 

the power distribution lie well below this in the range from 0.67 

to 4.95. 

Unusual and consistently high variability is one char-

acteristic of a nonstationary source. Nonstationarity implies that 

the estimates of any statistical parameter, here the second moment 

or variance, vary with the course of time. This will undoubtedly 

lead to irregularities of one kind or another in the distribution 

of that statistic. A nonstationary mean, for example, may turn 
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out to be bimodally distributed where a normally distributed var-

iable is expected on the assumption of stationarity. The second 

moment, the power chosen for this study, remains essentially p
c  2 

distributed. The existence in the EEG of a significantly large 

number of sweeps either of much higher or much lower power content 

than synthesized data tends to reduce the degrees of freedom of 

that x  variable, often by a factor of four or five. 

Any attempts to use the power as a response indicator 

would be unwise on two counts. The signal-to-noise ratio is often 

too low to afford reliable results. Even if this were not so, the 
• 

nonstationarities experienced with the power distributions :would 

require the use of involved nonstationary statistical procedures. 

Each subject would then have to be considered in and of himself, 

• as the possibilities of pooling power distributions or an inter-

subject basis are virtually negligible. 

3.5. Spectral Analysis 

In the time domain, an examination of the a. c. power 

has failed to offer any consistent means of detecting the evoked 

potential. It has, however, afforded us some very valuable in-

sights into the behaviour of ERA data. Frequency domain analysis 

may reveal other signal and noise features related to specific 

harmonic components which may not be readily recognizable in the 

time domain. To explore this possibility, the averaged amplitude 

spectra have been determined for all stimulated and unstimulated 

trials mentioned before. The synthesized data once again serve 

as a reference. 

The amplitude spectra were derived from the real and 
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Fig. 3.5. A typical amplitude spectrum for bandlimited random 

noise. 
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Fig. 3.6. The amplitude spectrum for the template used in the sim- 

ulation. 
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imaginary components of the discrete Fourier transform performed 

on each 64 sample sweep of data. These were then averaged over 

blocks 54 sweeps long. Fig. 3.5. shows a typical amplitude spec-

trum for a trial of 'unstimulated' synthesized data. Compare this 

with the amplitude spectrum of Fig. 3.6., that of the character-

istic signal used for the superposition. Both are of the same 

general character, but with a few important differences. Har-

monics 1, 2, and 5 of the template are accentuated, suggesting 

the possibility•of differentiating signal from noise on the basis 

of their spectral magnitude or power. 

When one considers the amplitude spectra of synthesized 

data for S/N typical of ERA data, i.e., 0.25 or 0.1, the contrast 

fails to be as marked. See Fig. 3.7. There is often some slight 

and detectable increase in the signal strength of harmonics 1 and 

2 over unstimulated trials, but tt:is is not statistically sig-

nificant at 5, nor is it always present, as Pig. 3.7.b. illust-

rates. 

The averaged amplitude spectra of the actual data are 

fairly similar in character to that of either the 'unstimulated' 

or 'stimulated' data from the simulation. The presence of non-

stationarities is evident at tires, as Fig. 3.8. illustrates. 

These are the amplitude spectra taken from the pre-stimulus EEG 

of the same subject for two consecutive 54 sweep intervals, a 

total in ERA testing time of approximately four minutes. Note the 

very dramatic increase in signal strength of the first few har-

monics for the first two minute interval. 

These illustrations and comments refer, of course, to 

an amplitude spectrum derived from a time domain signal 64 samples 

( 640 ms ) long. A different choice of record length would either 



Pig. 3.8. Amplitude spectra from the JS 2 kHz file. 
a) pre-stimulus trial for 10 dB SL 

b) trial at 0 dB SL recorded approximately 
two minutes later. 
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improve or reduce the resolution among the frequency components 

of the discrete Fourier transform. Generally speaking, the longer 

the time interval chosen, the greater the frequency resolution. 

Ideally, then, for differentiation of signal and noise sources on 

the basis of their respective spectral components, the longer the 

interval chosen, the better. Nonstationarities in the EEG and the 

time duration of the evoked potential make the 640 ms period con-

sidered here a reasonable compromise. For this interval, little 

difference can be seen in the spectral components of signal and 

signal plus noise conditions. 

3.6. Concluding Remarks 

In the light of the studies discussed in this chapter, 

several conclusions can be made. The signal-to-noise ratio of ERA 

data is often too low for amplitude or power measures to be ef-

fective in differentiating between response and no response con-

ditions. Even when the S/N is improved by coherent averaging, in-

consistent results are prevalent, confirming this conclusion. More 

importantly, the variance or power is nonstationary for EEG re-

cords. Without recourse to nonstationary statistical procedures, 

variance cannot be used as the basis of a statistical test for 

significance. 

Amplitude and power spectra do little more than provide 

us with a general description of a signal, in terms of the relative 

magnitudes of its frequency components. The general character 

of both the EEG and the evoked potential are remarkably similar. 

Both occupy essentially the same frequency range, the signal 

strength of one not often significantly different from the other. 
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Yet, differences do exist between them. These are of a far more 

subtle nature, in that the .evoked potential may be recognized as 

having a particular characteristic shape or pattern. The infor-

mation as to the relative timing of the various frequency com-

ponents can also be seen in the Fourier transform. The phase spec-

trum, often regarded as problematic because of a condition known a7, 

wrap-around, is nonetheless available for analysis. Because phases 

reflect all the timing information of the harmonics, they hold 

more promise as a means of detecting a signal such as the AEP. 

The next chapter deals exclusively with the phase characteristics 

of both the BEG and the evoked potential. 
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~ables 3-i to 3-x 

F-test TIesult8 on .tiEP and Simulated Data 



Intensity df1 	df2 	P 	P(F) 

	

80 dB 	10.25 	9.30 	2.837 

	

e0 dB 	9.12 	13.28 	5.860 	.5% 

	

40 dB 	10.18 	19.70 	8.531 	.5% 

	

30 dB 	9.34 	12.86 	2.515 

	

20 dB 	15.42 	14.17 	1.088* 	- 

	

10 dB 	12.10 	12.90 	1.150 	- 

	

0 dB 	8.64 	12.09 	1.136* 	- 

	

control 	7.05 ' 12.54 	2.283 	- 

	

control 	9.69 	12.31 	1.323 

Intensity 

70 dB 

50 dB 

30 dB 

0 dB 

10 dB 

0 dB 

-10 dB 

control 

control 

df1  df 2  P(F) 

9.72  19.03 40.75 .52 

11.17 13.00 10.99 .5i 

10.71 11.39 3.249 5% 

8.91 15.78 6.041 .5% 

10.85 13.20 3.048 5% 

7.58 10.82 2 .793 

14.70 16.42 1.247* 

14.84 20.18 1.739 - 

15.82 17.09 1.305 

Table 3-1. Subject CH, F, age 23, at 2 kHz and 500 Hz. 



"1./ 

/41.4.1./ Intensity df1 	df2 	P 	P(P) 

	

70 dB 	7.32 	11.65 	5.306 	1% 

	

50 dB 	6.72 	10.14 	11.03 	.5% 

(V 	" 30 dB 	11.91 	14.54 	2.938 	5% 

If 	o dB 	12.31 	15.18 	1.387 	- 

	

10 dB 	6.86 	8.22 	2.377 	- 

	

dB 	6.15 	16.67 	11.73 	.5% 

	

-10 dB 	5.11 	20.96 	26.21 	.5% 

	

control 	15.26 	10.59 	2.094* 	- 

	

ontrol 	6.51 	18.35 	3.057 	5% 

Agc.✓ 	Intensity df1 	df2 	F 	P(F) 

	

80 dB 	9.67 	11.57 	2.318 	- 

	

60 dB 	10.28 	13.04 	5.056 	•5% 

	

o dB 	6.52 	10.24 	3.821 	5% 

	

30 dB 	6.47 	13.74 	3.997 	2.5i 

	

20 dB 	6.36 	12.73 	6.172 	.5% 

	

10 dB 	6.15 	6.16 	1.972 	- 

	

0 dB 	6.36 	15.03 	4.945 	1, 

	

control 	10.24 	19.53 	2.170* 	- 

	

control 	6.81 	10.06 	2.485* 	- 

141, 	eve, 	>no .aeJm 1 	72,3 

Table 3-ii. Subject GF, M, age 20, at 1 kHz and 4 kHz. 



I4eV Intenoit 

80 dB 

6Ō dB 

40 dB 

20 dB 

J'1,( 

10 dB 

0 dB 

control 

control 

tiro 	7r7s 

df
1 

 

9.96 

d£2  

8.45 1.892 

P(F) 

6.45 5.39 3.314 

9.60 9.69 1.182 

7.49 9.13 1.434 

7.68 10.98 2.394* 

7.69 11.12 4.466 2.51, 

7.59 12.21 3.208* 5j,* 

7.19 ' 12.29 2.321 

I 

/op.✓  Intenoitq 
n PI 

df1 	df2 	F 	P(^) 

	

0 dB 	10.96 	9.63 	3.719 	5i 

	

50 dB 	11.86 	7.14 	1.635 

	

30 dB 	6.78 	7.35 	3.011 

	

20 dB 	5.43 	8.40 	3.676* 	5* 

	

10 dB 	6.94 	9.05 	1.094* 

	

0 dB 	6.01 	11.55 	5.887 	.5% 

	

-10 dB 	5.07 	10.00 	3.785 	5ii  

	

ontrol 	9.19 	11.89 	1.302 

	

control 7.61 9.65 	7.227* .5%4 

Table 3-iii. Subject JS, F, age 23, at 2 kHz and 500 Hz. 



60 dB. 	9.29 	8.71 	11.80 	.5% 

h40 

dB 11.31 

	

 7.63 	8.445 	- •5% 

20 .dB 	6.47 	11.10 	1.252* 

10 dB 	6.74 	11.32 	5.162 	1% 

	

0 dB 	7.47 	12.23 	1.623* 	- 

%.10 dB 	15.71 	20.57 	1.120* 

f1~20 dB 	8.10 , 	7.49 	7.532* 	1`r~'► 

	

control 	10.60 	13.20 	2.087 	- 

control 5.96 9.59 8.521* .5%* 

An .12, 	ms 

df1 df2 F P(F) 

6.08 6.89 8.037 1% 

5.40 8.85 1.631* - 

10.09 10.34 4.621 2.5% 

5.32 6.50 2.442 - 

10.09 9.70 1.822* - 

6.39 11.82 4.573 2.5% 

13.19 19.50 2.357 5`S 

16.17 11.97 1.294 

8.14 8.84 1.796 - 

/404/ Intensity 

80 dB 

0 dB 

40 dB 

dB 

	

V 1 I 	20 dB 

	

AA~! 	ti. 10 dB 

0 dB 

control 

control 

• 1 - I 

Table 3-iv. Subjeot CR, F, age 31, at 1 kHz and 4 kHz. 



row,/ Intensity df1 	df2 	F 	P(F) 

80 dB 	10.49 	19.10 	27.27 	.5% 

60 dB 	11.80 	13.82 	13.95 	.5% 

40 dB 	10.40 	10.26 	1.658 	- 

30 dB 	8.76 	9.45 	1.578 

20 dB 	8.24 	10.83 	5.963 	.5% 

10 dB 11.83 	12.32 	2.699* 	5%* 

0 dB 9.77 	10.61 	1.392 

control 9.67 	9.48 	2.158 

iuo dao ms 

.4u✓  Intensity 

60 dB 

40 dB 

20 dB 

10 dB 

0 dB 

-10 dB 

-20 dB 

control 

control 

~»s 

df1 	df2 	F 	P(F) 

9.84 	14.23 	10.98 	•5% 

10.53 	13.21 	9.036 	.5% 

11.55 	12.21 	6.453 	.5% 

7.95 	11.75 	1.173* 

6.24 	7.31 	3.862 

13.26 	13.23 	1.090* 

9.64 	14.86 	1.486 

9.15 	14.77 	3.468 	2.5i% 

7.45 	16.52 	9.326 	.5% 

Table 3-v. Subject FN, M, age 28, at 2 kHz and 500 Hz. 



,p/o/ Trial df1  df2  • P(F) 

6.92 17.69 53,32 .5% 

6.40 11.48 20.87 .5% 

6.85 7.88 12.99 .5% 

6.98 7.52 10.57 .5% 

6.90  6.32 14.92 .5% 

6.98 13.08 37.92 .5% 

7.36 9.78 8.38 .5% 

7.83 14.04 23.07 .5 

6.96 15.90 33.77 .5% 

df1  df2  P(F) 

6.53 12.31 22.18 .5% 

5.99 11.13 50.81 .5% 

8.08 12.10 29.44 .5% 

6.79 20.63 126.2 .5% 

6.06 17.74 50.26 .5% 

t ' 
6.05 10.99 42.52 .5% 

6.69 14.04 33.91 .5% 

6.21 12.17 23.46 .5% 

6.74 17.19 55.97 .5% 

Table 3-vi. Bandlimited Gaussian random noise for 5/N of 0.5. 



Mfrs/ Trial df1 df2 F P(F) 

nM~ 

477,41,/ Trial dfl df2 F 2(F) 

• 
6.73 12.31 6.294 .5% 1 7.27 17.69 14.57 .5% 

5.75 11.13 20.02 .5% 2 6.43 11.48 6.032 .5% 

11.38 12.10 5.978 .50 
3 7.14 7.88 4.100 5% 

6.96 20.63 3.959 1%  
4 7.91 7.52 2.851 - 

5 5.86 17.74 15.61 .5% 
7.56 6.32 4.358 5% 

5.90 10.99 15.15 .5% 
6 7.00 13.08 13.13 .5% 

7 6.78 14.04 10.94 .5% 

C\-1` 

 8.59 9.78 2.068 -  

8 6.53 	. 12.17 6.399 .5% 
9.82 14.04 5.109 .5% 

9 7.08 17.19 16.15 .5% 

II 9 7.38 15.90 9.783 .5% 

'na. 
hrs 2n 3ro 

Table 3-vii. Band1lmited Causoian random noise for S/N of 0.25. 



i,4✓  Trial df2 df1 dfl df2 ~[s✓  Trial 

	

8.76 	12.31 	1.479 

	

5.94 	11.13 	8.480 	.5% 

	

15.41 	12.10 	1.499 

	

7.52 	20.63 	11.65 	.5% 

	

6.56 	.7.74 	4.276 	1% 

	

6.34 	10.99 	6.165 	.5% 

7.17 14.04 :..3.639 2.5% 

	

7.89 	12.17 	1.593 

	

8.62 	17.19 	3.972 	1% 

- 	2 

3 

8.58 17.69 3.566 2.5% 

	

7.56 	11.48 	1.791 

	

8.38 	7.88 	1.260 	- 

	

7.52 	10.39 	1.274* 

	

9.94 	6.32 	1.143 

7.87. 	13.08 	4.820 	i% 

	

9.78 	16.11 	2.545* 	5~r4 

	

14.04 	15.56 	1.030* 

	

8.63 	15.90 	2.695 	5% 

v 
7 

8 

9 9 

.mo 300 Nfa 
I , 	 

At,.3J0 . 

Table 3-viii. Bandlimited Gaussian random noise for-S/N of 0.1. 



/134"/  Trial dfl  df 2  F P(F) /42.4d Trial df1  df2  F P(F) 

1 12.31 12.65 1.485* - 1 10.27 17.69 1.868 - 

6.43 11.13 5.720 1%. 2  6.95 11.48 1.165 - 

3 16.37 12.10 1.076 - 3 7.80 10.03 1.398* - 

4 8.13 20.63 6.375 .5ā 4 7.53 11.29 1.861* - 

8.63 17.74. 2.041 - 5 6.32 12.41 1.637* - 

6 6.87 10.99 4.463 2.5%  8.98 13.08 3.055 5% 

7 7;61 14.04 2.272 - 7 9.78 23.54 4.907* .5N* 

8 9.35 12.17 1.061 - 8 14.04 17.43 1.641* - 

I

9 10.80 17.19 1.881 - # 9 9.81 15.90 1.537 - 

Table 3-ix. Bandlimited Gauoeian random noise for S/N of 0.05. 



Trial 
• 

I/9,4,/ dfl  df2  F P(F) /r/ Trial dfl  df2  F P(F) 

1 12.03 15.46  1.946*  - 1• 13.85 17.69 1.056 - 

5.93 9.76  3.482  5% 11.48 10.19 1.024* - 

3 15.84 15.58  1.455 - 3 7.88 12.54 2.402* - 

4  9.34 13.60 1.191 - 7.52  11.65 2.182* - 

5 11.53 14.50 1.313 - 5 6.32 16.32 2.967* 5%* 

6  7.59 10.65 3.803 2.5% 6 12.05 13.08 1.716 - 

7 10.75 9.55 1.376*  - 7 9.78 16.24 3.307*  2.554  

8 8.17 8.57 1.024 _ 8 14.04 15.78  1.619* - 

} 9 9.44 17.23 1.359* - } 9 15.09 11.64 1.061* -  

IL l 
.o  n PM"' 

„ 
AN! .300 »mos 

able 3-x. •Bandlimited Gaussian rano noise.. 
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CHAPTER FOUR 

PHASE DISTRIBUTIONAL AI'ALYSIS 

4.1.i. Introduction 

Although too small to be detected reliably in terms of 

its signal strength, the evoked potential is nonetheless a sig-

nal of characteristic shape. Exploiting this property through 

various pattern recognition techniques may provide some more 

effective means of detecting the AEF, and possibly further our 

understanding of the behaviour of both signal and noise sources. 

Two general approaches are possible. Some methods assume prior 

kno*ledge of the pattern to be detected, such as the template 

matching techniques dealt with in Chapter Five. Others make no 

such assumption, but merely reveal the presence of any consistent 

pattern other than noise. The phase distribution analysis dis-

cussed here is of this second kind. 

4.l.ii. Theoretical Background 

Any signal or length of noise can be described by a 

series of sine and cosine components known as its Fourier coef-

ficients. These complex numbers provide a frequency domain rep-

resentation of the signal in terms of the magnitude and phase of 

its fundamental and higher order harmonics. Often, it is both 



/00 	62  -300 
33' 

I 	 

Fig. 4.1.a. A high level evoked potential. Fig. 4.1.b. The phase spectrum of Fig. 4.1.a. taken 

over the first ten harmonics. 
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convenient and illuminating to analyse a signal in the frequency 

domain. 

In the past, attention has centered on the amplitude or 

power spectra. This particular approach, we concluded, is not 

sufficiently sensitive to the subtle differences in pattern ob-

served between the AEP and EEG. A recurring pattern implies 

some synchronization of activity in the time domain, and this 

information is reflected as a constraint in the harmonics of the 

phase spectrum. 

Phase spectra, however, are more difficult to analyse. 

In this context, any phase value arises out of the conversion 

from Cartesian to polar coordinates of its complex Fourier coef-

ficients. Because this conversion relies on the use of the arc-

tangent function, phases are restricted to a 180°  range. By the 

use of further infor-ation, specifically the sign of the real 

part of the complex number, this range can be extended to 360°. 

From here, by inference at least, the range of phase values can 

be extended even further. 

Consider the signal of distinctive shape shown in 

Fig. 4.1.a. Its phase spectrum ( Fig. 4.1.b. ) can be thought 

of as consisting of two superimposed functions of frequency. 

One reflects the shape of the signal, the other, its time delay 

from a point of maximum symmetry. Seither of these two components 

can be distinguished readily from the phase spectrum shown in 

Fig. 4.1.b. However, by making use of this information, the 

phases can be unwrapped, thereby extending the range of phase 

values, and revealing the presence of a linear trend proportion-

al to frequency. See Fig. 4.2.a. Removal of this trend results 



7.56 
45 
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Fig. 4.2.a. The phase spectrum of Pig. 4.1.b. after 

unwrapping. 
Fig. 4.2.b. The same phase spectrum after removal of 

the linear trend. 

-45 
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in a phase spectrum solely reflecting the pattern of the AEP 

taken from its point of maximum symmetry. ( Fig. 4.2.b. 

Once the phase spectrum has been determined for each 

sweep of an ensemble, the distribution of phase values for each 

harmonic of interest can be set up, and some means devised for 

testing its significance. If no recurring pattern is present in 

the record, as is the case for spontaneous EEG, we would expect 

the phase distribution to be uniform. This constitutes the null 

hypothesis, Ho. The presence of a signal such as the AEP in suc-

cessive sweeps of the ensemble, however, implies some synchronizat-

ion of the continuous EEG. This should be reflected as a signif-

icantly non-uniform distribution of the phases for the particular 

harmonics involved in producing that pattern. ( Sayers, Beagley, 

and Henshall, 1974 

The uniform distribution postulated under Ho  is in fact 

a cylindrical one. In the first instance, it may be possible to 

ignore this inherent periodicity without introducing too much 

distortion to either the outcome or the interpretation of test 

results. This could be implemented very simply, by considering 

the phase distributions to be rectangular and then applying a 12  

or perhaps Kolmogorov-Smirnov goodness of fit test for signif-

icance. Should this lead to anomalies or inconsistencies, then 

rotational statistical procedures would have to be introduced to 

account for the periodic nature of the phase distributions. 

These might involve a modification to the x 2  test, where the 

rectangular distribution is rotated in discrete steps from 00  

to 360°, or an examination of the mean phase vector, which under 

Ho, would tend to zero magnitude. 
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4.1. 111. The 
	

Test 

To explore the possibilities of using this approach to 

detect the REP, a one-sample 	2  goodness of fit test was chosen 

in the first instance. ( Riha, J., 1°75 ) From an ensemble of 

64 records of either stimulated or unstimulated __EG, each 640 ms 

sweep was Hanned and t}-e phase spectrum of harmonics one to five 

determined. These were found to contribute most to the character-

istic pattern of the HEP. The ensemble phase distributions for 

each of these harmonics were then formed into hist og ams of four, 

six and twelve bins and comparisons male with the rectangular dis-

tribution expected under Ho  by means of the following relation: 

k 

X 2  
k-i 

  

   

 

E. . 1=1 

Here, 0. is the observed, and E., the expected, number of phase 

values in a given bin, while k is the number of categories or 

bins for the test. The variable X21  is distributed as x2 
with k-1 degrees of freedom. 

This statistic was applied to a sample of data taken 

from nine normal young adults under a total of 65 stimulus con- 

ditions. In most instances, significance in the 
	
statistic 

was seen to coincide with a visually scored positive response. 

Unstimulated records failed to reveal any significance other 

than what was expected under Ho. 

Certain factors, such as the bin size or the arbitrary 

choice of reference for the phase histograms, were found to 
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influence A test results. This, coupled with its apparent 

effectiveness in differentiating between response and no response 

conditions, justified further investigation. In order to validate 

the technique, an on-line_ clinical trial was proposed. The data 

collected would then allow us to explore the behaviour of the x2  

statistic, particularly in relation to the essentially periodic 

nature of the phase distributions. 

4.2.i. The On-Line Trials 

16 normal hearing young adults aged 20 to 31 took part 

in a clinical on-line trial designed to test the effectiveness 

of the phase technique in a real-time situation. In addition, 

the data was stored on analog tape for subsequent analysis off-

line. A detailed description of the experimental set-up may be 

found in Chanter Two. 

Each subject was tested at two different tone burst 

frequencies, approximately one-half of the group at 500 Hz and 

2 kHz, the rest at 1 kHz and 4 kHz. A frequency trial consisted 

of seven runs of 64 stimulus presentations ranging in intensity 

from 80 dB to 0 dB HL. A no stimulus control run was performed 

at the beginning and end of each trial. This, it was hoped, 

would give us some indication of the effects on the test results 

of any long-term changes in the character of the hEG. 

Because of both core and timing limitations of the com-

puter used for this study, certain compromises had to be made. 

Only 40 of the 64 sweeps could be digitized and analysed on-line. 

Once the Fourier transform was taken and the phase spectra for 
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harmonics 2 to 6 derived, a 	 . single  g 	' test was all that could be 

accommodated. For this, four bins were chosen with the phase 

histograms referenced to 0°. Although a small statistical sample 

and an arbitrary choice of goodness of fit test for Ho, it was 

thought to be adequate for a preliminary trial of the phase tech- 

nioue. 

/•O 

O.S 

772 

Fig. 4.3. The full Hanning window. 

The stimulus marker pulse was set up in such a way that 

it triggered the ADC to begin data collection 150 ms prior to the 

presentation of the stimulus. This was introduced in order to re-

duce the effects of Hanning on the individual evoked potentials. 

A sampled, aperiodic signal such as the SEG is often multiplied 

by some gating function before Fourier analysis is undertaken. 

The discrete Fourier transform which results from this procedure 

is then interpreted as an isolated statistical sample from the 

convolution of the spectra of these two signals. To assure con-

tinuity at the beginning and end of each sweep, the full Banning 

T 
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window is often chosen as the gating function. This is the bell-

shaped curve shown in Fig. 4.3. As can be readily seen, the first 

and last 10 to 15S of any sweep multiplied by this curve will be 

seriously attenuated. So as not to distort the evoked potential, 

a 150 ms time delay to the Presentation of the stimulus was im-

plemented. 

For the results of this on-line study, consult Tables 4-i 

to 4-xvi. 	Every table is divided into two sections, one pertain- 

ing to each of the two tone burst frequencies used in testing a 

given subject. ': ithin each section, the nine stimulus trials are 

stated in terms of dB sensation level (SL) for the test, and ac-

companied by their respective averaged responses over the interval 

chosen for analysis. Here, the analysis window is 640 ms long and 

begins 150 ms -.prior to stimulus presentation. The vertical arrow 

on the time base at the foot of each section indicates the time 

of stimulus presentation. Unless otherwise stated, a calibration 

of 12 ~.V/cm applies throughout. Probability levels for ~2 3 
performed on the phase distributions of harmonics 2 through 6 are 

tabulated alongside; dashed lines refer to nonsignificant find-

ings. 

4.2.ii. Discussion 

Lt high intensity levels, the average evoked potential 

is usually a large and sharply defined signal. As the intensity 

is reduced, however, the averaged response becomes smaller and 

less distinctive in shape. Such behaviour may be interpreted in 

several ways. Either the number of individual evoked potentials 

in the ensemble, their shape and amplitude, or both, diminishes 
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with diminishing intensity. In the light of the assumptions made 

concerning the phase distributions, we would expect different 

findings for each of these possibilities. 

If numbers alone are involved in creating the difference 

in averaged waveforms, essentially the same f.re^pency components 

should exhibit a phase constraint at all supra-threshold levels. 

This constraint would then become less and less pronounced as the 

intensity is reduced. If, however, the shape of individual 

evoked potentials is responsible, we would expect the phase con-

straint to engage first higher, then lower, order harmonics with 

reductions in intensity level. A change of shape might equally 

likely reflect some altered relative latencies in the components 

• making up the response and this would reveal a shift in the rel-

ative phases of several harmonics. Should both mechanisms be-at 

work, so-ie combination of these two findings will no doubt emerge. 

With reference to Tables 4-i to 4-xvi, both the degree 

of phase constraint and the harmonics involved are seen to change 

with intensity level for most of the subjects tested. Generally 

speaking, high intensities coincide with a significant amount of 

phase constraint in several, if not all, the }harmonics considered. 

As the intensity is reduced, the degree of constraint reflected in 

the probability level of. A. test results diminishes accordingly 

and usually involves fewer harmonics, although not necessarily 

the lower order ones. 

Consider Subject SA at 500 Hz. ( Table 4-xiv ) Sig- 

nificance is seen mostly at .l5 for intensities of 50 dB SL or 

greater and all harmonics are engaged. For records taken at 

30 dB SL or less, the level of significance drops to either 25 

or 57. and only two or three frequencies are constrained. On the 
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basis of our assumptions, these findings suggest that a reasonably 

consistent response is evoked at all supra-threshold levels. At 

reduced intensities, however, fewer frequencies in the EEG are 

synchronized to the stimulus on fewer occasions. 

There is, of course, evidence of more erratic behaviour 

as the files for Subject GF at 4 kHz ( Table 4-ii ) will illus-

trate. Sporadic patches of significance can be seen in most re-

cords down to 0 dB SL, but in all instances only one harmonic 

per record is engaged, and seldom the same one. Less consistency 

is to be found in the averaged waveforms here than is the case - 

for Subject SA. This. suggests that a smaller number of individ-

ual sweeps contribute to the averge, and that the time-locking 

mechanism we postulate affects different ,EG rhythms over the 

- course of time. This second inference may well reflect a non-

stationary frequency structure in the „_?,G. 

Viewed overall, our expectations are confirmed b;;-  the 

results of this on-line study. The phase distributions of supra-

threshold records do exhibit a significant degree of nonuniform-

ity, indicating that some reasonably consistent feature other 

than noise is present in these records. There is, however, a 

larger percentage ( 20- ) of false negatives than the number 

anticipated on the basis of preliminary off-line investigations. 

Post of these occur within 20 dc: or so of threshold, suggesting • 

that this particular test is insensitive to the presence of the 

evoked potential at lower intensity levels. Even more striking 

are a few cases, for example, Subjects DF at 2 kHz ( Table 4-xv 

and LS at 4 kHz ( Table 4-xvi ), where most of the supra-threshold 

records are nonsignificant, yet the coherent average indicates a 

definite response. 
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The sample size chosen for this study may go some way 

towards explaining the anomalies. Certainly, at lower intensity 

levels where the AEP exhibits less phase constraint, a small stat-

istical sample might not be sensitive enough to detect it. The 

phase histograms of these records, however, frequently reveal a 

- considerable degree of nonuniformity• which the A. test has failed 

to detect as significant. See Fig. 4.4. Both the bin size and 

the choice of zero reference for the use of n, are known to af-

fect the test results. These findings suggest that, in certain 

cases at least, some account must be taken of the periodicity of 

the phase distributions. The next section is-devoted exclusively 

to the A. statistic, its behaviour and application to synthesized 

data of an inherently cyclic nature. 

N 
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Fig. 4.4. A 12 bin phase histogram revealing a constraint un-

detected by the i(2  test. 



4.3.i. The Behaviour of 

When applied to phase distributions, the 
-k2 

 variable is 

influenced by two factors. One is the choice of bin size, or num-

ber of categories, for the test. The other is the arbitrary 

choice of reference for the comparison made between the actual, 

periodic, histograms, and the rectangular distribution expected 

under H
o
. 
0  

For a A. variable, the greater the number of degrees 

of freedom, or categories, the lower its variability. Increasing 

the number of bins, then, should improve the consistency and sen-

sitivity of the test. This is limited by one factor only: the 

expected number of values in any one category must not drop below 

five or inconsistencies will arise. ( Cochran, 1952 

On the whole, phase distributions tend to be only 

broadly constrained about some value 0, especially at lower in-

tensity levels. ( Fig. 4.4. ) Dividing the histograms into as 

many bins as possible would break up this constraint and tend to 

reduce, rather than improve, the chances of detecting this feature. 

Although theoretically less sensitive, a smaller number of bins, 

two in this instance, was chosen so as to accentuate the broad 

constraint often seen in the phase histograms. 

The uniform distribution postulated under Ho  is now 

taken to be cylindrical. Initially, a zero degree reference is 

chosen and a two bin A. goodness of fit test performed'on it. 

Then, for the same histogram, the reference is incremented in 

discrete 10°  steps as illustrated in Fig. 4.5. Each 10°  rotation 

of the histogram produces a Z  g 	p i value, which can then be considered 
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Fig. 4.5. The cylindrical distribution now postulated under Ho. 

Slicing the cylinder at 91, 02, etc., produces the 

rectangular distributions shown on the right. 
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Fig. 4.6. The -21(9) function, periodic over 1800. 
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as a function of rotation, 0. The step-wise rotation is im- 

plemented through 1800, at which point the 	21(6) function 

becomes periodic. See Fig. 4.6. 

as can be seen from this figure, the values of 	
1  

fluctuate considerably as a function of B. There will always be 

a theoretical minimum of zero, when an equal number of phases are 

found in each bin. The maximum will occur corresponding to the 

anale 8 where the greatest deviation from the uniform distributionm 

is seen. Choosing the maximum value, denoted by ;(21( 9m),  shoulc: 

optimize the procedure, affording far greater sensitivity to the 

test itself. 

4.3.ii. Simulation 

Both uniformly distributed, and broadband Gaussian ran-

dom noise were generated in order to study the sampling statistics 

of the rotational 	variable. Uniformly distributed data, per- 

iodic over 3600, served as a control on the use of 1AL as a test 

of the null hypothesis. From the Gaussian random data, the ef-

fects of signal processing on the phase distributions could be 

investigated. Hanning, in particular, affects the phase spectrum, 

introducing dependence among the harmonics. This is, of course, 

a sequential interdependence; the distribution of all second, 

third, or nth harmonics should not, at least theoretically, be 

seriously affected. Pecause of the anomalies experienced in some 

of the on-line data, the effects of signal processing were still 

thought to be worth verifying empirically. 

To this end, uniformly distributed data was generated 
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Fig. 4.7.a. Probability density function for Ac  1(0o )derived 
empirically from uniformly distributed data. 
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Fig. 4.7.b. Probability density function for the maximum of the 

IC. l(e) function derived empirically from uniformly 
distributed data. 
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in blocks 54 samples long and then arranged into trials consist-

ing of 1080 blocks. Gaussian random noise was generated as de 

scribed in. Chapter Three, where 64 samples made up a sweep, 54 

sweeps a block, and 108 blocks in a trial. Phase distributions 

for the first ten harmonics were considered, and pooled to forir-

an overall sample size of 1080 for ,'2  analysis. 

The nurber 54-was chosen so as to coincide with the 

data taken from the on-line study. Of the 64 sweeps recorded on 

analog tape, only 54 were selected as free from saturation or 

other recording artifacts. 

_. Once generated, both types of data were subjected to 

an exploratory /c._   survey. In the case of normally distributed 

data, each sweep was first banned and then the phase spectram 

determined. From blocks of 54 sweeps, phase histograms for the 

first ten harmonics were set up and 	 1(B) results pooled over 

these harmonics. In both instances, 1080 x,1(6)) functions 

were determined and two values, the maximum denoted by )(2l( Bm),  

and that corresponding to a zero degree reference, -)c21(0o), were 

selected. The probability density functions for each of these 

variables may be found in Fig. 4.7. 

4. 3. iii. The Distribution of the raxirnum 

Both uniformly distributed data and the phase histograms 

formed from broadband Gaussian random noise behaved in a very 

similar manner, ruling out any possibilities of distortions due 

to signal processing. For simplicity, this discussion will only 

make reference to uniformly distributed data. 
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Prom Fig. 4.7., a striking difference may be seen in 

the probability density functions for the two 
x2 

variables under 

study. As expected, x21(0°) is distributed as x2 with a single 

degree of freedom. Both the mean and standard deviation of the 

distribution of the maximum ~(, however, indicate that this par-

ticular vriable is distributed with three degrees of freedom. A 

one-sample ?olmogorov-Smi_rnov test on its cumulative frequency 

distribution confirms this finding, revealing no significant 

difference, at 	from a x23 distribution. 

To some extent, the increase in degrees of freedom is 

to be expected. Choosing the maximum cannot help but introduce a 

bias in the distribution towards a bre ter percentage of higher 

values. This, in turn, increases the sensitivity of the test, 

by reducing the variability of the 
x2 

statistic. Because the 

bin size remains constant throughout, the position of the maximum 

must in some way influence this variability. Elementary prob-

ability theory affords us some insight on how this influence may 

be effected. 

For this, we postulate that each x21(0) function can 

be thought of as having n degrees of freedom. From this function 

the maximum only is chosen, and we may describe this choice as 

the probability that i.
Z 1(B) is greater than some specified level 

denoted by: 

P(x21 > x) = g(x) 

Determining the probability that the maximum has a value at least 

x2 
x is related to the probability that, assuming independent 
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al l are less than x, or: 

Am ) > x) = 1 - PC(,21( 61)<x U.'Z1( 62)<=x U... 

...1T -X%( On) < x) 

If f(x) is t(,e cumulative frequency distribution for a 

variable, the above expression reduces to: 

pa21( Ort) > x) = 1 - f(x).f(x)...f(x) 

n times 

or: 

PO  C21( 21( Om) > x = 1 - fn (x) 

This is the probability for the r^aximurn. Its cum-

ulative frequency distribution is what concerns us, and this 

is given by: 

F(x) = P()C21(Om) < x) 

= 1 - ( 1- fn(x) ) 

= f n (x) 

The cumulative frequency distribution of the maximum, 

then, can be predicted by taking the cumulative frequency dist- 

ribution of 21 and raising it to the power n, where n rep- 

resents the number of degrees of freedom, on average, in A 1  (49 

records. For this particular function, degrees of freedom may 
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Fig. 4.8. Cumulative frequency distribution predicted from 

fn(x) for n = 3. 
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be estimated from the following relation between the standard 

error and standard deviation of the ensemble; 

df=rsd1 

L sel 

2 

From this equation, the X   function is found to have 

three independent samples, or degrees of freedom. Substituting 

n = 3 into t?-e formula F(x) = fn(x) derived earlier results in 

the predicted cumulative frequency distribution illustrated in 

Fig. 4.8. 

Comparing this cumulative, frequency distribution with 

that for a 
x2  variable with three degrees of freedom reveals 

that the predicted curve of Fig. 4.8. is significantly different 

at 1.!;,%  Significance is also seen when comparisons are drawn be-

tween the predicted cumulative frequency distribution and that 

for a variable distributed as X22. The Kolmogorov-Smirnov one-

sample test used for these comparisons indicates that the sig-

nificance seen results from the predicted curve being smaller 

than 	in in the first case, and larger than V21 22,  in the second. 

Such a finding suggests that the estimated cumulative frequency 

distribution of Fig. 4.8. has between two and three degrees of 

freedom, slightly less than that determined empirically. 

The use of elementary probability theory, then, has 

given us some quantitative basis on which to explain the increased 

degrees of freedom observed in the distribution of the maximum of 

each x21(9) function. The disparities seen in the degrees of 

freedom, approximately 2.5 predicted to 3 observed empirically, are 

not substantial, and may well reflect some statistical sampling 

effects. This inference, however, has not been investigated 



any further. 

Knowing the distribution of A 
I
(Om), it is now pos-

sible to apply the rotational 4,
2 
procedure to data in an off-

line situation, testing the maximum against the confidence in-

tervals established empirically. 

4.4.i.  Off-Line Data Analysis 

Three different 	2 goodness of fit tests were per- 

formed on the data collected from the on-line study discussed in 

Section 4-2. An additional 22 files taken from another study 

have also been examined. To confirm the results of the on-line 

study, a four bin x` test against the rectangular distribution 

9 
was examined. In addition, the rotational ~i test was applied 

in order to determine the effectiveness of this procedure in 

detecting the presence of the evoked potential. Two -X,Z1 values 

were selected: the maximum, and that corresponding* to a zero 

degree shift. 

Each ensemble analysed consisted of 54 sweeps of either 

stimulated or unsti-.elated EEG. From these, the phase dist-

ributions of tie first ten harmonics were forr.ed, aid. the two 

V tests applied. 

Results of this investigation on the data from the on-

line phase study may be found in Tables 4-xvii to 4-1, where 

every table consists of the nine trials from a given subject at 

one tone burst frequency. The additional 22 files analysed are 

presented in Tables 4-li to 4-lxxii• 	Here, only eight trials 

per subject are available, all taken under stimulated conditions. 
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For both sets of tables, intensities are quoted in dB 

SL and accompanied by their respective averaged responses for the 

640 ms interval analysed. The vertical arrow on the time base 

serves as an indication of the time of stimulus presentation. 

Three entries may be found under each intensity heading. The 
9 

first of these, T+;, refers to the outcome of the rotational x` 

test for which the maximum value of the 4 1(9) function has 

been chosen. The second entry, denoted by 1, refers to the out-

come of the two bin ,'2  test with the phase histograms referenced 

to 0°. The third, 3, represents the results of a four bin -k.2 
 

test, again with a 0°  reference for the phase histograms. The 

x2 test results for the first ten harmonics considered are tab- 

ulated alongside the relevant entry. Dashed lines refer.to any 

finding which fails to return significance at 

4.4.ii. Discussion 

Examination of these tables allows us to draw compar-

isons between the various -X? measures chosen, and assess the 

merits of each in turn. With reference to the on-line phase 

study discussed in Section 4-2 ( Tables 4-i through 4-xvi ), yet 

further co--parisons can be made. 

Consider the four bin test chosen to confirm the initial 

on-line investigation. ( Tables 4-i to 4-xvi and 4-xvii to 4-1 

For almost all subjects tested, the off-line verification marks 

an improvement in the sensitivity and consistency of the x  test 

results. Subject LS at 4 kHz ( Tables 4-xvi and 4- xlix ) serves 

as an illustration. In the on-line trial, only two of the seven 
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supra-threshold records, those at 80 dB and 60 dB, show any sig-

nificance, yet a consistent response is present 1: the average 

for each of these intensities. Compare this with the results of 

the confirming off-line study, Table 4- xlix, where a greater number, 

six of the seven records, reveal significance in at least two 

harmonics. For the off-line verification, often the degree of 

phase ;:ggregatio:: as determined by )(2.(0°) is at higher grob- 

ability levels and seen to affect a greater number of frequency 

components as is the case with the on-line study. 

Such differences nay well be due to the size of the 

statistical sample analysed. Where an ensemble size of 40 pro-

duced a 20(/, false negative score in the on-line study, this is 

2 
now reduced to approximately 12 for the four bin x test per- 

formed off-line on a sample of 54. 	i!.ost • often, the false neg- 

atives are seen in the region of subjective threshold. Here, 

even the coherent average often fails to detect a response. The 

four bin 	with 	
o 

x test ith _phase h~isto.V rams referenced. to 0 , then, 

may be regarded as a reasonable indicator of response and no re-

sponse conditions, provided a large enough sample is analysed. 

The rotational 
x2 

results are remarkably similar to 

those found for the off-line four bin X2 study in almost all re-

spects. Occasionally, the four bin test is more sensitive in the 

region of subjective threshold. ( Subject F1 at 2 kHz, Table 4-xxv 

At other times, the rotational statistic provides a better in-

dication. ( Subject JS at 500 Hz, Table 4-xxii) When viewed over-

all, though, very few differences are to be found between these 

two tests and this is not surprising. The rotational statistic is 

known to be distributed as x 
2 

with three degrees of freedom. But, 
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because a cylindrical, rather than rectangular, distribution is 

postulated under Ho, a greater confidence can be placed in the 

rotational -X
2  test results. The phase constraint observed in the 

histograms may fall at or near the boundary of the bins chosen for 

x2 analysis. The resulting x.2  value, then, might reflect a lack 

of phase aggregation even though a significant nonuniformity exists 

in the histogram. The step-r; ise rotation introduced . to the tv;o 

bin x.2  test eliminates these boundary problems, thus assuring us 

that the choice of reference for the phase histograms cannot in-

fluence the test results. Comparing the rotational statistic to 

the four bin off-line investigation reveals a false negative rating 

of 1/1_, only slightly higher than the 12;1: quoted earlier in this 

discussion. In both instances, the false positive score is the ex-

pected 5`. 

As is to be expected, the tv,o bin off-line test showed 

the greatest inconsistency. Most of the nonsignificant findings are 

within 20 dB or so of threshold, suggesting the procedure is insen-

sitive to the broader phase constraint present at these levels. 

Anomalies do exist, such as the GF 4 kHz file. ( Table 4-xx 	This 

particular file showed similar inconsistencies for the on-line 

study, and it may well be that some nonstationary frequency struct-

ure in the EEG is responsible. Even the more sensitive four bin 

test and the rotational 
'x2 

 statistics reveal similar, though less 

striking, inconsistencies. When viewed overall, false negatives 

account for about l6; of the two bin )C
2  records, and false Pos-

itives, the 5°,  expected under H. 

Accounting for the periodicity of the phase distributions, 

then, hu:s certainly improved the sensitivity and reliability of the 
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test results. This improvement is most striking when comparisons 

are made between the rotational -( 
Z 
 statistic and the two bin test 

from which it is derived. When comparisons are drawn between the 

rotational statistic and the four bin ie 
 

test to which it is related 

by virtue of its sa::1p1ing statistics, fewer differences are to be 

seen. There is, however, the important assurance that the arbitrary 

choice of reference for the phase histograms does not influence the 

rotational test results. The step-wise rotation inherent in this 

procedure reduces the boundary effects mentioned earlier, thereby 

optimizing the search for phase constraint. This cannot be said of 

the four bin test, or any other procedure which postulates a rect-

angular distribution of phases. Without accounting for the cyclic 

nature of the phase histograms, a nonsignificant finding might well 

reflect only a poor choice of reference. 

4.5.i. The 1.':ean Phase Vector 

The rotational x 2  statistic is only one of a number of 

procedures which can be devised and applied to data of an inherently 

periodic nature. In its application, we merely approximate the 

cylindrical distribution postulated under Ho  by rotating the phase 

histograms through discrete 10°  steps. Other statistics, such as 

the mean phase vector, its magnitude or standard deviation, assume 

a continuous, rather than discrete, distribution of phases. Because 

no approximations are made in the application of a technique of this 

kind, the phase vector method may prove more reliable than the rotat-

ional
-v2 

 statistic. By taking a slightly different approach to the 

detection of phase constraint, it may well offer further insights 
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not obvious from the use of the 	L  statistic. 

4.5.ii. Theoretical 'lackground 

Instead of viewing each ensemble of phase values as drawn 

from a cylindrical distribution, we picture them as lying on the 

circumference of a circle of unit radius. See Zig. 4.9. An arrow 

drawn from the center of the circle to each phase value defines the 

phase vector, 	i. In vector notation, this is given by: 

where 	iI'denotes the magnitude, and. yY 0i'  the direction of the 

vector 

From the vector sum of all members of the ensemble, the 

mean phase vector, XG m, its absolute value, I 	I , and standard 

deviation, sd, can be derived. In the absence of any phase con-

straint, the magnitude of gm will tend to zero, while its sd will 
approach an expected value given by P'? i. should there be sone 

aggregation of phase values, however, the magnitude will be sig-

nificantly =renter than zero, and the standard deviation signif-

icantly less than O' i. If phase ensembles taken from spontat:eous• 

SEG records are chosen as a reference, the cumulative frequency 

distributions for each of these statistics can be derived. From 

these, the confidence intervals for a statistical test of phase 

constraint are readily available. 
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Fig. 4.9. An ensemble of phase vectors. 
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4.5.iii. The Sampling Statistics of A 

Unstimulated. EEG records taken from the on-line phase 

study served as a reference on the behaviour of the mean phase 

vector. From each 54 sweep ensemble, the phases of harmonics one 

to ten were derived and the mean phase vector, its magnitude and 

standard deviation calculated. A total of 680 estimates of each 

statistic were then available for establishing the cumulative 

frequency distributions shown in Figs. 4.10 and 4.11. 

The sampling statistics ,of the two parameters which con- 

cern us, the absolute value of the phase vector and its standard 

deviation for a 54 sample ensemble, can be derived from the two 

distributions of Figs. 4.10 and 4.11. The absolute value is seen 

to be distributed about a mean value of 0.125, while the standard 

deviation is centered on 96.50. The means of both these distribut-

ions are different, possibly significantly different, from the 

expected values ofIjk,~.,I = 0 and 	sd = 1C4° determined theoretical- 

ly for uniformly distributed data. 

These two expected value's have been derived from the 

following relation b:- assuming a continuous and uniform distribution 

of phases between -180° and +1800. 

x 

Here, x is the statistic of interest, and p(x) the probability 

density function. For a continuous, uniformly distributed var-

iable, p(x) is a constant and equal to 1/3600. 
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rig. 4.10. Cumulative frequency distribution derived 

from the phase ensembles of spontaneous EEG. 

/.0 - 
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Pig. 4.11. Cumulative frequency distribution of 17-7 	derived rm 
from the phase ensembles of spontaneous EEG. 
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The disparities seen between observed and expected values, 

then, may well reflect either some nonuniformity in the phase dist-

ributions of spontaneous EEG or the effects of drawing a limited 

sample from a continuous distribution. In order to examine these 

possibilities in greater detail, distributions of the standard dev-

iation were set up for data known to be drawn from a uniform dist-

ribution and compared with those determined for spontaneous EEG. 

Because of the possibility that certain rhythms in the 17:EG may be 

introducing a phase constraint, and hence a bias in the distribution 

of the sd, each individual harmonic weis considered separately. 

If EEG rhythms are contributing to the difference between 

the observed and expected mean of the distribution, we would expect 

this contribution to be most marked in the first few harmonics, 

where slow waves predominate, or in harmonics six through eight, the 

range of a -activity. An examination of the records for individual 

subjects occasionally confirms this hypothesis. ;then distributions. 

are formed for each harmonic, however, there is little evidence of 

any synchronous background activity fon any frequency to approx-

imately 10 Hz. Those histograms for harmonics seven and eight do 

reveal some evidence of a bimodal distribution, as Fig. 4.12 il-

lustrates. A preponderance of PG-activity in some, but not all, 

subjects, then, nay be introducing a slight bias into the overall 

cumulative frequency distributions of Fig. 4.11. But, because the 

means of the distributions for all harmonics are not significantly 

different from the overall mean of 96.5°, synchronous activity in 

the EEG cannot be responsible for the disparities observed between 

the expected and empirically derived distributions. 

Both uniformly distributed data, and the phase distributions 
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Fig. 4.12. Histograms of the sd for Harmonics 7 ( 10.5 Hz ) and 

8 •( 12 Hz ) . 
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Fig. 4.13. 	 Fig. 4.14. 

Distributions of sd -ft. derived from the phase ensembles 7- 1 
of bandlimited Gaussian random noise ( Fig. 4.13. ) and 

from uniformly distributed data. In both cases, each 

estimate of the sd is derived from a sample of 54. 
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of bandlimited Gaussian random noise were generated in order to 

clarify the behaviour of the sd. 54 sweeps of bandlimited noise 

made up each ensemble, from which the phase distributions of the 

first ten harmonics were derived. A total of 270 estimates of sd 

~ 
were then determined, and formed into the histogram shown in _ , i;. 4.13. 

Initially, uniformly distributed data was generated in blocks 54 

long, and from these, the distriA:•ution of Pig. 4.14 was derived. 

These two distributions are remarkably similar to one 

another, and this observation is confirmed When a two sample r"ol- 

mo;orov- mirnov test is applied to their respective cumulative 

frequency distributions. ?;o significant difference is to be seen 

between them at 5;'.:. In addition, comparing either of these dist-

ributions with that derived from the phase distributions of spon-

taneous EEG ( Fig. 4.11 ), reveals that none of these distributions 

are significantly different from one another. From this, we may 

conclude that an assumetion of uniformly distributed data is cer-

tainly a reasonable one to make as regards the phases of continuous 

• EEG. 

The sample size, then, may be responsible for the dis-

parities we observe between the expected and actual values of the 

standard deviation. In order to investigate this matter, uniformly 

distributed data *ere generated in blocks 200 long. Its probability 

density function for the sd is shown in Fig. 4.15.a. Note the shift 

in mean value from approximately 96° to 100°, and the way in which 

the distribution has narrowed to a range between 92° and 106°. When 

1000 uniformly distributed variables make up each estimate of sd, 

the distribution shifts even further to the right so that it is 

centered on 102°, and limited to the range from 100° to 106°. See 

Fig. 4.15.b. 
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Fig. 4.15.a. Probability density function for sd 721taken from 

uniformly distributed data. Each of the 270 estimates 

is formed from 200 variables. 
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Fig. 4.15.b. Probability density function for sd Ze. where each 

estimate of sd is derived from 1000 variables. 

91 l 



92  

The standard deviation of the mean phase vector, then, is 

a biased estimator, which approaches its theoretical, expected value 

as the sample size increases. The nature of this bias is a non-

linear one, as Fig. 4.16 illustrates. Here, the mean of each em-

pirically derived distribution of sd is plotted against sample size. 

The vertical bars indicate 
	

-} 1 standard deviations on each estimate. 

Note how the mean increases in value, while its spread decreases, 

with increased sample size. 

Confidence intervals for a biased estimator such as the sd, 

and, by inference, the absolute value, of the mean phase vector, 

then, must :.e determined empirically for a given sample size_ For 

the 54 sample ensemble we have been investigating, these are ;riven 

by: 

P(i? m I 4)  

	

55 	0.24 
0.28 

	

10 	0.33 

	

.10 	0.36 

P (sd <s ) 

86.5
0  

87.5o 

84.0°  
61.0°  

For other sample sizes, consult the table on page 99. 

4.6.i. Data Analysis by the Phase vector i.̀ethod 

All stimulated records can now be assessed in the light 

of these findings. The same 34 files from the on-line phase study, 

and the additional 22 files discussed in Section 4.4 were sub„ected 

to phase vector analysis. 

The results of this study are to be found in Tables 4-lxxiii 
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to 4-cxxviii. The format here is similar to that of the other tables 

in this chapter. Each intensity is quoted in dB SL and accompanied 

by its averaged response. Three separate headings are to be found 

alongside each intensity level. The first of these, 6'm, refers to 

the angle of incidence of the mean phase vector, 2 M. To the right 

are tabulated the relevant values of e2m  for each of the ten har- 

monies analysed. The second heading, 	m, refers to the absolute 

value of the mean phase vector, while the third, sd, refers to its 

standard deviation. To the right of the second and third headings 

may he Found the respective probability levels for these statistics. 

Dashed lines refer to any value which fails to reveal significance 

at 5i,. 

4.6.1i. Discussion 

The results of Tables 4-lxxiii to 4-cxxviii reveal findings 

remarkably similar to the off-line A2 results ( Tables 4-xvii to 

4-lxxii ) discussed in Section 4.4.11. For the most part, high 

intensities of acoustic stimulation illustrate a striking phase 

constraint in several, if not all, the harmonics considered. The 

degree of constraint, as indicated by the probability levels of 

both the absolute value and standard deviation statistics, dimin-

ishes substantially below intnesities of 20 dB or 30 dB SL, almost 

always engaging fewer harmonics. 

In addition, these two statistics afford us some insights 

into the nature and behaviour of any phase aggregation seen in the 

records. Consider Subject BO at 2 kHz. ( Table 4-lxxxvi ) For 

all records from 70 dB to 10 dB SL, the second to fifth harmonics 
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Pig. 4.17. Phase histograms for the third harmonic taken from the 

records of Subject BO, M, age 31, at 2 kHz. 
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are significant with only a few exceptions. For intensities of 

30 dB SL or greater, these harmonics are very tightly constrained. 

Although not noted in the tables, the standard deviation is about 

65°  on average, significantly smaller than the mean of 96.5°  der-

ived from. spontaneous EEG files. Such a finding suggests that the 

majority of phases lie very close to the mean value, 67
m
,  and this 

is confirmed by the phase histograms shown in Fig. 4.17. In al-

most all cases above 30 dB SL, the mean phase value, 6,
m 

does not 

change substantially as a function of intensity level, pointing to 

a consistency in both the shape and latency, and the number of in-

dividual evoked potentials in the records. 

Below 30 dB SL, both the extent of phase constraint and 

the number of harmonics involved is progressively reduced until 

little or no significance is to be seen. Once again, the standard 

deviation provides us with a quantitative measure of the spread of 

phases about the mean phase value, 4.2 m.  On average, the sd has 

increased to 82°, still significant, but substantially higher than 

the figure of 65°  quoted above. The phases of a given harmonic, 

then, are much more broadly constrained about the mean phase value. 

The mean itself is seen to shift. This could reflect either a 

shift in the latency of individual evoked potentials in the records 

or a reduction in their numbers, or possibly both. 

Comparing the mean phase vector angle, Orn, with the 

median of each of the phase distributions depicted in Pig. 4.17 

allows us to investigate this matter further. For the third har- 

monic, 62m  ( Table 4-lxxxvi ) is found to be -17°  and -1O°  at 

70 dB and 50 dB SL respectively. As the intensity is reduced, 

this shifts to values of -37°  at 30 dB, -46°  at 20 dB and finally 
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to -81°  at 10 dB before significance is lost. The median of the 

phase histograms ( Fig. 4.17 ) at intensities above 50 dB SL cor-

responds favourably with the mean phase angle, 0m. At reduced 

intensities, however, it, too, shifts, but usually not as substant-

ially as 6 m. Consider the 10 dB record. The median of the dist-

ribution is seen to lie at approximately -600, while the mean phase 

vector is found to be -81°. 

This finding suggests that the latency of the third har-

monic does indeed shift as a function of intensity level. The 

time-locking mechanism we postulate has become less effective on 

two counts. Fewer sweeps are synchronized to the time of stimulus, 

and those sweeps which are synchronized are loomed less sharply to 

the stimulus. 

When considered overall, the phase vec:tor method is sone- 

what more sensitive and consistent than the 	tests discussed in 

Section 4.4. Its false negative rating is 11, as opposed to 

either 12; or 14 experienced with Y. False Positives are within 

the expected 	interval. 

Because the phase vector approach assumes a uniform and 

• continuous distribution of phases, it is the statistical procedure 

best suited to data of an inherently periodic kind. When compared 

to a'procedure which only approximates the periodicity of phases, 

the rotational. X2  statistic, the phase vector method is only mar-

ginally more sensitive.A.beang a simpler and faster algorithm is 

the greatest advantage of phase vector analysis. Computing time, 

for example, is reduced by at least a factor of three, an important 

consideration if real-time clinical trials are to be carried out in 

future. 
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4.7. Concluding Remarks 

'Postulating that the AEP results from some synchronization 

of existing EEG activity has led us to search for the presence of a 

consistent and recurring pattern in an ensemble of post-stimulus 

sweeps. This recurring pattern can be seen as a constraint in the 

phases of the individual harmonics which constitute it. .Phase anal-

ysis, however, is complicated by the inherent periodicity of the 

phases themselves, and demands the use of rotational statistical 

procedures. A data simulation has allowed us to explore the be-

haviour of several phase measures and establish their sampling stat-

istics empirically. Despite the sample size bias observed, the 

empirical phase statistics are seen to he well-behaved and capable 

of detecting the. AEP to within +10 dB of subjective threshold on 

average. Thus, either the rotational A. procedure, or the standard 

deviation of the vector angle could be used for the clinical assess-

ment of auditory thresholds, acheiving one of the objectives of 

this research. In addition, their effectiveness as response in-

dicators suggests that a pattern recognition approach is appropriate 

to AEP data. The simple template-matching procedure discussed in 

Chapter Five is considered in order to establish the use of pattern 

recognition techniques for AEP detection. 
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The standard deviation, sd i, as a function of sample size N. 

4 
A total of 500 estimates formed the empirical cumulative frequency 

distributions from which the following confidence intervals were 

derived. 

Zd ;• 2.5,- 1`- 
0.5;4, 

8 60.7°  53.9°  48.0°  45.3°  

12 71.0°  67.2°  61.9°  55.8°  

16 75.0°  71.6°  65.o°  58.7
0  

20 77.3°  73.4o  69.4°  68.0°  

24 76.7°  73.6°  69.4°  6.2°  
28 83.0°  80.5°  76.5°  66.50  

32  83.0°  80.9°  78.4°  73.8°  

36 84.70  82.8°  80.7°  78.2
°  

40 86.3°  83.5°  80.7°  78.7°  

44 86.5°  83.5°  61.50 7(2.50 

48 87.80  85.5
°  83.1° 80.5°  

54 88.5°  67.5°  84.o°  81.8°  

6o 90.10  87.50  84.6°  8.'.7°  

70 91.0°  88.8°  87.7°  86.2°  

80 91.5°  90.3° 88.2°  86.4°  

90 92.5°  90.6°  09.0°  87.7°  

10o 93.5°  91.8°  90.4°  89.30 
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Tables 4-i to 4-xvi 
, ' . 

The On-line ~2, Study 



•Table 4-i. Subject CH, F, age 23, at 2 kHz and 500 Hz. 
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Table 4-ii. Subject GF, M, age 28, at 1 kHz and 4 kHz. 



Table 4-iii. Subject JS, P, age 23, it 2 kHz and 500 Hz. 



/214 ✓ 	Intensity 	Harmonica 	ize ✓ 	Intensity 	Harmonics 

%1‘ 
	 2 	3 	4 	5 	6 	 2 	3 	4 	5 	6 

60 dB' 	- 	2% 	5% 	1% 	- 	 80 dB 	.1j 	2% 	- 	- 	5% 

40 dB 	.l~r 	.1% 	•.lf 	.lap 	 60 dB 	5% .. 	 - 	- 	- 	- 

20 dB 	- 	5% 	- 	- 	2% 	 40 dB 	- 	1% 	5% 	- 	- 

10 dB 	.1% 	5% 	- 	- 	- 	 20 dB 	- 	- 	- 	- 	- 

0 dB 	- 	- 	- 	•- 	- 	 10 dB 	- 	- 	- 	- 	- 

-10 dB 	- 	- 	- 	- 	- • nānl  
	

o dB 	- 	- 	-  5% 	5% 

-20 dB 	- 	- 	- 	- 	- 	 control 	- 	- 	- 	- 

control 	- 	- 	- 	- 	 control 	- 	- 	- 	- 	- 

control 	- 	- 	- 	- 	-. 

.m 	Joe,. 	71..s 	 Ae 	,pro 	',we 
* 	 I 	, 	r--$. 

able 4- iv. Subject C~, F, age 31, a 1 kHz and 4 kAz. 



• Table 4-v. Subject FN, IS, age 28, at 2 kHz and 500 Hz. 
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. Table 4-vi. Subject TB, M, age 20, at 1 kHz and 4 kHz. 
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-vii. Subject B0, LS, age 31, at 2 kHz and 500 Hz. 



Table 4-viii. Subject JD, F, age 23, at 1 kHz and 4 kHz. 
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. Table 4-ix. Subject DT, F, age 24r at 2 kHz and 500 Hz. 
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• Subject oN, Li, aRe 30, • 
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, Ta.ble 4-xi. subj ect Vll, P, age',24, at 1 kH~ and 4 ldfz. 
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Table 4-zii. Subject SBa, F, age 20, at 2 kHz and 500 Hz. 



Table 4-xiii. Subjeot PC, 1i, age 24, at 1 kHz and 4 kHz. 



Table 4-xiv. Subject SA, M, age 28, at 2 kHz and 500 Hz. 



Table 4-xv. Subject DP, P, age 20, at 2 kHz and 500 Hz. 



Intensity 

2  

Harmonics 

3 	4 5 6  

00 dB 2% 2% .1% 156 

60.dB 1% .1% .1% 1% .1% 

40 dB - - - 2% - 

30 dB - - - 

wv-\-% 
V\A. 
-N\nAf .  

	

20 dB 	- 	- 	- 

	

10 dB 	- 	- 	- 

	

0dB 	1% 	- 	- 

	

control 	- 

	

control 	- 	- 
a„< 

oontrol 	r 
.t ietl T+S 

80 dB 

60 dB 

40 dB 

30 at 

20 dB 

10 dB 

0 dB 

control 

Harmonics 

2 	3 	4 	5 

- 	- • 1N 

2°' N 

Intensity 

Table 4-xvi. Subject LS, F, age 20, at 1 kHz and 4 kHz. 
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Table 4-xvii. Subject CII, P, age 23, at 2 kHz. 
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Table 4-xviii. Subject CH, F, age 23, at 500 Hz. 
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Table 4-xix. Subject GF, b!, age 28, at 1 kHz. 
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3 - 2%  

M .1% .1% 1% - - 

1 - 2% _ - _ _ - 

3 - 1% .1% 1% 5% - - 

i% 1% - 

Table 4-xx. Subject GF, M, age 28, at 4 kHz. 



Teot Harmonica 

1 2 3 4 5 6 7 6 9 10 

ni — - 1% .1% .1% .1% 1'f, in - - 
1 1% - - - - 5% 2%  - - - 

3 2% - 1% i% 2% .1% 1% 5% - . 

M i% .1% 5% .1% .1% .1% 2% - - .1% 
1 .1% .1% - - - - - - - 2% 
3 i% .1% 1% .1% .1% .1% 1% 1% 2,‘; 

bi .1% 5% 2% .1% .1% 1% - 5% 5% 
1 1% - 2% .1% .1% .1% - 1% 1% 
3 1% 2% 1% .1% .1N 1 ō - 1% 1% 

M - - 5% - 
1  5% 5% - - 5%  
3 • - 	• 2% - 5% 5% - — 

1 - - - 

iao :cn xs 3 	 5% 

Intensity 

20 dB 

10 dB 

Table 4-xxi. Subject JS, F, age 23, at 2 kHz. 



Intensity Test 
	

Harmonica 

iz.,4✓  

n 

70 dB 

dB 

30 dB 1 

3 5% 

I M - 	5% 2% 5% 
20 dB 1 - 5% 

3 - 	- 2% 	- 

- 1% 

10 dB 1 - 	5% 1% 
• _3 2% ~,' 

1 2 3 4 5 

M - 2% ..1% .1% .1% 

1 1% - - - - 

3 - 5% .1% .1% .1% 

M 
1% 1% 5% 2% 1% 

1 2% 5% - - - 

3 5% l% 1% 5% - 

- 

- 
- - - -  

- 	- 	- 

6 7 8 9 10 

1% .1% .1% 

2% .1% 5% - 2% 

.1% .1% 2% •5% 

.1°;, .1% 5% 
156 - - - 

.1% .1%. 5% 

2% 5% 

5% - 
l% 

Intensity , Test 	Harmonics 

1 2 3 4 5 6 7 8 9 10 

M 2% - - 
0dB 	1 	- 

3 

-

-10 dB' 	1 	- 

3 	- 

2% 

M 2% 5% 	- 5% 
1 - - - - 

3 5% 5% 	- - 

M 1% . 5% - 	- - 	- 	2%; 

1 2% - - -  - 
3 1~ 

control 

1 control 

a.s 

- 

Table 4-xxii. Subject JS, P, age 23, at 500 Hz. 



Intensity 	Teat 

40 dB 	1 

3 	5% 

30 dB 	1 

3 

•20dB 	1 
, 	I. 	3 417 . Ms 

M 	1% 

80 dB 	1 	- 

3 	2% 

M 	1% 
60 dB 	1 	- 

,~ 	3 	2% 
Y 

Intensity Rest 	Harnonioa 

1 2 3 4 5 6 7 B 9 10 

M 	1% - 	- 

	

10 dB 	1 	- 	- 

3 	1% 

	

' 	!S 

	

0 dB 	1  

3 - - - 	2e,4 _ 	L 

..,\ 	
M 	

- 
control 	1 	- 

3 	- 

control 

ASO .142 T.s 

M 

1 
3 

5% 

Harmonica 

3 4 5 6 7 e 9 10 

.1? .1% .1% all - 

- 5% - - 
.1% .1% 1% 1% - 

.1% 1% 2% 2% 

- - l% - - 
1% lig 1% 5% 1%  

.1% .1% .1% .1% - 21. 5% 
- i% .1% .1% - -. .1% - 

.1% .1% .1% .1% - - 1% 5% - 

- 
2% 

- 5% - 

5% 

.Table 4-xxiii. Subject CR, F, age 31, at 4 kHz. 



Intensity' Test Harmonica Intensity . Test Harmonios 
1/.2/41/ 1/2/41/ 

1 2 3 4 	5 	6 7 s .9 110 1 2 3 4 	5 6 7 a 9 10 

1S 1% .1% .1% .1% 	.1% 	.1% .1% .1% - - M - - - - 	- - - - - - 
60 dB 1 - - - 1% 	.1c1, 	1% 25 - - - _ -10 -10 dB 1 - - - - 	- - - - - 

3 1% .1% .1% .1% 	.1% 	.1% -.1% 2% - 
~ 

- - 
Am Oa dew 

- - - - - 

M .l% 01% 01% .1% 	.154 	.lj 01% 1% 
M 

V

40 dB 1 - - - .1% 	.15 	.15 .1% .1% - - -20 dB 1 - - - - 	- - - - - -  
3 .1% 1% .1% .1% 	.1% 	.1% .1% 1% - - 3 - - - - 	- - - - - 5% 

1 M 1% .1% 1%. 1% 	1% 	2% .1% 1% 1% 5% At • - - - - 	- - - - - -  
20 dB 1 - - - 2% 	.1=; 	1% .1% .1% .1% 2% control 1. 

3 - 1% - 2% 	1% 	5% .1% 1% 1% 5% 3 - - - - 	- - - - - - 

M 1% .1% '.1% .1% 	2% 	1% - - - - - - - - - 
10 dB 1 - - .1% .1% 	1% 	.1% - - - - t control 1 - - - - 	- - - - - -  

3 .1% .1% .1% .1% 	5% 	1% - - - - I 3 - - - - 	-- - - - - - 

f 0 dB 1 = - - - 	- 	- - - - _ 

able 4-xxiv. Subject CR, F, age 31, at 1 kHz. 



Intensity Teat . 	Harmonics 
.. 

Intenoity 'rest Harmonics 

1 2 3 4 5 6 7 8 9 10 . 	_ 1 2 3 4 5 6 7 8 9 10 

M .1% .1% .1% .1% .1% .1% .1% - - - M - - - - - - - - - -  80 dB 1 - - - .1;, .1~~, .1% .1 5% - .. 10 dB 1 ••  
3 1% 1% .1% .1% .1% .l% 1% - - _5% 3 - - - - - - - - - 1 

M .1% .1% .1% .1% i% - - - 2% - M - - - - - - - - _ 
60 dB 1 - - - 1% 2% - _ 1% _ 0 dB - - _ 1 

3 .1% .1% .1% .1% .1% - - - 5% - 

i 
3 - 

M - - 5% 5% 5% - 	. 5% 1% - -  M - - - - - - - - - -  4 0 dB 1 - - 1~ 1°5 _ - _ - - -  
• 3 - - 1% - - - - - - 

oontrol 1 
- 3 

~ 	.s em ,.~,. 

li\rf 
M 2% 5; - - - - - - - -  

30 dB 1 5% 5% - - - - • - - - - 
3 - 15 - - - - - - - - 

M 1% 2%.  5% - - 5% - - - - ' 
20 dB 1 - - - - - 2% - - 2% -  

s 3 2% 5% - - - 2% - - - - - , .eV 
-sxv. Subject FN, air age 28, at 2 kHz. 



M 
60 dB 	1 

3 

M 
1 
3 

40 dB 

Intensity 	Test 

M 
20 dB 	1 

3 

10dB 	1 
3 

Harmonics 

4 	5 

.1% 	.1% 
- 	2% 
.1% 	.1% 

.1% 	1% 
- 	1% 

.1% 	.1% 

6 

1% 
i% 
1% 

.1% 
1% 

.1% 

7 

- 
- 
2% 

2% 
- 
2% 

8 ' 9 

- 
- 

10 

- 
- 

• 

.1% 	- - 5% 2% 1% 2% 
- 1% - - 2% .1% 
5% 5% - 196 - 1% 

5% 	- 

5% 	- 

1 2 3 

1% .1% .1% 
- - - 

.1% .1% .1% 

.1% .1% .1% 
- 1% - 

.1% .1% .1% 

• '1% .1% - 
- 2% - 
- 2%  - 

As 	 - 
1 	- 	- - - 	- 

3 	 - 	- 	- 

Intensity Teat 	Harmonica 

1 2 3 4 5 6 7 8 9 10 

V 
-10 dB 	1 	- 	- 	- 	- 

-20 dB . 	1 

3 

j\#\ 

	

Al 	

control 1 	5% - 
3 . 	- 	5% - 

1 

 control 
I I • r 

,vo .ses 

1 
3 

Table 4-xxvi. Subject FN, U, age 28, at 500 Hz. 



;
Intensity 	Test 

VI-A M 

	

80 dB 	1 

	

i 	3 

Harmonics 

1 2 3 4 5 6 7 8 9 10 

MO 

~ V 
60 dB 	1 

3 

40 dB 	1 

3 

30 dB 	1 

n 	3 

/ 	ht 	- 
20 dB 	1 	- 

, , .500 ms 3 1% 1% 

Intensity 	Test 	Harmonics 
5fcv 

tn vj 

10 dTi 	1 	- 	- 	- 	- 	1V, 	55 
3 	- 	- 	- 	5 	2°: 

0 dB 	1 

3 

control 	1 

3 

} control 	1 

	

 	3 
tiro Soo s.ns 

1 2 3 4 5 6 7 8 9 10 

Table 4-xxvii. Subject TB, 1.;, age 20, at 4 kHz. 



I Int ... i" Test Harmonios I Intond". Teat Harn.onica 

7Pv ~v _ 
1 2 -} 4 5 6 7 8 9 10 

~ 
1 2 3 4 5 6 7 8 9 10 

~ ).! M 5% 
70 dB 1 5% o dB 1 -

} } 

~ JI. 5~ 5~ 1~ 2% 2% 5% ~ M 

1 51- 5% 2% 5% -10 dB l. r' 

3 1% 2% 1% } VJ 
0 

.~ M 5% 5% ~ M 

1 1% - oontrol 1 

Mp, } 5% 2% } 

}.l .1% 

~ 
M 2% 

1 1% .1f, 1~ 1 
} 5% 1~ } 1% -

~ 
~ .m ... :s 

].\ 

1 

.cQ dct:I ?tU} 

Table 4-xxv11i. Subject TB, M, ace"20, at 1 kRz. 



Intensity 

/2/a/ 

Test Harmonica 

1 2 3 4 5 

H 

6 7 0 9 10 

1% .1% .1% .1% .1% .1% - - - 

70 dB 1 1% - - .1% .1% .1% - - 
3 1% .1% .1% .1% .1% .1% - - - - 

M .1% .1% .1% .1% .1% .1% - 

50 dB 1 .1% - - .1% 5% - 

3 .1% .2.% .1r .3.% .1% .1% 

2% .1% M .1% .1% .1% 2%. 2a - 

30 dB 1 - - .1% .1% .1% 5% 

3 5% .1% .1% .1% .1% - 

1 1% 5% 5% 1% 

20 dB 1 - - 1% 2% 5% 
3 1% 2% 1% - - 

2% ..1% 1% 

10 dB 1 .1% .1% 1; 

776 3 .10 1% 5%  • Ana 	.: 

Intensity 	Toot 	Harmonics 

1 2 3 4 5 6 7 0 9 10 

b1 	- 	- 

	

0 dr3 	5% - 	- 	- 	- 	- 	- 	- 

3 	- 	- 	- 

- 

	

-10 dB 	1 	2% - 

3 	- 	 - 	- 

az 	 2% 

control 	1 
	

5% 
3 

	

1 

 control 	1 

	

I I I r 	3 
Apo 	7MS 

Table 4-xxix. Subject BO, M, age 31, at 2 kHz. 



Teat 

1 2 3 

Harmonica 

4 	5 	6 8 ' 	9 10 

M 1$ .1% .l% .1% .1% .1% .1% l% - 

1 1% - - 1% - - 5% 2% 2% 
3 5% .1% .1% .1% .1% .1% .1% .1% 2% 

M .1% .1% .1% .1% 5% 2% - 5% 5% 
1 - - 1% .1% 5% - - - 5% 2% 
3 .1% .1% .1% .1% 2% 5% 2% 5% 5% 2% 

M 1% - l% .1% .1% 1% 
1 .1% 1% .1% .1% .1% 
3 .1% i% .1% .1% 1% 

M .1% 1"/0 5% 5% 2% -  

1 - 2% 1% 
3 1% .1% 1% 1% 5% 

M 1% 1% .1% - 
1 2% 5% .1% 5% - . - - 

~+r 3 .1% 1% .1% - 

70 dB 

Intensity 

42,wd 

5o dB 

30 dB 

Teat Harmonics 

1 2 3 4 5 6 7 8 9 

• 
5% 5% 2% - 

1 - - - 
3 1% - 5% - 

M 

1 - 

3 

M - 
1 - 5% 
3 - - - 

bS 5% - 
1 2% - 

7..s 3 N 5, 

10 

- 

Intensity 
izud - 

O dB 

-10 dB 

control 

L
control 

A1/42 6 o 00 
1 	1 	1 	, 

Table 4-xxx. Subject BO, M, age 31, at'500 Hz. 



10 

- 
- 

Intensity 
/S;Ud 

A 

Teat 

1 2 3 

Harmonica 

4 	5 6 	7 	8 	9 	10 

Intensity 
/5„.ea/ 

Test 

1 2 	3 

Harmonics 

4 	5 	6 	7 	8 	9 

M .1% .1% .1% .1% 1% N - 5% 5%.  
80 dB 1 5% 1% 5% 5% .1% 10 dB 1 2% 	- 	- 	- 

3 .1% .1% .1% .1% .i% 
3 

'L•• M 5% .1% .1% 5% 
yh m 

60 dB 1 - 5% 1% 0 an  
3 — .1% 1% 2% 2%  

k .1% .1% 5% 

40 dB 1 - - control 1 

3 — .1% .i 
3 

N 1% .1% .1% 5% 1d 
30 dD 1 - - - - control 1 

3 1% 1% l% — 
.w 	.100 

3 
r..s 

5% 5% 

20 dB 1 
AV ea, ".3 3 2% - 	- 

Table 4-xxxi. Subject JD, F, age 23, at 4 kHz. 



I l,""'ty Test Harmonios I l,t",it, Test Harmonios 
IS~ I~ . 

1 2 } 4 5 6 7 8 9 10 1 2 } 4 5 6 7 8 9 la 

~ 
11 • I?, .1% . • 1% .1% 1% 5% 2% ~ M 

70 dB 1 5% .1% - o dB 1 5~ 

~ 
3 .1% .1% .1% .1% 2% 3 

IV\!) II .1% •. 1% .11~ .1~~ .1% .1% ~ J,'. 

50 dB 1 25) 1% 1%- 5% 1~~ 5% -10 dB 1 I-' 

.1% .1% .1% .1% .1% la' 
VJ 

~ 
} • 7'> 3 ~ 

],1 1% .1~ .1% .1~ ~ M 

1 2% . 57> oontro1 1 

3 1% .1% .1% 1% 1% 5~~ } 

~ M .l'~ 1% 

~ 
,,~ 

1 1% 1~ 5% 1 
3 1% 1% 5% } 

!WrJV -- &:Jq .... $ 

].I <!~ f~ 

t , 1,0 ~B .. 1 1% 1~ 
A:>:> .;soo 7IoS } 1% 2% 

Table 4-xxxH. 5\\bjeot JD, F, age 2}, at 1 kHz. 



Harmonics TPt51,'1gity 	.r? b1 

/z/it/ 

	

V\ 	M 	- 	1% .1% .1% .1% 5% 

	

30 dB 	1 	1% .1% - 	- 	- 	- 

3 	5% .1% .1% .1% 1% 

1% 
20 dB 	1 	- 	- 	- 	1% 

3 	5% - l% .1% 

M 	 - 	 -  

1 	10 dB 1 
I 	 I  "a,. .. 	3 imv 7-3  

Intenoity 	Toot 	Harmonica 

1 8 9 10 

M 	- .1% .1% .1% .1% .1% .1% 	- 	- 
70 dB 	1 	- 	- 	5% - 	5% - 	- 	- 

3 	.1% .1% .1% 5% .1% .1% 

it 	2% .1% .1 ō .1% .1% - 	- 	5% 
50 dB 	1 	1% .1% - 	- 	5% 2% 2% 5 %, 

3 	2% .1% .1% .1% .1% 1% 1% 5% 

2 	3 	4 	5 	6 1 2 3 4 5 6 7 8 9 lo 

0 dB 	1 	- 	- 	- 	- 	 - 

3 	- 

bI 
-10 dB 	1 

3 

control 	1 

3 

1 control 	1 

, , , 	3 

Table 4-xxxiii. Subject DT, F, age 24, at 2 kHz. 



Intensity. Test Harmonica - 	Intensity Test Harmonica 

1 2 3 4 	5 	6 7 8 9 10 _ 1 2 3 4 	5 6 7 8 9 10 

M .1% .1%. .1% .1% 	.1% 	1% a% 2% 5% - M - 	. - 5% - 	- - - - - 1% 
70'd2 1 .1% .1% .1% - 	2% 	- - - - -• 0 dB 1 - - - - 	- - - - - - 

3 .1% .1% .1% .1% 	.1% 	1% - - - - 3 • 
M 1% ,1% .1% .1% 	1% 	.1% 2% .1% 2% - ✓ r-~,-„\d/N 

_ - - - 	_ - - - _ - 
50 dB 1 1% .1% .1% - 	. 	- 	- - - - - -10 dB 1 - - - - 	- - - _ _ - 

3 1% .1% .1% .1% 	.1% 	1% 1% I% - - 3 - - - - 	- - - _ - - 

at .1% .1%, .1% .1% 	1% 	5% - - 5% - M - 
30 dB 1 .1% .1% - - 	- 	- - 	' - - - 

f 
control 1 

3 .1% .1% .1% .1% 	.1% 	1% - - - - 1 1 	1 	• 3 
"S 

- - - - 	- - - - - - mu 	3c- 

V. - 1% 1% .1% 	.1% 	1% -. - - - 
20 dB 1 - - - - 	- 	.1% - - - - 

3 ' 	- 5% 1% 1% 	.1% 	.1% - - - - 

M 1% 5% - - 	- 	- - - - - 

10 dB 1 - - - - 	- 	5% - - - - 
 .Too a.r 	3 .1% 1% 2N - 	- 	2% - - - - 

Table 4-xxziv. Subject DT, F, age 24, at 500 Hz. 



Intensity 
artal 

80 dB 

60 dB 

4o aa 

30 dB 

20 dB 

Test 

M 

1 
3 

1 
3 

h 

1 
3 

M 

1 
3 

hI 

1 

1 

- 

5% . 

2% 
- 

- 
- 

- 

2 

2% 
- 

2% 

5% 
- 
5% 

2% 
.1% 

1% 

3 

1% 
- 
5% 

1% 
- 
5% 

1% 
.1% 

1% 

Harmonics 

4 	5 

.1% 	.1% 

- 	- 
i% 	.1% 

2% 	5% 
- 	- 
2%, 	1% 

1% 	- 
l% 	.- 
5% 	- 

2% 

6 

1% 

- 
1%, 

7 

5% 
- 
5%  

2% 

8 

- 

- 

9 

- 

5% 

10 

- 

sittrANj jkIPI  

Intensity 
/2/u/ 

10 dB 

0 d B 

iS 

ti 
control 

s 	
control 

Test 

M 

1 
3 

hS 
1 
3 

M 
1 
3 

M 

1 
3 

,».S 

1 

- 

5% 

- 
- 

2 3 

2% 

1% 

- 

Harmonics 

4 	5 

- 

- 

- 
- 	- 
2%, 

6 

MO 

AS 

- 

7 8 9 

++ 
,t,o 	xn 

^v. ,5 ,,':3 

10 

Table 4-xxxv. Subject SB, H, age 18, at 4 kHz. 



Intensity 	Test 
	

Harmonica 

/i~te!/ - 

2 	3 	4 	5 	6 	7 	8 
	

10 

control 

5% - 

1 control 

f 	• 	, 
oro .sca 3 

10 dB 1 
3 

M 5% 
0 dB 1 5% 

3 5% 

1% 
2% 5% - 

5i - - 
2% 5% 
2% - 

Intensity Toat Harmonica 

1 2 3 4 5. 6 8 9 10 

5%. .1% .1% .1% 2% 1% 
80 dB 1 - - - - - - 1% 

3 - .1% .1% 1% 2% 2% - 5% 

M 5% 1% .15! 1% 1% 5% 
60 dB 1 - 5% - - 5% - 

3 5% 1% .1% 156 5% - 

.1% 1% 5% 
40 dB 1 - - - 

3 .1% 1% - 

s".../%%"\i/ 30 dB 
b 

1 
2% iN 5% 

3 1% - 

2% - 
20 dB 1 - 1% - 1% 5% -  

.ao ., ̀ 	.h.,r 3 - 5% - 5% - 
Table 4-xxxvi. Subject SB, M, age 18, at 1 kHz. 



Intensity Teat HarmonicD I Int,noity :Toat llarr:onic3 

1.2"ttV /2,AV . 

~ 
1 2 3 4 5 6 7 B 9 10 1 2 3 4 5 6 7 B '3 10 

M 1% .1% .1% .1% .1% .1% 5% ~ M 2% 
1 5% 2% 1% 1% 1 

~ 
3 2% 1% .1~ 5% .1% .1% .1% 3 2~ 5% -~~ ;. 

M 1% .1% .1% .1% .1% .1% ~ J,l =<1 
.J,'" 

1 .1% .1% 1~ 5% - 1 ~~ 

3 .1% 1% .11- .1% 110 1% 3 5% 

~ 
l-' 

~ 
VJ 

l! 1% 1% .1% .1% 2% •• l~ M 
\.D -

1 5% 1% 5% 2% 5% oontrol 1 
3 5% .1% 1% 1% 1% 5% 3 

~ M 2% 1% 1% 1% ~ M 

1 5% .1% . t control 1 
3 5% 2% 1% 1% ' f , r 3 

/D<> .3Dr> ~~ 

~, ),\ 1% .11> .1% .1% .1% 2% 
1 5~~ .1% 1% .1% 2% 5% 

..tt1 ~ 7><$3 .1% .1% 1% 5% .1% 

Table 4-xxxvH. Subject JlI, Lt, age 30, at 4 kHz. 



Harmonica Intensity 

/.2.1u/ 

Teat Harmonica 

1 2 3 4 5 6 7. 8.  9 10 1 2 3 4 5 6 7 © 9 

.1%  .1%. .1% .1% .1% .1% .1% .1% 1% - M - - - 1% - - 

.1% .1% - .1% .1% .1% 5% - - 0 dB 1 - - 2% 

.1% .1% .1% .1% .1% .1% .1% .1% 1% -  3 5% - 1% 

.1% .1% .1% .1% 1% .1% 1% 1% .1% M 2% - 5% - - 

1% - 2% 1% - - - -10 dB 1 2% - 

.1% .1% .1% .1% .1% 5% 5% 1% 1% 3 1% - 

- 5% .1% .1% .1% .1% 1% .1% M- - 

- - l% .1% 2% 1% .1% control 1 

- .1% 1%, .1% .1% 1% .1% .1%  3 

5% 2%  5% 5% 2%, 2% N 2% 

- 2% 1% 1% 5% 2% 1% } control 1 

` 5% - 5% 2%  - - 

.1% .1% 
 1% 

 .1% 2% - 5% 
5% - - 5% 1%  5% 1% 

.1% .1% 1% .1% 5% - 1% 

Intensity 	Teat 

/2/cd 

it 
70 dB • 1 

3 

'M 

30 dB 	1 
3 

20 dB 	1 
3 

M 

10 dB 	1 
, , ' , 	3 

1 
3 

Table 4-xxxviii. Subject JN, M, age 30, at 1 kHz. 



30 dB 

20 dB 

80 dB 

Test Harmonics Intensify Teat Harmonics 

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 

1% 2% 2% .1% 5% - tb 
1 10 dB 1 

3 2% 5% 

.1 

•1% 3 5% - 

5% .1% 5% 1't 
1 1% 1% 1% - 0 dB 1 

3 .1% .1% .1 5% - 

M 1% 2%. M 

1 control 1 

3 1% 3 

2% 5% M 
1 - control 1 

3 5% 5% ' - r.s 3 1% • I 	, 

1 

ar 3 5% 

Intensity 

/dam 

60 dB 

VVVV\  
40 dB 

Table 4-xxxix. Subject V1, F, age 24, at 4 kHz. 



1 5% - 
3 1% - 1.0 

Test Harmonics 

1 2 3 4 5 6 7 B' 9 10 

M .1% .1% ..1% .1% .1% .1% 

1 2% .1% - - - .1% - 
3 2% .1% 1% .1% .1% .1% - 

M 1% .1% .1% 1% 1% 5% 

1 - - - - - 5% - 
3 - 5% .1% .1% .1% 1% 

M 2% .1% .1% 1% 5% 5% - 
1 - 2% 1% - 

3 .1% 1% 1% l% 

M - - 1% 2% 5% - 

1 - 5% 5% - 

3 — 5% 

M 

30 dB 

20 dB 

1 	
10 dB 

4 	1 	1 	1 
• .co JO" 

50 dB 

Intensity 

/2"444/ 

Intensity 	Test 	Harmonics 

1 2 3 4 5 6 7 8 9 10 

0 dB 	1 

3 

-10 dB 	1 	5% 	- 

3 

control 	1 	- 

3 5% - 1% - 

M 

	

1 

 control 	1 

1 	1 	1 .ao .3oa Tmut 
3  2% 

Table 4-sl. Subject VM, F, age 24, at 1 kHz. 



Intensity 
/lfit/ 

V V 
w 
70 dB 

50 dB 

3o dB 

20 dB 

I
I 	10dB 
AV ,4q0 

1  

Test Harmonica Intensity Test Harmonics 

1 2 3 4 5 6 7 8 9 1i 1 2 3 4 5 6 7 a 9 lo 

M - - - 1% .1% .1% - 5% - M - - - 1% 
1 - - - 1% .1% - - - 0dBB 1 - - - - 
3 - 1% .1% .1% 3 - - - 1% 

M 1% .1% .1% .1% - 5% - y w 

1 - - - - - - -10 dB 1 
3 - - - 5% .1% .1% 1% 1% 3 

g 5% 5% 1% 2% 1%. -  V M - 5% 1 5% - - - - control 1 2% - 2% 5% 
3 5% 5% 1% 2% 3 2% - 5% " 	- 

M - 2°0 5% 

1 - 5% 
control 1 

3 - 5p - 3 

1 

Table 4-xli. Subject SBa, P, age 20, at 2 kHz. 



control 	1 
1 	1 	w 	3 
.02 . 	k's 

10 dB 1 

3 -  
r1V
\ 

0 dB 1 	- 	- - 	- 	1% 

roe Selo ,.,r 3 5% 

5 6 7 8 9 10 

.1% .1% 5% - - 

5% - - - 
l% 1,  2% - - - 

.1% .1% - 
1% 1% - 

.1% 2% - 

5% 

Intensity Teat 	Harmonics 

/2,4rai 

	

M 	5% 
20 dB 	1 	1% 

	

3 	5% 

M 

M 

1 
3 

M 	 - .1% 

1 	- - 

3 	- 1% 

1 2 3 4 

. .1% .1% 

- - 
.1`% .1j 

0 dB 

40 dB 

Teat Harmonica 

1 2 3 4 5 6 7 8 9 

M - 1% - - 
1 - - 5% - 
3 1% 2% - 

M - 5% 
1 5% 

3 - - - 2% 

M 

1 

3 5% 5% 

M- 

-20 dB 

10 

Intensity 

-10 dB 

control 

- 

Table 4-xlii. Subject SBa, F, age 20, at 500 Hz. 



Intensity TGāt 	N,WhollaS Intensity 	Test 

/:lu/ 

oontrol 	1 

3 
,00 ,sc~ ena 

Table 4-xliii. Subject SA, M, age 20, at 2 kHz. 



a..s 

1 control 
1 

• iao ,3ca 

M 	 - 	 - 
1 
3 

Toot Harmonica 

1 2 3 4 	5 6 7 8 9 10 

1d 1% .1% ..1% .1% 	.1% .1% .1% 1% 
1 - - - 1% 	5% .1% 1% 
3 2% .3.;;', .1% .1% 	.1% .1% .1% 

M 1% .1% .1% .1% 	.1% .1% .1 2% 5% 
1 - - - - 	..1% .1% 1% 1% - 
3 .1% .1% .l% .1% 	.1% .1% 2% 2% 2% 

.1% .1% 	.1% .1% 1% - - 

1 - - - 	61% .1% .1% '5% 
3 .1% .1% 	.1% .1% 1% 

2% .1% .1% 	.1% .1% .1% 
- 1% 	.1% .1% .1% 

3 5% .1% .1% 	.1% 1% 1% 

M - 1% 1% 	1% 2% 1% - 
1 - .1% 	1% 1% 

5% 1% 	1% 

Intensity 

70 dB 

30 dB 

20 dB 

10 dB r 	t 

Intensity 	Teat 	Harmonics 

/2,ud 

1 2 3 4 5 6 7 8 9 10 

. - 	- 	 - 	- 	- 	- 
0 dB 	1 	5% 2% 	 - 

3 	 - 	- 	- 

14 	- 
-10 dB 	1 

3 

M 

control 	1 

3 

5% - 

- 	.1% 5'! 

1% 

Table 4-xliv. Subject SA, M, age 28, at 500 Hz. 



Intensity 

r,4 

Test Harmonics  Intensity 

./.1/a/ 

Test Harmonics 

1 2 3 4 	5 6 7 8 9 10 1 2 3 4 	5 6 7 8 9 10 

M 5% 2% .1% .1% 	.1% - - - - - M - - - - 	- - 5% - - -  
00 dB 1 1% 5% - 1% 	- - - - - - 10 dB 1 - - - - 	- - - - - - 

3 5% '1% .1% .1% 	.1% - - - - 3 - - - - 	- - - - - - 

M - 1% .1% .1% 	1% - - - - - t; - - - - 	- - - - - 
60 dB 1 - - - 5% 	.1% 10 5% - - - 0 dB 1 - - - - 	- - - - - - 

3 - 	, 1% .1% 1% 	1% 5% 2% - - - 3 - - - - 	- - - - - - 

M - 2% 1% 1% 	1;, 5% - - - - M - - - 	- - - - - - 
40 dB 1 - - - - 	.1% 2% - _ - - control 1 - -. •- - 	. - - - - - 

3 - 2% 1% - 	2 N 5% - - - - 3 - - - - 	- - - - - - 

m 1% 2% 2% a% 	1% - - - - - }S .. .. _ _ 	- .. _ - - - 
3o dB 1 1 L 5~ - .1 	5i~ - - - - - aontrol 1 - - - - 	- - - - - - 

3 5% 2% - .1% 	2% - - - - - 3 - - - - 	- .co 	,ioo ?..S 

bS - - - 1% 	2% - - 5% - - _ . 

20 dB 1 - - 5% 1% 	1% - - 	. 1% - - 

 ,Az, ' 3 - - - 1% 	2% - - 1% - - 

Table 4-xlv. Subject PC, LS, age 24, at 4 kHz. 



Intensity Test Harmonics Intensity • Test Harmonica 

42,„44/ 
1 	2 	3 	4 	5 	6 7 8' 9 10 

/34.4.1 

1 2 3 4 	5 6 7 8 9 10 

M 2% 	.1% 	.1% 	.1% 	.1% 	1% .1% 2% 5% - M - - - - 	- - - - - - 

70 dB 1 - 	- 	- 	- 	- 	- 2%  5% - - 0 dB 1 - - - - 	- - - - - - 

3 - 	2% 	.1% 	.1% 	.1% 	- - 5% - - 3 - - - - 	- - - - - - 

J50 1 

M - 	.1% 	.1% 	.1.A 	.1% 	.1% 

- 	5% 	- 	- 	1% 	1% 
2% 

- 

1% 

- 

5% 
- 

- 
- -10 dB 1 - - - - 	- - - - - - 

3 - 	1% 	.1% 	.1% 	.1% 	.1% 1% 1% 2% - 3 

M - 	1% 	.1% 	.1% 	.1% 	.1% I% - 2% 2% M - - - - 	- - - - - - 

30 dB 1 - 	- 	- 	.1% 	..1% 	1% - - - - control 1 - - - 1% 	- - - - - - 

3 - 	1% 	.1;5 	.1% 	.1 	.1% - - - - 3 - - - 5% 	- - - - - 

L: - 	2% 	1% 	.1`X. 	.1% 	1% - - - - 1t - - - - 	- - -. - - - 

20 dB 1 - 	- 	- - 	.1% 	.1% 	1% - - - - f control 1 - 
3 - 	1%, 	1% 	.1% 	.1% 	2% - - - - I 	- 	' I 	∎  

X..5 
3 

.432 	300 

M - 	- 	- 	- 	- 	- - - - -  
10 dB 1 

 .)..r 3 

- 	- 	2% 	5% 	- 	- 
- 	- 	- 	- 	- 	- 

- 
 - 

- 
- 

- 
- 

- 
- era 	342 

Table 4-xlvi. Subject PC, Mi  age 24,' at 1 kHz. 



Intensity 

/xtu/ 

lent Harmonica 

.1k/\ 

V  1 2 3 4 5 6 	7 	8 9 10 

M '1% .1%% .1% .1% 1% 	- - 5% 

‘180 dB 1 - - .1% .1% .1% .. 

3 - .1% .1% .1% 5% 

M - .1% 2% 

- 
- 	2% 2% -  

60B 1 - .1% - - 2% 

3 - 1% 5% 2%  1% 

M 5% 5% 

40 dB 1 - - 	 - 

3 	- - 	.1% - 

M .. 	2 % ' 1 % 	- 

30 dB 1 - 1% 	- 

3 1% 5% 	- 

20 dB 1 

ALI 

Table 4-xlvii. Subject DF, F, age 20, at 2 kHz. 



T Intensity Teat 	 Harmonica 
/2,1a/ 

/tr.\ 
1 2 3 4 5 6 7 e • 9 10 

\/'v/' 

M .1% .1% . .1% .1% .1% 2% 5% .1% 
V70 dB 1 - - - 1% .1% 2% - - 

3 .1% .1% .1% .1% .1% 5% - 1% 

M 1% .1% .1% .1% 1% 5% 2% - 
dB 1 2% 5% 2% .1%  5% 

3 1% .1% .1% .1% 1% - 2% — 

W\j\r\  kt - 2% .1% 2% - - 
30 dB 1 .1% .1% .1% - - 

3 - 1% • 1% 2% - — - 

M - - 5% - - - - 
20 dB 1 1% 2% - 

3 - 1% - — at 

bS 2% -  
10 dB 1 — — lj _ 

.a, 	,  3 - 2% — 

Table 4-xlviii. Subject DF, F, age 20, at 500 Hz.. 



Intenoity 

/2 uc/ 

80 dB 

60 dB 

\ / 
40 dB 

30 dB 

1 
	20 dB 

.;„ . 

10 

— 

Teat 

1 2 

, 

3 

Harmonics 

4 	5 6 7 8 9 10 

Intenoity 	.Test 

1 2 3 4 

Harmonics 

5 6 7 8 9 

nt - - 5% .1% 5% 1% 1% - - 

1 .- 1% .1% - 5% - 5% 2% - 10 dB 1 - - - - - 5% - - 
3 	. - - 5., .1'% - 5% 1% 3 

- - 2% 1% .1% .1% 5% ti t~ 9P .. y ., .. 5% 
1 - 1% 2% - - 5% - 0 dB 1 1% - 1% 
3 2% 1% .1% .1% 2% - 3 1T — 5% 

k -. 2% 2% 2% .1% 1% 

1 5% - - - - 1% - control 1 - - - 

3 - - - 1% 5% 5% 2% i% - 3 5% - 

- 5% . 
1 - control 1 

3 '5% 5% — ~. 3 
aa 	.3o0 	r:r 

M — 1% 

1 - 	• - - '5%.  - 

5% - 5% - ' 	r.s 3 

Table 4-xlix. Subject LS, F,'age 20, at 4 kHz. 



Intensity Teat Harmonics Intensity Test Harmonica 

nfu/ aad 

1 2 	3 4 	5 	6 T e 9 10 1 2  3 4 	5 6 T 8 g 10 

M - - - - 	- - - 1%  - 5 
M - - 	- 	1% 5% 	.1N 	1% .1% - 1% , - 10 dB 1 - - - 5% 	- 5% - - 5% - 

80 dB 1 - - 	5% - 	- 	2%  - - - _ - - - 	- - - - - -  
• 3 - - 	• 1'% 5% 	.1% 	.1% .1% - 2%  - 3  

M - .1% 	.1% .1% 	.1% 	.1% .1%+ .1% .1% • - 
M - 1%  - - 	- - - - - 

0 dB 1 - 2% - 2% 	- - - - - - 
60 dB 1 - 5% 	.1% - 	- 	.1% - .1% - -  

3 5% - 	.1% .1% 	.1% 	.1% .1% .1% .1% - 3 - 1% - 2% 	- - - - - -  

M - - 	1% 1% 	.1% 	1% .1% 1% .1% - 
control 1 - - 5% - 	- - - - 5% - 

40 dB 1 - - 	5% - 	•5% 	•1% 5% •1p - - 
3 - - - - 	- - - - .1% 5% 

3 - - 	.1% 1% 	1% 	1% 1% .1% - - 

.1\11\1\tVA 74 
- 5% 	i%  - 	5% 	- 1% _ M - - - - 	- - -  - 5 - 

30 dB 1 - - 	2% - 	- 	5% - 5% - _ control 

i 
1 5 - - 	- 5% - - 1 

3 - - 	1  - 	- 	- - - - - 
3 

a,r 
2p 

,wo 3ro 

m - - 	1%  - 	5% 	1% - 1% 
20 dB 1 - - 	- 5% 	- 	1% 

,m 	...1, M 3 - - 	2% 5% 	- 	5% - 2%  - - 

Table 4-1. Subject LS, F, age 20, at'l kHz. 



Intensity 
42,44/ 

Teat 

1 2 3 

Harmonica 

4 	5 6 	7 A 9 16  

1% .1% 1% 1% 	.1% 2% .1% 5% 

50 dB 1 - - .1% 1% 2% - 	..1%. 
3 - 5% .1%  5% 2% 1% 	.1% - .1% - 

M 5ō i% 1% 1% - 
30 dB 1 5% - 1% .1% 5% - 

3 - 5% .1% 5% 2% 

U hi - 1% - 

20 dB 1 - 1% 1% - 

3 

h; 

- 5/ 1%  - 

10 d 1 
	, 3 

$ 

Table 4-li. Subject GP, M, age 18, at 500 Hz. 



3 

Harmonics 

4 	5 

- 	2% 
2% 	.1% 
5% 	1% 

6 

- 

- 

- 

7 8 9 	10 

.1% .1% 1% .1% .1% 
2% • .1% .1% - .1% -  

- .1% .1% 5% .1% 2% 

1% .1% - 
1 ō .1% - 

1% 2% 1% - 1% 

2% i% - - 

• 1% 2% - 

- .1% 5% - 5% - 

Intensity Test 
/1,1.4/ 

1 
3 

14 

1 
3 

-110 77,5 

1 	2 

Table 4-lii. Subject EB, F, age 18, at 1 kHz. 



Intensity 	Recti 

/29.4./ 	• 

Harmonics Intensity ' Y 

/2,44/. 	- 

Test Harmonics 

_ 1 2 3 4 5 6 7 8 9 10  1 2 3 4 5 6 7 8 9 10 

M - 1% .1% .1% .1% - - - - 1% m - - .1% 1% 2% 1% - - - 1% 
80 dB 	1 - 2% .1% .1% .1% - - - - 2% 20 dB 1 - - .1̀ % .10 1% 5% - - - - 

3 - - .1% .1% .1% - - - - 1% 3 - - 1% .1% 1% - - - - 1% 

\s'IV\I\ 	m 

- - .1% .1% .1% .1% - 2% - - M - - - - - - - - - -  
60 dB 	1 - 

- 1'/'  .1% .1% 2% - - - - 10 dB 1 - - - - - - - - - - 

3 - - 1% .1% .1% 5% - 1% - - 3 _ _ r 50 - - 

x 5% 5% - 1% 2% - - - - - 

Y. 
- 5% 5% 1% - - - - -  

40 dB 	1 - - - - - - - - - - 0 .:B 1 .. -. 2'' 2$ .1~1  - - ,. ., - 5 

3 5% 5% - 5% 1% - - - - - 3 - 5% - i% - - - - - 1% 

2S - 
•1% lō 2% - - - - - 

• 
m - - - - - 	- - - - - 

30 dB 	1 

` 	 3 - - 

.1% 

1% 

1,% 

1% 

.1% 

1% - - - 

-10 dB 1 

-  
iaa 	,too 	a,y 

- - f 

/a, 
f 	I 	I 

40.v 
3 - - - 

,,,s  
- - 	- 

- 

- - 

- 

^nhl w 	A_1 4 4 4 	CW1.4...4 cv 
F 

2 
p f aHe Of at 2 kHZ• 



Intensity Test 
8/.,,,r/ 

Harmonics Intensity Test Harmonics 

j

- 1 2 3 4 5 6 7 e 9 10 1 2 3 4 5 6 7 e 9 10 

' 	" 	' `f M - - 	. 2% .1% .1% 2% .lib - - -._ M - - - 5% - 5% - - - - 
90 dB 1 

3 
- - 1% 

1% 

.1% 
.1% 

.1% 
1% 

5% 
1% 

- 
.1% 

- - - 30 dB 1 
3 

-  1% 2% - - - -  

M - 1% .1% .1% .l% 2% 5% - - - M - - 2% .1% 2% - - - - - 
70 dB 1 - 5% .1% .1% .1% - - - - - 20 dB' 1 - - - - - - - - - - 

3 - - .1% 1% 2% 5% 5% - - - 3 - - 5% .1%  - - - - - - 

M - 5% .1% .1% .1i 1% 5% - - - U 5% - 1% - - - - - - - 
50 dB 1 - 5% .1% .1% .1% .1% 5% - - - 10 dB 1 - - - - - - - - - - 

3 - - .1% .1% .1% 2% - 5% - 5% 3 5% - 1% - - - - - - - 

M - 1% .1% .1% .1% .1% 2% 5% - - M - - - - - - - - - - 
40 dB 1 - .1% .1% .1% .1% 10 5%. - - - } 0 dB 1 - - - 5% - 

1 	f 	s 1 3 1% .1% .1% .1% 2% 1 3 
- - - - - 

2i7 	.3co. 
I 	I 	I 

717.s  

Table 4-liv. Subject i:B, P, age 20, at 2 kHz. 



Sful 
Intensity Test Harmonics 

1 2 3 4 5 6 7 a 9 10 

1% .1% 1; ~ r~-~ ~: 

80 dB 1 - .1% .1% .1% - .1N 2% 

/1 3 - - .1% .1'%, .1% 1% 2% 

M - 2% 2% 2% - - 

60 dB 1 1% 1% 1% - 5% - 
3 2% 5% 2% - 2% - 

1d 2% .1% .1% 2 - 

40 dB 3. 1% .1% .1% .1% - 

3 - 5% - 1% 2% - 

M 2% - 

30 dB 1 - - 5% 1% .1% 3.%'  - 
' 	1 	1 	, 3 - 5% 1% 2% - 

Rv acv Pna 

Intensity' Test 
[3~,d 

Harmonics 

1 2 3 4 5. 6 7 0 9 10 

A 
3. 

3 

1 
s 

M 
-. 2% 5% 

1 - 27 50 

3 	- 	- 1% 5% 

M 

20 dB 

tI  
10 dB 

M 

0 dB 

	

1

-10 dB 1 	- 	 - 	2% 

el I 	3 	 5i 
a» scn z s 

Table 4-lv. Subject AP, F, age 20, at 4 kHz. 



Table 4-1vi. Subject AP, F, age 20, at 1 kHz. 



Intenrjii.•y Test . 	Harmonics Intensity Test Barmonics 

444/ 4424.1 
1 2 3 	4 	5 	6 7 8 9 l0 1 2 3 4 	5 6 7 8 9 10 

M - .1/% .1ū 	.1ō 	.1% 	1% 2% - — — m — — .2% 1 % 	I - - - - - 

80 dB 	. 1 - - • 1;4 	. 1% 	• l;a 	5% — - — - 20 1}3 1 - — — .1`, 	V, — .. — .. _ 

3 - — .1% 	.1% 	.1% 	— .1% — — .• j 3 - — .1:.') 3;: .. - - — _ 

6 	dB 1 

- 

- 

1%  
1% 

1'~.1%.1%.1S 
.1% 	..1% 	.1`A., .1;5 

11 
1%. 

% 
- 

- 

- 
, 
- 

1 

10 dII 1 

— 
- 

_ 
- 

,. 
- 

;`; 
- 	- - - 

- 
- 

- 
- - 

3 - 2;!, 1/. 	1% 	.1; 	.1p r' 5% - - 3 — — li" 41`,eJ 	2r — - — — _ 

40 	1B 
m 
1 

— 
2% 

— 
- 

— 	— 	— 	— 
- 	- 	- 	- - 

— 
- 

— 
- 

— 
- 0 dB 

?d 

1 - - - - 	- - 5% 2% - - 
3 — — — 	— 	— 	— — — — — 3 

m — — 1; 	.1c/, 	.1% 	2. — — - - M - _ - - 	- - - - _ - 
30 dB 1 - - .1% 	5% 	2 	- - - - - J 	-10 dB 1 - - - - 	- - - - - - 

3 — — .1% 	.1/ 	2% 	2;.', - - - - f 	• 1 	, 	- 3 — — — — 	— — — — — - 
,w 	ecv 7.cr iao 	Jca his 

Table 4-1vii. Subject GD, F, age 19, at 2 kHz. 



Intensity 

4441 

Test 

1 2 3 

Harponics 

4 	5 6 7 5 	10 9 

Intensity 	. 

ff ru/ 
— 
/1 (~ 

Test 

1 2 	3 

Harmonics 

4 	5 	6 	7 8 	9 	10 

m - .1% ..1% .1% .1`% 2% 5% - 	- 	- / 	" 1 ` m 	- - 	- 1% 	- 	- 	- - 	- 	- 

70 dB 1 - .1% .1% .1% 1% - 2% 1% 	- 	- 10 dB 1 	- - 	1i% 1% 	- 	- 	- - 	- 	- 

3 - .1% .1% .1% .1% - - 5% 	- 	- 3 	- - 	1;' .1% 	- 	- 	- - 	- 	- 

M ' 5% 1% .1% .1% .1% 5% 2% - 	- 	- 
,, 
~
v` 

- 
50 dB 1 - - .1% .1% 1% - - - 	- 	- 0 dB - 

3 - - .1% .1% .1% 5% - - 	- 	- • 3 

M - - .1% .1i:% .1% - - - 	- 	- 

30 dB 1 - - .1% .1% .i% - - - 	- 	- -10 dB 1 	- - 	- - 	- 	- 	- - 	- 	- 

3 - - . 	.1% .1% .1% - - - 	- 	- 3 	- - 	- - 	- 	- 	- - 	- 	1%  

24 - - 1% .1% - - - - 	- 	- r 	- - 	- - 	- 	- 	- - 	- 	- 

20 dB 1 
3 

- - 1% 
2% 

1~ 

1% 
- 	• - - - 	- 	- ~ 	

i 
-20 dB 

• • 	i 
1 	- 
3  

7r 

- 	- 5, 	- 	- 	- - 	- 	-  

/wa 
I 

3a> >ns roa Joe 

Table 4-lviii. Subject GM, F, age 19, at 500 Hz. 
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Intensity 

P 

Test Harmonica Intensity 

453rd 

Test Harmonics 

1 	n 
1 2 3 4 5 6 7 8 g 10 _ - 	- 	- 1, 2 3 4 5 6 7 0 ? 10 

} Iva m - .1 .l;ti• .1,~~ 1°;• 17:, 5 	, 1,4 1% - m - - - - - - - _ - 
n0 d3 1 - - .1; 1% .. - - .'3.,,', 15 - 20 dB 	• 1 - - - - - - - - - - 

3 5% 
1`7 

.1c» .1 1% 5% - 1% 5i.; .. 3 - - - - - - - - - - 

M - - 1% .17 3.‘;! Z 2,;' 1% - - - 
60 dfl 1 - - - .1',. 1 5% - - - - 10 dB 1 - - - - - - - - - - 

3 - 	- - .1% .1% .1!' 1% 2% 2y% - - 3 5% - - - - - - - - 

M - - - .1% .1% - - 5% - - " v v M 
40 dB 1 2J - - .1% .1;'" - - - - - 0 dB 1 - - - - • - - - - - - 

3 - - - .1% .1% - - 1% -• - 3 - - - - - - - - - - 

N, - - - 2/ - - - - - - M - - - - - - - - - -  
J 	30 dB 1 

5;G 1j• 
-10 dB 1 

I! 	6 	I / 	I 3 
= - 

2N - - - - - _ 
~ 1, 	I 	1 3  - _ - - - _ - - - - At, 	ea* 	?PAS iw . h s 

. uuu,~cu.  



Acted 

Intensity Test 

1 2 3 

Harmonics 

4 	5 	6 7 e 9 10 

 Intensity • 

/.$;44/ 

Test 

1 2 3 4 

Harmonics 

5 6 7 8 
9 

10 

90 dB 

h: 

1 
5% 1% .1N 

1% 
.1N 

5% 
.1% • 1% 

_ .. _ _ 30 dB M 1  - 5~J - - - - - - - -  

3 5% 5% .1% .1% 2% 1% - - - - 3 - - - - - - - - - - 

Nikl M - - .1% .1% i% i% - - - 	' - M 5% 5% - - - - - 5% - - 
70 d:, 1 - 1% .1% .1%  1% .1% - - - - 20 dB 	• 1 5% 5% - - - - - - - - 

3 - - .1`'. .1j - .1v - - - - 3 

M - 5% 1% 2% 5% 1% - - - - M - - - - - - - - - - 
50 dB 1 - - 2% • i% - - - - - - 10 dB 1 - - - - - - - - - - 

3 - - 5% 1% - 2% - - - - 3 - - - - - - - - - - 

M - - - 1% - - - - - - M - - - - - - - - - - 
40 dB 1 - - - 2% 2% - - - - - } 0 dB 1 

3 - - - 2% 5% - 2% • - - - ` 	I , I 1 3 - - - - - - - - - - i 	i 	i 	I 
/w 	acto ?NS 4,. 'Jae 	hs 

Table 4-1x. Subject KC, P, age 20, at 4 kHz. 



'Al 

Ivitd 

Intensity 

1  

pr.- 

Test 

1 2 3 

• Harmonics 

4 	5 	6 7 8 	9 	10 

Intensity Tpot 

1 2 	3 

- 

Harmonics 

L1L 

80 dB 1 - 1% 1% .1% .1% - - - 	- 	- 2% % d - 
3 - .1% .1% .1% .1% .1% 2% 5% 	- 	- 3 - - 	- 1% 	- - - -  5 •: 	-  

M 2% .1% .1% .1% .1% .1% 1% - 	- 	- M 2% - 	1% - 	- - - 5r % - 	-  
60 dB 1 1% 1% .1% .1% .1y; - - - 	- 	- 10 dB 1 - - 	1% - 	- - - - - 	- 

3 1% .1% .1% .1% •1% 1% 5% - 	- 	- 3 - - 	15; - 	- - - 2i - 	- 

At - 1; .1y: .1% .1% 2%•  5% - 	- 	- M - - 	- - 	- - - - - 	- 
40 dB 1 - .1% .1% .1'r .1% 1% -. - 	- 	- 0 dB I - - 	- - 	- 2% - 5% - 	-  

. 3 - .1% .1% .1% .1% 2% - - 	- 	- 3 - - 	- - 	- - - - - 	- 

M 5r% - 1 • i% .1% - - - 	- 	- 1n - - 	- - 	_ - -• - _ 	- 
30 dB 1 - - 1% .1% .1% 5% / -10 dB 1 - - 	- 

I 	f 	1 	1 3 - - 2% 1% .1% 2% - - 	- 	- Ì  3 - - 	- - 	- 

- - - 

- 	-  .ew 	s., 	7ns iro 
i 

..lora 	a..5 

n sable 4-lx.. Subject SC, P age 22, at 2 kH , 	z. 



'11r14td\,/,,\ 

20 dB 

3 
5% 5% — - - — 

- 5% —  

-10 dB 

I 	I 	I 
/as daa 7r.s 

b7 

1 

Harmonica 

1 	2 	3 	4 	5 

M2% 	.1% 	.1,r• 	.1% 	.1% 

1 	1% 	.1% 	.1% 	.1; 	.1%  % 

3 	1%. 	.1% 	.1% 	.1% 	.1% 

M 	.1% 	.1%.1% 

1 	2% 	.1% 	.1^` 	.1% 

3 	.1% 	.1% 	.1% 

6.16/A 

80 dA 

Intensity 	Test 

/oud 
n 

1 	.lr 	.1; 	.1' 
3 	1% 	i% 	• 1`~ -

- 1% 1% 1;~ 
1% 	2% 	5% 

60 dB 

6 7 .8 9 10 

f 	.~ 

30 dA 

/ 3ao 7a.s 

Intensity . Teat 	Harmonica 

/v kc/ 	' 

1 2 3 4 5 6 7 8 9 10 

- 
10 dB 	1  

3 	 — 	 2•- 

ta 
0 dA 	1 

3 

Table 4-lxii. Subject SC, F, age 22, at 500 Hz. 



Intensity 	Test 

/ol.✓  

n 1~ 	M 

90 dB 	1 

M 

70 dB 	1 

3 

1d 

1 2 3 

_ - .11, 

1`S 

5% 2%  .1% 

- - 

1 

5% .1% 5% 

50 dB 	1 	— 	— 	— 

3 	- 	2% 

2% 

40 dB 	1 	- 

3 

/al JA >ics 

Harmonics 

4 	5 

- 	2% 

6 	7 	© 	9 	10 

.1% 	- 

Intensity 

/o p 1 

T,at 

M 

2 

_ 

3 

- 

Harmonics 

4 	5 	6 7 	0 	9 

_ 

5% 1% .1% 	- 30 dB 1 - - - 
%, 3 - 1% 5%' - 	- 	- 

1% 1% 
1% 1% 20 dB 1 2% 

2% 5%  3 5 

1%S 1d 15 
1% 10 dB 1 5= 

5%  3 1% 2% - 

2% M 5% 
2% 0 dB 1 - - 

1%; 1 I 	# 	1 3 - 1% 

10 

Table 4-lxiii. Subject AR, M, age 19, at 1 kHz. 



Intensity 
/O,4d 

90 dB 

Test 

1 
= 

2 

.1% 

3 

.1% 

Harmonics 

4 	5 

.1% 	.15 

6 7 6 9 	10 

= 

 Intensity 
/O,lu/ 

20 dB 

Test 

1 

1 

2 

= 

3 

1 

Harmonics 

2% 	15 
- 

- 17' 
:::: 

_ 

3 .15 .1% .1% .1% 1% 19% - - 	- 3 	- - 5°% 5;' l - - 5 - 	- 

Y - - 1% .1% .lf. 2% - - 5% 	- M 	- 1 •̀. - 5% - 5% - 
2`. 2% 	- 

70 dB 1 - - .1% ;15 .1% . 2; - - - 	- 10 dB 1 	- 2% 5% 5:'' 5% - - - 2% 	- 
3 - - 1% .1/, .1% 1% - - - 	- 3 	- 1% 2% - 5% - - 15; 2% 	- 

M - - .1% .1% .1% 2% 2% - - 	- M 	- - 2% 5 - - 2% - - 	-  
50 dB 1 - - 1% .1 :1% 15 - - - 	- 0 dB 1 	- - - - - - - - - 	- 

3 - - - 1% .1% 5% 5%, 1% - 	- 3 	- 2% 2% 5% - - - - - 	- 

M - - .19 .1% 1% .1i 2%  - - 	' 	- n M 	- - - - - - - - - 	-  

40 dB 1 - 1;`% .1%,  .19' 1% 1j% 1% - - 	- control l 1 	- - - - - - - - - 	- 

3 - 5% .1% .1% 5% - 1% - - 	- 3 - - - - - - - - 	- 
/m 	.3m >r.r 

30 dB 1 1^% .1j .1% 1% 

. 	3 - 2% 1 , 1% 2% - - - - 	- + 	-,--1— . a2 	-Ix. 	,,, 

Table 4-lxiv Subject Ri, M, age 19, at 4 kHz. 



/444/ 
Intensity 

60 dB 

40 dB 

30 dB 

{ 	20 dB 
to 

Test 

bt 
1 
3 

M- 
1 	- 
3 

M 
1 

3 	- 

M 
1 
3 

2 

- 	- 
- 	- 
- 	- 

- 
- 

- 	- 

- 	- 
- 	- 

- 

- 	- 
- 	- 

3 

- 
- 
- 

- 
- 
- 

- 
2% 

i% 

5% 

Harmonics 

4 	5 

2% 	l 
. 1% 	5% 
1% 	..1ō 

- 	- 
- 	- 

5% 	2% 
- 	5% 

5% 	- 
2r, 	- 
5`t 

6 

59 
- 
5% 

- 
- 

- 
2% 

- 
_ 

7 

- 
- 
- 

_ 
- 

- 
- 

- 
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- 
- 
- 

_ 
- 

- 
- 

- 
- 

9 

- 
- 
- 

_ 
- 

- 
- 

5% 
- 

10 

- 
- 
-. 

- 
- 

- 
- 

- 
-  

/0.eal 

I 

Intennitj- 

‘P)/\1\)? 

10 dB 

})X  

-10 dB 
■ . 

' 

as 

'Best 

M 

1 
3 

M 
1 

3 M 
1 
3 

1 

- 
- 

_ 
- 

- 
- 

::: 

2 

- 
- 
2 % " 

- 
- 

- 
- 

3 

2% 
- 
- 

- 
- 

- 
- 

4 

- 
- 
- 

- 
- 
- 

- 
- 
- 

Harmonics 

5 	6 

- 	- 
- 	5`; 
- 	- 

1, 	1%; 
.1, 	.1i', 
2% 	1% 

-  
- 	- 
- 	- 

7 

- 
- 
- 

- 
- 

- 
- 

e - 
- 
- 

- 
- 

l% 
~ 5ì' 

- 
- 

- 
- 

- 
- 

:1: 

-  
- 

_ 
- 

-  
- ,«v 	.3m 

Az, .db „u 

Table 4-1xv. Subject CK, F, age 19, at 2 kHz. 



— 
Intensity Teat Harmonica • Y  Intensity ' Test Harmonics 

/O,4e/ /OW 
2 3 4 	5 6 7 8 9 10 1 2 3 4 5 6. .7 s 9 10 

• M - - - - 5% - - - - - 
a: - 	- • - 1% - - - 5% - - 0 dB 1 - - - - - - 5% - - -  

50 dB 1 - 	- - 1 	5% 2% - - - -- 3 - - - - 5N - - - - - 
3 - 	- - 2% 	- .1% - - - - 

L: - 	- - - 	1% - - - - - -10 dB 1 - - 5V - - - - - - -  
30 dB 1 - 	- - 2% 	l% 5`% - - - -  

3 

M 

- 	- 

-- 

- 

1% 

2%  - 

1% 	1% 

- 

- :::: -20 dB 1 - - - - - - - - - - 
20 dB 1 - 	- - .1% 	.1% - - - 3 - - - - - - - - - - 

Ai, 	. as 
3 - 	- 1% .l% 	1% - - - - - 

m - 	- - 2% 	- - - - - - ' 

10 dB 1 - 	- - - 	- - - • - -  - - 

Table 4-lxvi. Subject CX, F, age 19,  at 500 Hz. 



Intensity Tent Harmonics 

1 2 3 4 5. 6 7 8 9 10 

d-VIV m - lie .1„ ,1% .1% - 
60 0 	B 1 2% .1% .1% .1Ū 

3 - - ..1ō .1% .1% .. . - . 

—.Ilk^ 
M - .1% .1% .1% 1a - - - 

40 dB 1 2% .1% .1% 1% - 
3 2% .1 .1% .1% 1% 

.i\j\f"\/  M - .1% 1% 2% 

30 dB 1 - 2% - 

3 1'% .1% 1% 

M 2% 1% - 

20 dB 1 

Il  
3 1% — 

.tem ,.4x 77a 

Test 	Harmonics 

1 	2 	3 	4 	5 	6 	7 	e 	9 

1 	- 	- 

3 	5% 	5% 	- 

1 	- 	 - 

3 	- 	- 

1,1 

1 

3 

M 	2% 	1% 	.1j 	1% 	5% 	2% 	-  

1 	- 	.1% 	5- 
3 	5% 	1% 	2% 	2% 

10 

Intensity 

10 dB - 

O dB 

-10 dB 

I 	

-20 dB 

4 
/ao .a Jns 

Table 4-lxvii. Subject SR, M, age 20, at 500 Hz. 



0 dB 

:1 	 
Ago 

5% - 2% 2% 
1 - 	- - 

3 1% - 5% 2% 

M .1% .1"6 .1 .1% 1% 	2% 
1 - 2% 1'% - 2, f - 	.1% - 
3 .1% .1 i% i% 2% 	i% 5% 

Intercity Test 	Harmonica 

1 2 3 6• 7 .6 9 10 

M .1% .1% ..1% .1% 5% 
1 - .1% .1% .1% 1'; 
3 .1% .1% .1% .1% 2% 

.lt, 596  
1 .1% .if 
3 .1% .1i - 

M - 5% .1%. - 
1 - - 

3 5% • 1% - 

M 	• 1% - 

1 - - 

3 5% .1% - 
IW -AA" 7,s 

90 dB 

70 dB 

50 dB 

d0 dB 

Intensity 	Test 	Harmonics 

/61,141 

1 2 3 4 5 6 7 s 9 10 

Ilt 	 2% 2% - - - - - 
30 dB 	1 	- 	- 	- 	- 	- 	- 	-  

3 1% - 	2% 	- - - 

Dt 5% - 2% 5;''. 
2}0 dB 	1 	- 	1% 5% 

3 5% - 1%  1 

Table 4-lxviii. Subject SR, ?4, age 20, at 2 kHz. 
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20 dB 	1 	5% 
3 	 5 %̀ 
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1 
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2 3 4 5 6 7 8 9 10 

   

1.1 

0 d 	1 	- 

3 

/1rf\j/\ tr, 

-10 dB 	1 
3 

v- v 
-20 dB 	1 • 

3 
/oo J 71,1 

5% 	- 
5% 	l; 
5%, - 5% 

2' 	- 	2%, 

Table 4-lxix. Subject BS, F, age 23, at 4 kHz. 
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3 
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3 	1M 
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M 	- 	1%• .1% 	.1% 	5% 	- 
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1% 
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S5%2q~ 

1 	- 	1% 	2%• 	- 2% 	5% 	- 

7 	8 	9 	10 IWO 

Intensity 	Test 
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29, 

/ao 	 ,7»s 

10 

Table 4-lxx. Subject BS, P, age 23, at 1 kHz. 



Intensity 	Test 	Harmonics 

/O~ud 	
1 2 3 4 5 6 7 8 9 10 

Gt 	 - 	 - 	- 

	

0 dB 	1 	1r, 	 5% 	5%% 

3 	 5% 	 - 	- 
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3 

	

-20 dB 	1 

3 

1.1 

{ 	1 
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ns 

2% 

Intensity Test Harmonics 

1 2 3 4 5 6 7 8 9 10 

1'd 1°' 2% 5`.7, 2̀ A - 

60 dB 1 1' - 5% - - 
3 2% 5% .. 

- 5;e, 2% - 

40 dB 1 5% .1'~ 2% - 

3 - 	. 5;'4 i% . i% i% - 

r 2%~ 

20 dB  
3 - • 1̀ ^ .1;a~ 

51/  

I 

	

10 dB 1 
3 

Table 4-1xxi. Subject TR, M, age 31, at 4 kHz. 
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V V M 
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3 

Intensity 	Teat 

/?„4,J 
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2% .1% ..1% .1% .1% .1% .1;'s 1% 5% 1% M 57 .1% 1% 1% .1% 2% 

1% .1% .1% .i .1% - - 2% 1% 2% 20 dB 1 .1% 1% .1% .1% 2% - 
2% 1% .1% .1% .1% .1% 2% 5% 1% - 3 .1% .1 .1;f, 10 - 

.1%. 
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1% 
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- 
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- 
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.1% 
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5% 
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1% .1% .1% .1% .1% - 2% - 0 dB 1 - 2% - 
5% .1% .1% 3 .1% ..1% 5% 1% - 3 5% 1% 
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.10 .1% .1% .1% .1% - -10 dB 1 

2% .1% .1% .1% .1% 1% 3 

10 

Table 4-lxxii. Subject TR, M, age 31, at 1 kHz. 
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Tables 4-1xxiii to 4-cxxviii 

The Phase Vector Approach 



Intensity 
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80 dB 

60 dB 

,,,,,\()rd/1\ 

40 dB 

30 dB 

/00. ZOO s  
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Bm 

Pm 

sd 

Om 

Wm 

sd 
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Pm 

sd 

am 
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o m  
7<m 
a d 

1 

85 

- 

- 

-26 

- 

-23 

- 

25 

11 

2 

155 

- 

- 
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10 

.1 % 

164 

1 

1% 

164 

144  

3 

-50 

55') 

5% 

-169 

.15.'% 

.1%% 

-33 

2% 

10 

-111 

;70 
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4 	5 	6 

154 	-63 	128 

- 	 - 	 - 

- 	- 

-178 	8 	156 

.10 	254 	- 

.1% 	5% 

144 	-45 	133 

- 

'44 	-97.149 

87 -113 	48 

7 

2 

- 

5% 

-117 

-98 

- 
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- 

-157 

8 

141 

010 

- 

79 

81 

-28 
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9 
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- 

- 
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-131 

10 
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- 

.. 
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86 
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B m 
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ad 

Om 
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sd 
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ad 

Om 

m 

sd 

1 

-16 

-53 

- 
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-170 

2 

68 
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- 

36 

20 

3 

-171 

- 

-152 

-59 

-38 

Harmonica 

4 	5 	6 

-19 -142 	110 

5% 	— 

98 -125 	98 

-153 	159 	159 

31 	-99 	-28 

7 

-135 

-45 

-61 

117 

8 
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- 

-119 

86 

-13 

9 

-173 

- 

57 

55 
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10 

55 

- 

5 

-93  

-10 
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Table 4-lxxiii. Subject GF, M, age 28, at 4 kHz. 



Intensity Teat 	Harmonios 

112,44/ 

n 

0m -14 169 -31 117 -77 105 -52 91 -84 64 

m .1% .1% .1% .1% 1% 2% 5% - 

	

ad 	.1% .1% .1% .1% 1% 1% 2% - 

Om • 13 168 -23 162 -26 134 -25 138 -99 94 

	

?Am 	2% .1% .1% .1% 1% 2% - 

	

sd 	2% .1% .1% .1% .1% .1% 

	

Pm 	-48 129 -67 109 -83 85 -118 66 -56 139 

	

30 dB Pm 	1% 2% .1% 1% ..1% 2% 2% 5% - 

	

ad 	1% 1% .1% 1%.  .1% 2% .1% 5% 5% - 

	

tom 	38 175 -70 102 -103 -162 -178 -97 85 108 

20 dB 	Pm 	- 	- 	2% 1% - 	- 

	

sd 	1% .1% 	- - 
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S i
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1 2 3 4 5 6 7 8 9 10 

50 dB 

Harmonica 

1 2 3 4 5 6 7 8 9 10 

-12 6 179  
~3. 

-135 125 179 24 -25 8 — - 2% 2% - - - - 
2% 2% - 

-29 142 -18 121 -30 -114 142 -174 -36 -129 

127 -35 -61 -7 140 75 -105 79 -35 -177 

0110 
	 ON 

Intensity. .Teat 

1.?.tK/ 

'\1\A\ 
	am 
0 dB 	in 

ad 

'9m 

Om 

ad 

6'm 

control I' 
I

m 

i 1 1 ► ad 
/Os .3O0 Aas 

-10 dB 

Table 4-lxxiv. Subject OF, M, age 28, at 1 kHz. 



Harmonica 

2 	3 	4 	5 	6 	7 	8 	9 	10 

179 	-36 	149 	-81 -126 	143 	-27 	-23 -101 
5% 	- 	 - 	- 

- 

.44 	132 	2 -139 	138 	3 -157 	-6 	72 
- 	- 	- 	- 	5% 	- 	5% 

- 	- 	2% 	- 	5% 

-30 -177 	-82 	39 	166 -126 	37 -123 	30 

2% 	- 

1% 	- 	- 	- 	- 

-20 	179 	33 	-79 	137 	-63 	7 -142 	19 
2% 	- 	- 	- 	2% 	- 
1% 	 2% 

42,44/ 
1

Intensity at 

1 

	

'm 	44 
0 dB 	?Gm 	5% 

	

ad 	- 

iirt 	157 
-10 dB 	Pm 	- 

ad 	- 

Voo
mm 119 

ntrol ?Pm - 
ad 	5% 

Bm 133  

	

( control 	Pm 	1% 
	4 	ad 	.1% 
,...v 3ao WWS 

/.2m/ 

Intensity 

70 dB 
1 

Test 

gm 

7Am 
ad 

1 

65 
- 

2 

-159 
1% 

.1% 

3 

-4 
.1% 
.1% 

.Harmonica 

4 	5 	6 

171 	-69 	155 
.1% 	.1% 	.1% 
.1% 	.l% 	.1% 

7 

-4 
 .1% 
.1% 

8 

137. 

.1% 

.16 

9 

-42 
5% 
- 

10 

78 
- 

Om  65 -144 ) 28 -172 -2 143 -34 141 -106 127 
50 dB ?im 1% .1% 2% 2% .1% .1% .1% 2% -  

ad .1% .1% .1% 5% .1% .1% .1 .1H - 

\-Nr.,(A,_ Om 109 -102 42 163 -36 135 -76 105 -42 
30 dB Pm - 2% 1% - 

IĪ ad - 2% 1% - 

6'm 67 -153 55 109 -116 31 -170 49 -48 -173 
20 dB ?m 5% 2% - 2%  - - 

ad 2% 1% - 2% - 

On 60 V`\ 

 

-.132 -21 122 -74 85 -91 126 154 10 
10 dB 3M 2% - - 

1% 2% 2% - .a, 	Oro ).MS 
Table 4-lxxv. Subject JS, F, age 23, at 500 Hz. 



Test 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

Bm 119 -103. -10 163 -26 148 -36 134 -58 160 

?hi 5% - 	.1% .1% .1% .1% .1% 5% 

ad 1% - 	.1% .1% .1% .1% .1% 2% 

Bm 79 -127 24 174 7 158 -32 151 -67 132 

?lm .1% .1% 2% .1% .1% .1% 2% 5% 

ad .1% .1% 1% .1% .1% .1% 1% 2% 

Bm 116 -78 144 143 -76 101 -68 119 -86 67 

Pm .1% 2% 2% .1% .1% .1% .1% - 2% 2% 
ad .1% 2% .1% .1,̀4 .1% .1% .1% - l% 2% 

mm  75 -149 30 125 -82 71 -122 70 -111 51 

5% - - - 2% - 

ad 2% - 2% - 

Om 115 97 -151 75 -132 -89 67 92  -157 58 

'Pm lO dB 
	■ 
Aro 1.. 7n4. s d 

Intensity 

80 dB 

40 dB 

20 dB 

Intensity • Test 
	Harmonica 

1 4 5 6 7 8 9 10 

Mm 29 -160 29 76
. 
-171 166 163 -83 56 35 

Pm - 5% - - - - 
ad - 5% • - 

-50 -18 92 -151 -12 -7 -152 168 -29 -93 
Pm 

ad 

Om 86 -79 -149 51 -7 -117 67 -168 -22 47 

3%m 
ad ■ 

eco %Poo 7,0S 

0 dB 

control' 

control 

	. 

Table 4-lxxvi. Subject JS, F, age 23, at 2 kHz. 



Irt^.risity Te3t 

1 2 3 4 5 6 7 8 9 10 

dm 	-18 140 -87 	58 -102 125 -65 	22 137 -11 

0dB 	?im 	- 	2;4: - 	- 

ad 	2% 	- 

Harmonics 

-133 -4 131 -104 63 -46 134 -81 -122 	97 

.110 

64 -149 115 	5 -56 103 -81 173 	-7 161 

45 -82 155 -10 101 -144 	76 -150 114 -76 

1l v dm 

-10 dB 	?Lm 

ad 

Om 

30 dB 	?Gm 

sd 

	

B m 	-1 171 	15 '89 -89 114 -65 187 -103 135 

20 dB 	7m 	- 	- 	- 	- 	- 	- 	50 - 

ad  

;n 

	

I 

control 	elm 

	

i 	sd 
/ b .jeo Jf.3 

39 -150 	145 	139 	-62 	114 .-47 	91 	-16 	74 

\V~ 5;',, 	.15.; 	.14 	.10 	.1; 	55.; 

- 	20 	.1% 	.1% 	.15 	.1 	50 	- 	- 	- 

Om 

control err 

sd 

Bm 
10 dB 	m 

.34 178 r44 

5% 

	

Intensity 	Test 	. Harmonics 

1 2 3 4 5 6 7 8 9 10 

l'r\r), 	 D m 	-64 -116 46 -179 -30 137 -37 148 -3 137 

	

70 dB 	~G m 	5% .1% .1% .1% .1% .1% .10 2,/, 2% - 

 ad 	.15; .10 .10 .10 .15; .10 25 10 7. 

Table 4-lxxvii. Subject CH, F, age 23, at 500 Hz. 



Intensity 'Test 

1/2,44/ 
A 

Bm  
Zym 
ad 

\‘'i4\„"  
Pm 
sd 

6m 
m 

sd 

‘\/\\A/• Bm 
30 dB Om 

ad 

Bm 

7im  
/o 	aoo v,s sd /0 7,1,5 

80 dB 

60 dB 

40 dB 

Harmonics 

1 	2 	3 	4 	5 	6 	7 	8 10 

IMO 
Intensity 	Test 

1 	2 	3 	4 	5 

Harleonioe 

9 	10 

114 -103 	22 	166 -58 	129 	-63 	125 	16 -139 
1,-/NAN,\N /Am -7 	155 	-43 	51'-171 	27 	-45 	159 	-54 	80 

1% 	2% 	.1% 	.1% .1% 	.1% 	.1% 	5% 10 dB ?lm - 	2% 	- 	- 	- 	- 
•.1% 	l% 	.1%.  .1% .1% 	.1% 	.1% 	- ad 2% 	- 	 - 	- 

117 -114 16 	147 -29 	133 	-15 	147 	-46 	166 Bm 12 	157 	-65 	37 	85 -141 	-5 -167 	20 -139 

5% 	'2% .l% 	.1% 0 dB ?rn. - 	5° 	- 	 - 
2% 	1% .1% 	.1% sd 

60 -142 3 	148 	-41 	114 	-86 	106 	-67 	127 om -153 	-45 	91 -100 3 	140 	-40 	120 	-72 

5% 	1% 1% 	.1% 	.1% 	2% 	.1% 	5% 	- control Pm - 	2% 	5% 

5% 	.1% 1% 	.1% 	.1% 	1% 	.1% 	2% ad 1% 	2% 

107 -124 	29 139 	-65 	76 -80 	134 	-33 	136 \taitr\ 
62m 66 -175 	-12 -132 	173 	-26 -155 	142 	-16 -163 

- 	5  
5% 	- 	5% - 1 	control 3cm - 	- 

5% 	
2%, - 

2% 2% 	- l 	I 	I 	. ed 5% 	-  /00 	.ADO Tu 

78 -180 	-18 	129 	-25 	95 	-53 	108 	-98 -177 

Table 4-lxxviii. Subject CH, F, age 23, at 2 kHz. 



` intrndltr Teat Harmonics Intenaity Teat Harmonica 

1 2 3 4 	5 	6 7 8 9 10 1 2 3 4 	5 	6 7 a 9 10 

Am 19 177 -23 160 	-40 	115 -42 -180 115 -164 °m 74 -153 -~6 53 -157 	22 -129 _28 70 168 

80 dB Zi:m .1% .1% .1% .1% 	- 	- 5% - - - 10 dB ZGm  
ad .1% .1% .1% .1% 	- 	- 2% - - ad 24 - 	- - - - - 

Om 24 -173 -29 140 	-40 	148 -33 138 47 151 om 137 135 -40 78 -142 	43 -117 -143 127 -171 
60 dB ?4m i% .1% i% i% 	1% 	5% 5% - - - 0 dB Zom - - - - 	- 	- - - - - 

ad .1% .1% .1% .1% 	1% 	- 2% - - 

Om -12 162 -30 131 	-71 	105. -90 70 -96 59 mm 136 -31 -176 59 	61 	93 -93 109 48 -76 
40 dB m - .1% .1% .1% 	.1% 	2% - .1% 2% - control m - - - - 	- 	- - - - - 

ad - .1% .1% .1% 	.1% 	2% 2% .1% 1% - ad - - - - 	- 	- - - - - 

Om -24 -162 -28 107 	-53 	172 -150 49 -42 85 mm 179 27 -131 -91 	74 	118 -58 -134 -140 -57 
30 dB ?Gm - - - - 	- 	- - - - - control A'm - - - - 	- - _ _ _ 

Cd - - - 2% 	- 	- - - - - ad - - - - 	- 	- - - - - • • I 	t 
/a. 	.Sac 7„s 

• 
om 55 -169 r57 123 	-81 	75 -121 26 156 42 

20 dB m - - - 2% 	- 	•. - - - - 
ia, 	doo 71.s 9d - - - 2% 	- 	- - - - - 

able 4-lxxix. Subject CR, F, age 31, at 4 kHz. 



Intensity Test Harmonica I ,.".011, Teot Harmonica 

/~;AV 
1 2 3 4 5 6 7 8' 9 10 

/.2,..AV 
1 2' } 4 5 6 7 e 9 10 

:.. 

~ Om. 7 -178 -9 149 -44 136 -32 162 -44 96 ~. ... 179 25 10} 173 -93 -126 90 78 133 81 III 

-if. 
,?!-m .1~ .1% .1% • If. .1% .17:- .1% .1% ... 10 dB ~m 5~ 
ad .1~~ Id .1~ .1% .1% .1~ .1% .1% ad • 7" 

Um 8 -179 -i6 150 -47 122 -76 107 -16 171 ~ .Pm -15 123 152 131 -71 127 -3 -15 153 -s} 
f/m .1% .1% .1% '.1% .1% ' .1% .1% .1% - -20 dB ltm t-' 

ad .1~~ .1% .1% .1% .17- .1% I" .1% ad en 

~ 
• 7" ~ 

Om 29 175 -25 132 -75 92 -85 93 -13 132 ~ t>m 107 -65 34 101 -39 129 103 134-147 30 
71m 2% .1~ 2% .1f. ".1% 2% .1% .1% 2% 2~~ control (Jm 

~ 
ad 1% .l?~ 1% .1% .1f. .1% .1% .1% 1% 2% ad 

&'111 -12 161 -n 121 -95 70 -124 30 -47 115 

~ 
b m 86 -89 12 109 6 -114 136 116 -27 167 

71 111 1% .1% .1% .1% 2% 1% fJm 
ad .2:~ .1~ .1% .1% 2% 2% ad 

/- .s- ).oS 

~ Om 92 130 -91 79 -155 -12 1}2 -58 80 -59 

t , o ,dB, ~m. 
• __ .!k>o -.., s d 

. !rable 4-lxxx. Subjeot CRt l", age }It at 1 kHz,' 



Intensity Test 

/2/.d 

Intensity 	cot 

/2,441 

Harmonics Harmonics 

16 -159 	68 166 -33 141 -22 169 -147 	38 
.1% .li% .1;; .1% A% .1% 	- . - 	- 	- 
.l% .1%. .1% .1% .1% A.% - - 	- - 

	

1APA
Om 	28 -153 93 178 -37 145 -25 139 -96 82 

40 dB 	7m 	.1% .1% .12; .1% .1% .1% 1% - 	- 	- 

	

sd 	.1% .1% .1% .1%, .1% .1% .1% - - - 

-35 140 -12 168 -47 	86 . -72 '135 -69 	75 
2% .1% - 	1%  - 	5% - 	2% 2:e,  5% 

5% 2% 2% 2% 2% 

-76 45 -125 66 -92 	36 -126 111 -18 95 

5% 2% 5% - - - - 
2% 2;; 2̀ % - - - - - - 

Table 4-lxxxi. Subject FN, M, age 28, at 500 Hz. 

	

'9m 	65 	43 -98 -50 	97 -129 	65 -22 -161 	33 

-10 dB 	?Am 	- 	- 	- 	- 	 . 	'. 	 - 

	

18 	- 	, 

	

(Pm 	42 126-115 -ōj 133 -0 -.12 97  ln  162 

	

—20 dB Pm 	- - - 	- - 
sd - - - - 

--.1j\-,e\. dm  -123. 67 -167 59 -116 79 -143 -103 39 106 
control Pm - - - - - - - - - - 



Intensity, Test Harmonias 

7 8 9 10 
nay/ 

1 2 3 4 5 6 7 8 9 10 

 -76 124 -26 139 
D m -22 .134 -54 166 -148 -17 -89 150 48 -128 

.1% - - 5% 10 dB ?Im - - - - - - - - 

.1% - 5% sd - - - - 

-103 143 -81 92 Om -160 69 -142 -99 -27 128 -58 172 48 -128 

5% - 2% 5% 0 dB ?Lm. - - - - 

2% - - 2% sd - 5% - 5% 

37 -122 94 105 Cm 84 -56 -143 150 -15 101 -137 45 56 -167 

control - - - 2% -  

I i 

ed 

1% 
loo  

-110 -2 155 -34 

- - 

-137 88 -74 20 

- 5% 

Ar,/ 

Intensity Test 	Harmonias 

40 dB pm 

30 dB 

O m 

em 

~Gm 

sd 

Im 
ad 

?lm 

ad 

ad 

1 2 3 4 5 

144 -173 -159 143 -51 

.1% .1% .1% .1% .1% 

.1% .1% .1% .1') .1% 

-3 172 -63 161 -35 

.1% .1% .1% .1% ..1% 

.1% .1°% .1% .1% .1% 

-147 170 -46 107 -86 

- 2% 2% 5% 

- 1% .1% 2% 

-66 128 -2 91 -137 
2% 2% - - 
2%e 

2% 

98 177 -40 117 -138 

2% 2% 5% - 

2% 2% 2% 

103 
- 

- 

6 

98 

- 

46 

40 

Table 4-lxxxii. Subject FN, M, age 28, at 2 kHz. 



Intensity Test 

15/11A1 

 

V4\1\1 am 

80 dB 	?Gm 

V\AN

ad  

Bm 

60 dB 	741 

ad 

an  
40 dB ?m 

sd 

Ai\f/A  
30 dB 

Bm 

741  

ad 

1 

72 

- 

160 

- 
- 

-124 

- 

107 

39 

2 

-130 

- 

178 

- 

61 

- 

154 

-159 

3 

20 

-32  

- 

-113 

- 

-28 

-74 

Harmonics 

4 	5 	6 

169 	-16 	130 

- 	- 

136 	120 	-91 

- 

- 	- 

103 	-73 	169, 

• 6 -169 	159 

41 -143 -138 

7 

-9 

- 

30 

- 

-13 

-90 

92 

8 

-169 

58 

95 

-6 

_72' 
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-47 

-160 

- 

-29 

107 

121 

Io 

85 

59 

- 

-18 

-70 

-25 

6,441 

Intensity 

10 dB 

0 dB 

control 

f 	

control  

Test 

mm 

pa 
ad 

en 
341 

ad 

on 

1m 

ad 

em 

sd 

1 

29 

18 
- 

12 

-59 

2 

131 

140 

-61 

141 

3 

-90 

- 

-80 

135 

- 

-73 

Harmonica 

4 	5 	6 

14 	162 	58 

159 	-26 	164 

- 

-33 	142 -150 

- • 	- 	_ 

89 	10 -121 

7 

96  

70 

-55 

33 

8 

-46  

168 

166 

-165 

9 

-79 

-16 

5 

-54 

10 

105 

174 

-55 

141 

20 dB 	?lm 
' ad 

Table 4-lxxxiii. Subject TB, }, age 20, at 4 kHz. 



Am 71 -130 .-48 	87 .69 130. -47 149 , 26 -117 

30 dB 	m 	2% 2% 5% - 
n 	ad 	2% .1% 2% - 	- 

	

..\„/L,Ap"\f 
Bm 	56 -127 27 141 -51 139 -41 144 -15 151 

50 dB 	7ym 	- 	5S - 	- . i% 2% - 	2% 2% - 

	

sd 	- 	- 1% 1% - lt 2% - 

	

N-....----/AN Om 	81 -138 13 168 -43 108 -88 59 -95 61 

70 dB 	';.:m 
ad 

Intensity Teat 	Harmonics 

js/ 1 2 3 4 5 6 7 .8 9 10 

	

1 
10 dB Pm 	 - 

	

ia, 1 ,'loe 7ms ad 	 - 	- 	_ 	 .. 	 _ 	_ 

/ 	Bm -104 -4 -85 85 -143 74 -98 65 -120 -120 
20 dB 	Ulm 	- 	- ' .1% 2% - 

ad 	- - .1% .1% - 	- 	- 

\fi\-11\. Bm 	60 44 -97 64 -38 23 -135 27 -142 59 

1 2 3 4 5 

-28 110 169 -66 -173 
- - 

- - - - 

82 -102 117 -51 155 

-2 -165 46 46 -116 

- 

-18 169 -34 71 -158 

6 7 8 9 10 

-84 109 -114 24 109 

- - - 
- .. 

-59 -47 -168 63 146 

- 

180 -106 31 -90 31 

- 

-5 157 64 -138 168 

5~ - - - - 

5% 

Intensity Teat 	Harmonica 

sue, 1 .. 

o 	- 	_ control ~m 

ad 
.~. das NIS 

0 dB 
sd 

-10 dB 	?tm . 

ad 

Om 

control ?!m 

sd 

mm 

Table 4-lxxxiv. Subject TB, 7t, age 20, at 1 kHz. 



Intenaity 	Testi 

Bm 

ad 

\'‘ 'Ar\ 30 dB 

20 dB 

10 dB 

/w ,3cn i 	ad 

Om 

?Im 

ad 

an 
m 

ad 

Bm 

lm 

sd 

Bm 
7/n 

70 dB 

1 

61 

.l% 

.1% 

13 

.1% 

.1% 

53 

1% 

.1% 

24 

.10 

.1% 

28 

.1% 

.1% 

2 

-158 

.1% 

.1% 

167 

.1% 

..1% 

-164 
2% 

2%0 

-167 

.1% 

.10 

147 
.1% 

.1% 

3 

-15 
.1% 

.1% 

-31 

.1% 

.1% 

-73 

.1% 

1% 

-38 
1% 

.1% 

-87 

.1% 

.1% 

4 

159 
.1% 

.1% 

137 

.1% 

.1% 

99 

.1% 

.1% 

98 

l 

.1% 

66 

5% 
2% 

Harmonica 

	

5 	6 

-14 -172 

	

.1% 	.1% 

	

.1% 	.1% 

	

-44 	143 

	

26 	5% 

	

1% 	2% 

	

-75 	108 

	

.1% 	.1% 

	

.1; 	.1% 

	

-115 	91 

	

2;; 	- 
.1% 

	

-115 	80 

	

- 	- 
- 

7 

28 

.1% 

.1% 

-5 
2% 

1% 

-43 

- 

- 

-114 

22 

- 

8 

-148 
.1% 

.1% 

137 
2% 

2% 

22 

34 

-93 

- 

9 

45 

5% 

5% 

-61 
2% 

1% 

-166 

-124 

114 

10 

-174 

97 

5% 
- 

-48 

53 

- 

97 

Intensity 

ism 

0 dB 

-10 dB 

. 

control 

+ 	control 

Teat 

pm 
ad 

Om 
11m 

ad 

~m 

Pm 

ad 

67m 
Pm 

ad 

1 

71 

• 5% 
- 

61 

41. 

143 

63 

2 

143 

5% 
2% 

-167 

-.99 

-113 

3 

-119 

2% 

1% 

4 

-34 

67 

Harmonica 

4 	5 	6 

45 	116 -133 

5% 

-136 -103 	127 

- 	50 

163 	5 	-i'5 

-89 -151 	94 

7 

-1 

-63 

- 

139 

-60 

8 

115 

37 

23 

-97 

9 

-7 3 

-98 

-94 

144 

10 

Be 

-91 

87 

-4 

.tgv 	das 	7n.r. 

Table 4-lxxxv. Subject BO, M, age 31, at 500 Hz. 



Test 

1 2 3 

Harmonica 

4 	5 	6  7 8 9 10 

Intensity  Test 

1 2 3 

Harmonica 

4 	5 	6 7 8 9 10 

'7m 44 -169 -17 147 -49 125 -47 -132 102 -54 
67m  -31 • 95 -96 -170 155 -57 97 -65 78 -112 

?,sm .1% .1% .1% .1% .1% .1% 5% - - 	• 0 dB jGm 
ad .1% .1% .1% .1% .1% .1% 2% - sd 

4m 41 -167 -10 149 -26 177 -12 137 -37 112 (Pm  -80 17 -121 95 -48 129 -91 108 39 -169 
7/a .1% .1% .1% .1% ..1% .1% 1% - -10 dB ?cm• 5% - - 5% -  
ad .1% .1% .1% .1% .1% .1% - 1,'6 e  - 5% - - 

49m 24 167 -37 135 -64 112 -125 66 -63 68 Bm 21 149 -102 -12 59 -144 44 -87 117 -47 
?m 
ad 

2% 
2% 

.1% 

.1% 
.1% 
.1% 

.1% 

.1% 
.1% 
.1% 

1% 
1% 

2% 
1% 

'- 
- 

- 
- 

control m 

ad 

- - 

- - 

- 

- 

- 

- 

- 

- 

- 

- 
2% 

•1% 

- 

- 

dm -17 169 -46 113 -89 64 -69 162 53 -151 Bm 72 164 -47 -91 29 168 -9 -169 133 -34 
control 

• • 

?;m 
sd 

1% 
•.1% 

2% 
2% 

1% 
1% 

.1%, 

.1% 
- 
- 

- 
- - 

- 

- - 
?m 
ad 

- 

/ar - A.t 

Bm 7 119 -81 77 -110 148 23 76 -43 -168 

74m 2% .1% 2% 2% 
ad 2% .1% .1% 1% - - - - 

Intensity 

/2,4a 

70 dB 

50 dB 

30 dB 

20 dB 

1 	

 

10 dB 
Ivo • .icn ins 

Table 4-lxxxvi. Subject B0, 14, age 31, at 2 kHz. 



157"1"/

Intensity Test 

157

,1"/ 

m 

80 dB 	7m 

ad 

an 
60 dB 	m 

ed 

dm 

40 dB 	7lrn 

sd 

Ora 

30 dB 

sd 

✓\/V~ Om 
~
20 dB 	?lm 
" 	"/Ks sd 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

Intensity Tēst 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

40 -148 158 162 -62 78 -25 -166 72 -39 6n 21 -132 15 146 -63 130 -101 -66 175 105 
.15 .1% .1% .15 .ic 10 dB ?m - 

.1% .1% .1% .1r .1% sd 

28 -152 29 171 -44 111 -84 74 -38 121 &I'm 51 -149 -23 62 -109 88 158 -117 29 168 
- .1j .1; 2% - 5% - 0 dB ?%m - 2% - 

.1% .1% 2% - - - sd - - 1%, - 

7 177 -9 134 -126 52 -82 115 -32 143 Om 91 -130 32 68 -93 -)62 61 -162 43 -96 
- .15 .15 2% - - - control j/m 

.1% .15 2% - sd 

5 178 -13 .134 -79 97 -28 177 165 89 Om -60 162 27 177 3 -126 164 4 121 -162 

i% .1% .1% 5% - control Pm 

.1% .1% .1% 2% - - i sd 
/07 do,' 2.0.s 

-38 154 -53 149 -20 -178 -33 104 -35 -149 

2% 5% - 

2% 2% - 

Table 4-lxxxvii. Subject JD, F, age 23 at 4 k Hz. 



1 2 3 4 5 6 7 8 ' 9 lo 

34 -156 10 169 -22 166 -23 158 -5 -154 
.1w .1% .1% .1% .1% 5% 5% .1% - - 
.1%1 .1% .1% .1% .1% - 2% .1% 

30 -153 -3 159 -31 138 -62 113 -18 -135 
.1% .1% .1% .1% .1% .1% 5% - - 

.1% .1% .1%u .1% .1% .1% - 

44 -155 13 168 -31 117 -86 133 -78 2 
1% .1f .1% .1% 5% - - - - 

.1% .1% .1%, .1% - 2% 

7 172 -29 129 -68 127 31 -132 -143 110 
5% .1% 1% - - 5% - - - 
2% .1% .1% - - 5% - 

26 118 -68 -162 112 -36 -147 -132 22 -110 
- 2% - - - 

- 2% 5% - - 

Intensity Test 	Harmonica 

/5,4e) 

V \ 0m 

70 dB 
sd 

Om 

50 dB 	?Gm 

sd 

49m 
30 dB Om 

ad 

f 	9 m 

20 dB 	71m. 

ad 

loco ,sro r r a  

gm 

10 dB 	Y•" 

d  

Intensity . Test 

Om 

ad 

\I\A/\/\ 47m 

1 2 3 

10 157 =63 

- 2% - 

158 9 18 

	

-10 dB' Pm 	- 	- 
ad 

	

m m 	-21 70 -146 

control ??m 

ad 	- 

Harmonica 

4 5 6 7 8 9 10 

-24.  110  -90 79 35 134 -65 

0 dB  

- - - - - - 

-59 -161 161 -92 41 60 -144 
- - - - 

-73 100 -49 -105 -33 -31 129 

3 -157 62. -94 -33 - 	86  -155 mm 142 -88 127 

control ?im - 

' 	I • 	ad 	- 

Table 4-lxxxviii. Subject JD, F, age 23, at 1 kHz. 



Intensity Teat 	Harmonica 

1 	2 3 4 5 6 7 8 9 10 

dlom -22 	101 -131 27 -51 -163 20 -06 47 -134 

?/m - - 2%  

ad 1% 

Om -9'.154 57 -69 1z7 -79 69 145 69 -99 

PI 

sd 

mm 

- 

113 	-39 

- 

130 

- 

-38 

- 

99 

- 

-76 

- 

95 133 -57 

- 

101 

'/m 
a5 

-- - n - 5". 1, 

2%, 

. - - 

0 dB 

-10 dB 

N.rn-.IN--r`̂ 't.., 

control 

--1__.__» 
,c 	.3'O 7..s 

Intensity 

/s.42./ 

Teat 

1 2 3 

Harmonica 

4 	5 	6 7 8 9 10 

Om 100 -118 22 173 -21 157 -5 -167 48 131 

70 dB .1% .1% .1% .1% .1% .1% 2% 2% 5% - 

©d .1% .1% .1% .1% .1% .1% 2% 2% 50 

s-.....,,,,,..\[\.-- 
am 67 -123 32 -163 20 -179 12 174 -7 168 

50 dB j m .1% .1% .1% .1% .1% .1% 2% .1% 1% - 

ad .1% .1% .1% .1% .1% .1% 2% .1r% .1% 

m 53 -138 31 179 -23 133. -21 177 -18 176 

30 dB ?Am .1% .1% .1 f, .1F'a .1% 
ad .1% .1% .1% .1% .1% 

Bm 18 -148 5 170 -18 143 -58 129 5 -108 

20 dB ?/m 5% 1% .1% . i .1% 1% - 5% 

ad - '1% .1i, .1% .1% 1% 5% 

dm -2 -169 ,-16 135 -103 79 -80 -179 37 -88 

10 dB ~m 2% 2% - - - - - 
ad SAP  2% 5% - /00 	.r IT.s 

Table 4-lxxxix. Subject DT, F, age 24, at 500 Hz. 



47m  
?Gm 

• ad 

Teat 	 Harmonica 

I/ZA/

Intensity 

70 dB 

- I  ' • I ed /oo . ,o a.s 	 •• 	- 	- 	- 
10 dB 

Irr Bm 
50 dA 	;im 

ad 

'N't--\,/r\l'\ 
am 

30 dB pm 
ad 

20 dB pm 

Om 

1 	2 	3 • 	4 	5 	6 	7 	8' 	9 	10 

29 -158. 	20 -179 	-45 	152 	3 -171 54 -153 
5% 	.1% 	.1% 	.1% 	.1% 	.1% 	.1% 	2% 
- 	.1% 	.1% 	.1% 	.1% 	.1% 	.1% 	2% 

104 -113 	17 	165 	-3e 	132 	-39 	149 	4 	163 
1% 	.1% 	.1% 	.1% 	.1% 	2% 	2% 	2% 	9% 	- 

.1% 	.1% 	.1% 	.1% 	.1% 	2% 	2% 	1% 	2% 	2% 

84 -126 	22 	159 	-38 	142 	-40 	157 	54 	-29 
2% 	.1% 	.1% 	.1% 	.1% 	5% 	- 	- 
1% 	.1% 	.1% 	.1% 	.1% 	2% 	- 

9 -160 	-2 	153 	-24 	-19 	4 	-29 	162 

2% 	2% 	.1% 	.1% 	- 	- 	ON 

 2% 	1% 	.1% 	.1% 	- 

49 	171 	-35 	72 	-85 	121 	-67 	59 -140 	30 

Intensity .Test Harmonioa 

0dB 

‘12.11.017B 

control 

sir 

mm  

?'m 

1 	2 	3 

135 	120 	-55 	67' -58 	83 -171 	- 	- 
5 	6 8 	9 	10 

77 -122 

ad 

am 47 -165 	57 -121 	31 -129 	48 	-33 -178 -105 

m 
ad 

42m 	87 	113 	-56 	97 	-56 -161 	-96 	119 	-76 -170 
m 

ad 	- 	- 	- 	5% 	- 

&m -149 	-97 	75 	-58 	154 	61 	101 -145. 	-46 	178 

control 

.san 3ro a.s 

m 

ad 

Table 4-sc. Subject DT, F, ate 24 at 2 kHz. 



Om 

ad /co ., 7..s 

1 2 3 5 6 7 8 9 10 

30 180 -29 169 6 179 7 174 58 -103 

5% .1% .1% .1% .1% 2% - 

2% .15 .1% .1% .1% 2% - 

-9 169 -13 159 -21 169 19 -112 74 78 

2% 2% 1% 1% 5% - 
l% 1% .1% 1% 5% 

30 174 -29 -162 -7 143. -50 98 -75 89 

2% - 5% 5% 5/ - 

2% 2% 2% - 

-79 92 -98 83 -94 170 158 -155 8 -162 

- 29, .1As 1/ - - 

'2% .1!. .1%, 

-85 110 -52 122 -97 73 -92 124 10 178 

Intensity Teat 	. Harmonica 

/1,1u/ 

' f 80 dB 

\'‘sjAirs''-.11 60 dB 

mm 

40 dB 	m 

sd 

'-sj\fP/1 
Om 

30 dB 	m 

ad 

Om 

sd 

mm 

~m 
ad 

mo .3+ , 7f.$ 

Test 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

47m 26 179 -22 127 -139 24 -166 8 -67' -46 

' 	m 5% - - - 

sd - - - 

On 33 -173 -12 171 -87 52 -159 -52 98 8 

ad .1% 

5% 

2% 

- 

- 

- 
- - 

Om 

ad 

-63 93 -172 -70 -19 -152 23 -56 -161 -166 

Om -45 56 -152 142 -16 175 -58 97 50 -155 

5. 

ad 5% 2% 5%  

intensity 

0 dB 

control 

	, 

Table 4-xci. Subject SB, M, age 18, at 4 kHz. 



Intensity 

/3,144/ 

80 dB 

v 	V 

60 dB 

\/\f\f' 
40 dB 

30 dB 

I 	20  dB 

ieae ' res 

2 3 4 5 6 7 8 9 10 

44 -132 -97 80 -122 -15 69 170 -29 148 
- - 5% 5% - - 22; 

- 2% - 2%  

46 -103 137 -86 7o -110 29 148 65 133 

- 55, 

296 22; 

161 -29 135 -60 132 -15 -63 127 -81 35 
- - - 5% 

- - - 2% 

-89 -49 117 -160 -161 26 -155  42 -28 152 

- 5% - - 

/1:4+4.1 
Intensity : Test 	Harmonics 

• 

NnnoAnill 
m  

10 dB 	?im 
sd 

am 
0 dB "?/m. 

sd 

am 

control 34i 

ad 

mm 

I control 	Pm 

ed 
/ao I.. ,.,j 

Teat Harmonics 

1 2 3 4 5 6 7 8 9 10 

67m 53 -157 7 177 -2 179 -26 30 128 .-83 

?Am - 2% .1% .1% .1% 2% - - - 1%,. 
.sd - l% .1% .1% .1% 1% - - 1% 

Dm  22 -138 14 162 -7 89 -37 168 19 -161 
?Gm 
sd 

2% 

.1% 

.1% 

.1% 

.1%, 

.1% 

.1% 

.1% 

5% 

- 

- - - 2% 

i% 

- 

- 

am 13 179 -60 179 -7 120 -125 101 -115 80 

pm - 5% .1% i .196 5% - - - -  
ed 2% 5% .1% .1% ' - - - - 

am  16 162 -4 104 -52 100 85 -99 7 140 

'm .1% 2% - - - - 

sd - .1% 1% - 

400 70 -150 -54 98 -109 76 -92. 122 38 -119 
Pm - - 2% - - 5% - - 
sd - 1% 5% - - - 

Table 4-xeii. Subject SB, 1.t, age 18, at 1 kfir, 



Table 4-xciii. Subject JN, M, age 30, at 4 kHz. 

Test 	Harmonics 

1 	2 	3. 	4 	5 	6 	7 	8 	9 	10 

Om 	-16 	164 	-21 	125 	128 	83 -109 	23 -104 	180 

?m 	5% 	5% 	- 	- 
sd 	2% 	- 	5%  

mm 	43 	163 	-36 	85 -13o 	16 -139 	147 -148 	94 
dBm 	- 	- 	5i 	- 	- 

cd 	2% 	- 	't% 	- 

cm 	- 	- 	- 	- 	- 	- 

tri 	-77 -108 	19 -14, 	142 	82 	-84 	90 	138 	-30 

sd 	- 	- 	- 

am 	-166 	17 	163 	-99 	101 	4 	132 -108 	101 	65 

sd  
An 	- 	- 	- 

Intensity 
/2,lu/ 

Intensity Toot 	Harmonica 

153 -33 145 -39 16o -65 147 
.i% .1% .1% .1% 5% - 

.1% .1% .1% .1% - 	- - 

143 -55 131 -49 131  32  138 

.1% .1% .1% 2% - 	- - 

.1% .1% .1% .1% - 	- 	- 

144 -26 148 -37 137 -59 id 

.1n .1j 2% 2% i% - -

.1% .1% 1% 2% .1% - - 

80 dB 

60 dB 

am 	51 -152 14 
5% 1% .1% 

ed 	2% 2% .ly', 
10 dB 

0 

control 

152 -19 103 -98 101 -81 133 
.1% - 	- 1% 5% 
.1% - - - 2% .1% 2% 

control 

Bm 	91 156, -36 128 -77 	95 -60 	82 -94 	68 
20 dB 	7Gm 	- 	- 	.1% .1% .1% .1% .1% 	- 

od 	- 2% 15, .1% .1%'. .1ā .1ō - - - 
nr-  



20 dB 

gm 	68 -172 -15 	93 -92 	92 -46 123 -92 	84 

- - 5% 5% 2% •2% 2% 5% 2% 

ad 	2% 2% 2% 2% 1% 2% 1% 

39 -161 	-6 144 -85 	92 -45 128 -10 	9 

.1% .1% .1% .1% .1% 5% - 2% - 

.1% .1% .1% .1% .1%- 5% - .1% - 	- 

Intensity Test 	Harmonica 

1 2 3 4 5 6 7 8 9 10 

a'm 	102 -121 	8 158 -33 131 -32 160 -9 -167 

\'''-'14\,70 dB 	Wm 	.1% .1% .1% .1% .1% .1% . i% .1% 1% - 

ad 	.1% .1% .1% .1% .1% .1% .1% .1% 1% - 

	

9 m 	73 -139 11 167 -30 145 -17 171 -1 -171 

	

741 	- .1N .1% .1% .1% .1% .1% 1% 2% 1% 

	

ed 	.1% .1% .1% .1% .1% .1% 1% 1% .1% 

	

D m 	78 -173 -12 133 -52 129 -48 125 -62 118 

30 dB 	Pm 	- 	1% .1% .1% .1% .1% .1% .1% 

	

ad 	- 	1% .1% .1% '.1% .1% .1% .1% 2% 

Harmonica 

2 3 4 5 6 7 8 9 10 

127 -64 72 -177 -11 -179 -83 122 -26 

- 5°~ 3% - - 5% - 

- - 5`;. .1% - - 2% - 

-59 125 14 -158 -129 5 -64 62 -113 

5% - 

2% - 

34 -146 -138 55 37 175 -19 159 162 

OM 

-166 -70 4 105 -17 143 104 152 14 1m 

control 	e m 

_ 	ad 

38 

5% - 	- 	- - 

2% - 	- - 
Ma .goo Int 

Intensity : Test 

./.2;424/ 

mm -16 

0 dB 	.m 	- 
sd 

411''m 	144 

-10 dB 	74m 	2% 

ed 	2% 

ri\/'- •++ Om -85 

control jam 
ad 

Table 4-xciv. Subject JN, M, age 30, et 1 k?tr 



Test 

1 2 3 

harmonics 

4 	6 7 8 9 10 

Intensity 

/z,tu/ 

Test 

1 2 3 

}?nrmonics 

4 	5 	6 7 8 9 10 

~m 3 173 7 -162 '10 171 -10 130 -73 131 -63 60 -108 -20 110 -135 30 -136 41 115 

?In 2% .1% .1% 2% .1% 2% 10 dB m 

sd 2% .1% .1% .1% .1% 2% a _ - 

m 71 -124 46 -147 35 -174 •-12 122 -67 116 
\rj\if‘11 

..51 157 -17 -178 6 -99 -43 156 3 -147 
?Gm 10 .1% .1% 0 dB m 

nd 2% .1% .1% sd 

_12 -180 36 179 -39 140 -108' -7 6o -106 Bm . 	67 -157 -31 -69 -151 -22 120 -45 -103 38 

?in .1% 5% control ?Gm 

sd .1% - 3d 

'm -14 -180 24 157 -71 105 -66 -124 81 -94 om 56 -142 66 -56 101 -122 34 -143 5 132 

?Gm 5% 50 control ?!m 

sd 10 - 2% - I • t d 
/ay dm 7r.t 

am -112 145 -62 -175 -47 93 -38 -48 23 39 

?Gm 

sd 2% 5, 

 

20 dB 

iro a., 
	 i w 

Intensity 

80 dB 

Th.f,\6( fd**4.13 

V"\f\iVc\l; 

V\PIN- 30 dB 

Table 4-xcv. Subject VM, age 24, at 4 kHz. 



Intensity Test 

/Z,tu/ 

9m  

70 dB 7m 

sd 

am 

	

50 dB 	? m 
ad 

\
\ill  9m 

	

30 dB 	%m 
sd 

am 

	

20 dB 	Tlm 

sd 

Bm 

I 	
10 dB 	?/m 

/a* -1 sd 

1 2 3 

Harmonics 

4 	5 	6 7 9 10 

Intensity Test 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

59 -127 8 171 -20 131 -72 65 -73 -83 Ìlm 126 . 	19 135 -137 145 -99 55 -119 21 -45 

1% .1% .1% .1% .1% .1% - - 0dB A✓m - 
.1% .l%. .1% .1% .1% .1% - sd - 

-74 -128 27 176 • -11 156 -24  159 32 -106 do'm -89 109 59 -104 57 -151 -102 157 34 122 

- 2% .1% ..1% .1% .1% 5% - -10 dB ?‘n - 

.17• .15 .1% .1% 2% -  sd - 

0 -164 27 171 -15 141 -54 130 -98 42 Bm 89 -9 -150 21 -120 -4 -164 12 -143 -33 

- - • 
- 

5% 
1% 

.i 

.1% 

.1% 

.1% 

1% 

1% 

2, 

- 
'5% 
2% 

- 

- 

control Pm 
sd 

- - 5% - 

131 -146 20 134 -69 110 -73 154 -16 -67 am -117 58 -148 8 109 140 -68 105 -169 59 

- 	• 2c 29 5% } 	control ?Im 

- 1% 2% - - - I 	. 	. , 	1  sd 
Apo 	3.0 » $ 

-88 121 -32 95 -105 61 -164 -50 129 -172 

- - - 5% - 
- - 5' - - 

Table 4-xcvi. Subject Vat, F, at 1.kHz. 



Inter.sity 

60 dB 

40 dB 

20 dB 

• 10  

Toot 

2 3 

Harmonics. 

4 	5 	6 7 8 9 10 

Intcnnit, 

/2,211 

Tent 

2 3 

Harmonics 

4 	5 	6 7 8 10 

-76 -168 18 176 -40 140 -10 -172 15 115 	• mm -55 -105 37 -154 -11 -39 -162 39 -112 147 
1% .1% .1% .1% 2% -10 dB m - - 15 2 - 

ad 2% .1% .1% .15 5ro ad - 15 2% 

am -77, -171 45 -178 -35 132 -91 123 -7 -8 -159 -63 121 11 -169 -102 37 135 -54 133 
~lm 2,., 2% .1%   .1; ~ .1% - - -20 dB 2% - 
ad 25 .1% .15 .1% 5% - sd 5% - 2% 

.9m 

7/n 

-93 

5%% 

87 

- 

-61 105 -89 

- 

63 

- 

-110 

5% 

33 -118 -22 

control 

,19m 

m 

-88 139 146 40 -114 •-62 148 -95 96 -55 

ad 5!;', 5i ad 5i 

19m 

ad 

-77 105 5 T130 63 -165 -18 156 -13 -114 

control 

• • 	• 

Bm 

sd 

-167 47 -128 119 -31 153 -93 -16 157 3 

nv 	.3c»r 

Bm -57 170 59 -80 86 -127 122 -95 81 -61 

0 dB 7m 

ad No.r 

Table 4-xcvii. Subject SBa, F, age 20, at 500 Hz. 



~Gm 

sd 

9m 

Tim 
ad 

70 dB 

-77 102 Bm 

I
10 dB ?m 

/aa 	pn ad .b. ct 

3 

- 

-4 
2% 
2% 

Harmonica 

4 	5 

158 	-38 	140 
.10 	.10 	.10 
.1% 	.1% 	.1% 

171 	-11 	163 
2%. 	.1% 	.1% 
- 	.1i 	.1' 

-15 
- 
- 

-26 
.1% 
.1% 

129 
- 

-174 
- 
- 

9 

-137 
- 

32 
2% 
2 

10 

-39 

-151 
5% 
2, 

9 -160 -4 159 -11 138 -132 46 
5% 5% 2% 2% 2 % ' - 
2% 2% 5% 2% i% 2% 

-61 131 -39 -162 3 •128 -40 156 

- 5% 

-85 121 18 32 -144 64 132 -86 

Intensity Teat 
/.2.44,/ 

1 

-47 175. 

-78 123 

j\n/V 
ePm -78 113 

30 dB 	?ha 

	

ad 	- 

c7m -52 112 
20 dB 	2% 

ad 2% - 

Intensity 

0dB 

-10 dB 

control 

control 
1 	• 

Teat 

1 2 3 

Harmonica 

4 	5 	6 7 8 9 10 

-63. 135 -136 -14 99 -53 -152 30 -167 48 
?fm 
ad 

2%, 
2% 

- 
- 

mm 176 70 -84 146 -45 171 -40 -169 -41 -117 
Mm 
ad 

mm -47 44 93 -116 99 -104 24 -110 66 -107 

113 - 
ad 2% fm 

d7m -164 107 11 155 -112 141 -150 -30 149 -64 
Pm - 5% 
ad - 2, - 

Table 4-xcviii. Subject SBa, F, age 20, at 2 kHz. 



Intensity 	Test 

/21u/ 
1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

Intensity Test 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

On 92 -138 -12 145 -20 170 -115 85 -77 81 71 -147 -56 132 -84 61 -77 114 143 -70 

80 dB 	Wm 5% 1% .1% .15. .1% - - 10 d B - - - - 5 - 

sd - .1% .1% .1% .1% sd 5% - - 2% 

• 

O a 19 -174 -17 135 -67 78 -72 -162 22 -32 djm 99 -3 -132 82 -101 11 -156 -6 -151 81 

- 1% .1 60 d13 	7411 .1% .1% 2% 5 0 dB ~Gm - - 50 - 

sd - 1% .1% .1% .1% 2% - nd 2% - .. 

40 dB 

71 -151 

1r' 

-13 

.1`j, 

140 

1% 

-89 

20 

109 
5,;', 

-30 130 168 107 y''V 	✓  

control 

✓ m 11 169 -1 -52 15) -13 165 127 -4 159 

sd 1% .1% .1% .1% 57% sd 

Dm 92 -135 -16 124 -65 139 -75 113 -55 -29 6'13 -99 80 -151 -113 48 -86 117 -115 -18 57 

30 dB 	ym 2! 2% 2% .1% 1%  - - 5% - - control Ym - 

sd .1% .1% .1% - 2% sd 

gm 67 -153 -56 67 -123 84 -52 70 -81 -107 

20 dB 	?Gm - .1j 2% - - . 

/cv 	Av >nt s d - - .1 j .1% 

Table 4-xcix. Subjeot PC, M, age 24, at 4 kHz. 



Teat 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

mm 44 -154 . 	-1 167 ,-26 129 -73  124 -12 -121 
?6m 5% .1% .1% .195 .1;' 2% .1% ..2% 5% 
E d 2% .1% .1% .1% .1% 2% .1% .1% - 

dm 43 -157 11 169 -29 137 -44 155 -29 '152 

4cm 

c d .1% 

.1% 

.1% 

.17,  

.1% 

.1% 

.1% 

.1% 

.1% 

2% 

5% 

.1% 

.1.A 

2% 

2% - 

9m 9 -176 -10 149 -48 129 -71 133 -27 175 
m - .1% .1% .1% •.1% .1% 2% 5% 291 

ed •.1% .1% .1% .1% .1% .i 5% 2% 

Bm 44 -156 -17 116 -01 82 -89 87 -98 82 

?ha - 2% .1% .1% .1% .1% - 

sd 2% .1% .1% .1% .1% 

Lcm 79 -120 -51 77 -107 86 139 =1 -120 82 

m 5% - 
ad 2%  

Intensity 

70 VI 

%./\.....\ 

50 dB  

30 dB 

O dB 

`` . J 

10 dB 

.Teat 

2 3 

Harmonics 

4 	5 	6 7 8 9 10 

Am 137 80 -112 59'-161 31 -45 132 -115 44 

42m 127 -75 -36 -157 2 -92 53 27 -121 113 

?m 

ad - 

Om 32 -134 -16 116 -125 -59  109 -51 -79 92 
Pm 5% - 

ad' - - 5% - - - - 

175 37 -64 155 -34 48 -141 -46 87 -121 

} control 	Pm 

/iv 3.. ?* 
ad 5% - - 

Intensity' 

0 dB 

-10 dB 

control 

Table 4-c. Subject PC, M, age 24, at'1 kHz. 



Intc-isity 

20 dB 

10 dB 

	i 

Test 

1 2 3 

. 	Harmonics 

4 	5 	6 7 8 9 10 

Y 
Īntenaity .:'ast 

1 2 3 

Harmonics 

5 	6 7 8 10 

Pm -1 -171 -4 166 -18 144 -39 157 15 137 m -44 128 -108 -29 125 -131 125 -5 -131 145 

7,m .1% .1% .1% .10 .10 .15'4 .1% 20 - - 0 dBm - - - - 
ad .1% .1% .10 .1N .10 .1% .1% 2% ad 

4m 28 -162 5 170 -27 145 -58 121 5 -156 Pm  172 26 -41 -92 -141 58 -144 -164  37 -144 
.1% .1% .1% .1% .1% . 1% .ij 2% -10 dB ?Gm - 

sd .1% .1% .1 ū .1% .1% .1% .1% 2% - ad - - - 

9m  179 18 -3 161 -57 104 -76 131 -88 -4 m -98 85 51 -171 7 179 45 -125 30 -158 
;Lm .1% .1% .1% .1% . i% -  control ?.'m - - - 2% 2%  
ad .1% .1% .1% .1% .1% - ad 2% 2% 1% 

9m 26 178 -26 140 -71 102 -91 119 -21 176 Bm 87 -67 137 -101 02 162 •4 -143 23 163 

7A1  .1% .1% .1% .1% .1N .1% 5% control 
ad 1% .1% .1% .1% .1% .1% 2% - 

• sd 
/a. 	.j.. Awe 

B m -136 134 -39 110 -103 63 -141 10 176 72 

m - - 1% .1% .1% 5% -  - 2% ' -  

 s d .1% .11 .11, 2% - 2% 2%  - 

Table 4-ci. Subject SA, M, age 28, at 500 Hz. 



-- 

20 dB 

60 dB 

40 dB 

30 dB 

Intensity Test 	Harmonics 
Intensity 	Teat 

/2,4!/ . 
Harmonics 

1 	2 	3 	4 	5 	6 	7 	0 	9 	10 
2 	3 	4 	5 	6 	7 	8 	9 	10 

Bm 	7 -169. -11 	157 	-34 	136 	-77 	123 	-70 	42 

m 	.1% 	.1% 	.1% 	.1% 	.1% 	5% 	- 	- 	57 	-. • '9m 	-67 	131 	-77 	65 -131 	38 	143 	58 	154 	2 

sd 	.1% 	.1% 	.1% 	.1%i 	.1% 	2% 	- 	- 	2% 	- 0dH 	m 	- 	- 	i% 	.1% 	- 	- 

sd 	- 	.1% 	.1% 

em 9 -167 	43 	152 	-40 	135 	-57 	153 -116' 	14 

 

Om 	-59 	118 	-99 	43 -115 	105 	134 	88 	-19 -136 1% 	.1% 	.1% 	.1% 	.1% 	.15 	2% 	- 

sd 

 

.1% 	.1% 	.1% 	.1% 	.1% 	.1% 	25 	- 0 dB 	7lm 	- 	2% 	2% 	5% 	- 

V 

sd 	- 	1% 	2% 	2% 	- 

'Om 	14 -160 	-4 	150 	-65 	113 	-61 	101 	-49 	167 

7/m 	.1% 	.1% 	.1% 	.1% 	2% 	2; 	2% 	- 	- 	5% am 	73 -121 	140 	-12 	107 	-79 	125 	38 -168 	-52 

sd 	.15. 	.1% 	.1% 	.1% 	2% 	2% 	1% 	- 	- 	5% control 	?Gm 	5% 	- 	- 	- 	- 	- 

sd 	- 	5% 	- 

am 	-22 	175 	-15 	125 	-96 	73 -133 	77 	120 -147 

?Im 	1% 	.1% 	.1'+ 	.1% 	1% 	2% 	2% -./A 	am 	-157 	-16 	146 	-94 	69 	-96 	115 -105 	169 	75 

sd 	1% 	.1% 	.1% 	.15 	1% 	1% 	2% 	- 
I 	

control 	Po 	- 	- 	- 	= 	- 	- • 	.. 	= 
• I 	 0  ad 	■ 

9m -33 	152 	-40 	121 -112 	40 -154 -158 	122 	6 
/av 	4a, 	7.s 

~m 2% 	1% 	1% 	1% 	2% 	5% 	- 	- 

sd 2% 	1;% 	15 	2% 	25 	- 

Table 4-cii. Subject SA, M, age 28, at 2 kHz. 



Table 4-ciii. Subject LS, F, age 20, at 4 kHz. 

'm  

sd 

9m 

1/m 

sd 

°0 dB 

60 dB 

am 	174 	4 .-44 175 	2 

P - - - 1% 

sd 	 5% .1% 

Am 	57 -116 

1 	2 	3 	4 	5 

-116 94 -72 125 -59  
- .1% 2% 

.1% 1% 

128 -104 	44 133 -59 

1% 

.1% 

6 7 8 9 10 

136 -27 117 -77 85 
2% 2% 5% - 

i% .1% - 2% 

150 ..121 151 -44 108 

.1f4 .1% .1% 2% - 

.1% .1V. .1% 5% - 

135 -31 132 -1o6 169 
2% 1% 1% 2% - 

2% .1% .1% 2%  

164 -6 170 77 134 
5% - 
1 - 

-164 -56 152 -30 -113 

- 2% • 

- 2% - 

TntrnA.tY Test 	 Har;r,onics 
.2 „Ai/ 

F 	 

53 153 -47 
40 dB 	71 	- 	- 	2% 2% 

sd 	 - .1% 

'i'VR: 
mm 107 -73 52 164 -14 

30 dB 	?/m 	- 	- 	- 	- 
sd 	•5% 

10 dB 71m 
sd 

w 4 
control 

✓m 	70 -148 -55 -78 177 	0,5 -105 151 -60 145 
Yn - 	- 	- - - 

sd 	- 	- 

Intensity .Test 	 Harnorics 
/2/u/ 

1 2 3 4 5 6 7 8 9 10 

-79 -174 -30 159 -84 	70 -139 31 -88 175 

- v \! 	
4m 	-95 '68 -82 123 -24 	36 -106 97 -57 127 

0 dB 	1111 	2% - 	5% - 	2% - 
ad 2% - 	2% 	1%  

59 -171 -106 -63 178 	-2 -123 -36 165 	79 
( control 	1rn 
I 	sd 

aaa Joe ,,I 



Intensity Test Harmonics 

J BO dB 

30 dB 
e0  m 	160 -43 	21 178 -29 

m - 5% 2%  - 2% 
ad - 5% 1% - 2% 

75 -107 -18 99 -85 
.1 	- 	- 
.1% 5% - 

6 7 8 9 10 

156 -17 170 76 -172 
.1% .1% 2% .1% 5% 
1% .1% - .1% - 

151 -23 156 -9 '154 
.1% .l% .1% .1% - 
.1% .1% .1% .i 

132 -45 105 -40 128 
1% .1% 2% 1% • - 

.1% .1% .1% 1% - 

105 -39 114 -14 ..46 
- .1%  5% - - 
- .1% 2% - 

65 -87 23 -95 26 
1% - 2% - - 

.1% - 1% 

1 2 3 4 5 

-33 -86 • 11 157 -18 
- - .1% 2% .1% 
- - .1% - .1% 

49m  
7m 
ad 

Bm 	142 -71 35 -163 -4 
60 d? 	1% .1%, .1% .1% 

ad 	.1% .1% .1% .1% 

Am 	2 -129 16 166 -37 
40 dB 	jGm 	 .1 , 2% .1% 

ad 	- 	.1% 2% . .1% 

.Teat 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

°lm 110 -20 -11 49 -102 29 78 -61 87 -24 
Pm - 5% - - 2%  - 55. 
ad - 	• - - 1,% - - 

Om 149 31 -78 62 -3 -166 -41 -21 59 -153 
0.m 2% 5` - 
ed 2% 2% - 

am • 16 -26 35 -51 3 102 7 -30 61 -123 
Pm - 256 - - 
ad - - 

sin -80 66 -56 187 86 31 -10 -49 56 -8 
juin 
ed 

-  

control 

Intensity, 

/.2,4K/ 

"i‘rj/\/  
10 dB 

0 dB 

} control 
I 	ti   

3co 7sJ 

Table 4-civ. Subject LS, F, age 20, at 1 kHz. 



Test 

1 2 3 

Harmonics 

4 	5 	6 7 .  8 9 10 

412m 30 -177 -4 151 -66 111 -57 61 -143 18 
n .1% .1%, .1% .1% .1% 2% - - 2% .1% 

ad .1% .1% .1% .1% .1% 2% - 2% .1% 

a m  -8 -174 -4 155 -36 85 -98 124 -47 76 
7/•m .2% .1% .1% .1% .1% 5% - - 
ad i% .1% .1% .1% .1% - 5% - 

em -32 137 -82 91 -102 63 -142  47 -180 -80 
?/m -- 2% .l%  2%  - - - 
sd - 1% .1% 1, - 

Om 29 138 -73 83 -123 60 -100 174 49  -109 

7m 5% 51- 55, 

sd - 2% 2% 

Bm 60 163 -93 39 -179 -73 75 68 32  -98 
m - - 5% 5% 27'0 

1-f ad 2% - 
10 dB 

✓c. 

Intensity 
/ .,e4t/ 

70 dB 

50 dB 

30 dB 

\NP1?\f/j 
 dB 

;oat 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

m 

ad 

6 69 -156 32 81 31 . 77 -94 113 -88 

Bm 6 139 -56  -85 144 -4 -151 14 -135 e6 
7/r. 2% - - - 
sd 2% - 

mm 1 121 -158 -96 93 -36 -156 73 144 -134 
?/m 
ad 

-49 84 -121 86 3 -107 168 -13 154 119 
?6m 
ad 

control 

} control 

Intensity 
/2.,kt/ 

-10dB 

Table 4-cv. Subject DF, F, age 20, at 500 Hz. 



Teat 

1 2 3 

Harmonics 

4 	5 6 7 8 9 10 

pA -38 158 .-39 120 -75 45 -145 11 177 18 

7m - 1% .1% .1% .1% — 5% -  

ad - .1% .1% .1% .1% 2% 2% 

Bm 159 163 -38 123 -77 32 132 -45 -177 38 

?ha 5% .1% - - 2% 5% 2% 

ad - .1N - 1% 2% 1% 

Bm -81 132 -29 132 -118 9 105 46 -164 -68 

71m 
sd 

am 176 179 

2% 

-21 120 -90 58 

- 

12 -141 47 120 

~m 2% 2%" - - 
ad 1% ' 	1% 

Am 21 155 -73 77 -130 39 40 -154 19 115 

74m - 
ad - - - 

Intensity 

80 dB 

60 dB 

j\NW 
40 dB 

*IVni\e'1 
30 dB 

l 	
20 dB 

I i,, s„ ass 

'Teat 

1 2 3 

Harmonica 

4 	5 	6 7 8 9 10 

'I'm 91 178 -28 142 -41 -28 129 -76 -33 65 

76m - - 5% - 

ad 5% - - 5% 

Bm 32 158 -46 69 -127 -98 -44 -148 98 13 

?.$m 

ad 

am -29 91 -96 89 -60 98 -99 -62 7 146 

?Gm - - 
ed 5% - 

mm 76 -101 38 180 -9 71 -123 -159 51 7 

?ha - 

ad - - 2% - 

Intensity . 

/Z,lt/ 

10 dB 

0 dB 

control 

v V( control 

Table 4-cvi. Subject DP, 7, age 20, at 2 kHz. 



am 

sd 

Bm 

7/m 
ad 

?/m 
ad 

~m 

'm 
ad 

-167 	123 	11 -123 

Test 	. 	Harmonica 

L91fl 	150 -127 	62 -118 	70 	-55 -172 	60 -179 	110 

	

1 	2 	3 	4 	5 	6 	7 	8 	9 	10 

172 -129 	69 	-98 	123 	6 -150 	31 -166 

	

- 	.1% 	.1% 	.1% 	i% 	.1% 	1% 	1% 

	

.1% 	.1% 	.1% 	1% 	.1% 	.1% 	.1% 

116 -104 	54 -102 	81 	-79 	135 	-28 	-87 	137 

	

5% 	- 	5% 	1% 	.1% 	2 	- 	- 

	

- 	- 	2% 	.1% 	.1% 	2% 	- 

	

5% 	2% 	5% 	- 

	

2% 	5% 	2% 

79 -109 	37 -107 	155 	10 

4 

/2/u/ 

Intensity 	!rest 
• 

-20 dB 	PI 	5% 	- 	- 

	

1 	2 	3 

	

ad 	- 	— 	— 

0 dB 	7/rn - 

-10 d3l - 

Harmonics 

B m 	-108 	76 -130 	-51 	147 	34 	-94 -163 	174 	-21 

ad 	— 	- 	- 	- 	- 	- 	2% 	- 

em 	-17 .143 	-38 -123 .179 	13 -164 	116 	-18 	46 

ad  

37r4 	,193 	77 	-27 	110 	-63 . 107 	-57 -135 	87 	-82 

4 	5 	6 	7 	8 	9 	10 

Av 	.ke Was 

30 dB 

20 dB 

 

.ev 

Intensity 

/2„lu/ 

50 

Table 4-cvii. Subject GP, H, age 18, at 500 Hz. 

n) 

N 



Intensity Test 	Harmonics 

1 2 3 4 

dim 119 -67 . 	84 -105 

7im 1% .1% .1% 

sd 1% .1% .1% 

69 -93 94 -90 

?lm - .1% .1% 

sd .1% .1% 

em 

40 dB 	?lm 

sd 

dOm 

f
30 dB 

t 	
sd 

ea, 300 

5 6 7 8 9 10 

72 -63 146 -47 -159 35 

.1% - .1% 

.1% .1% 

88 -64 154 -29 -166 67 

.1% .1% 5% 2% 5% - 

.1% .1% 2% 2% 2% - 

-19 129 -93 19 154 36 
2% - - - - 
i% 5% - 

72 -129 19 -128 4 -142 

2% - ,  
1% 

- 

-34 154 7 -165 

2% 2% 2% 

2% 2% 1% 

-145 -84 73 -106 

.1% 2% 
- .1% 2% 

80 dB 

Intensity • Test 	Harmonics 

1 2 3 4 5 6 7 8 9 10 

&m -89 -164 77 -111 65 -132 36 -63 121 20 

~!m - .1% .1% 1% 2% - - 1% 

ad - .1% .1% 2% 1% - - - 1% 

Om 

m 

ad 

-64 114 57 -133 71 -110 24 164 

59 

-57 

- 

73 

Om -27 165 -87 111 -76 167 -55 172 -166 37 

5% 1% - - 2% 

ad 2% l% - 1,{. 

Om -119 161 -58 86 -177 89 •-22 -70 140 -44 

?6m 

sd  

. 	- 

20 dB 

0 dB 

t 	-10 dB 

40 Jo* r..s 

10 dB 

Table 4-oviii. Subject SH, F, age 20, at 2 kHz. 



Harmonioa 

1 2 4 5 6 7 6 9 10 

10 -107 69 -97 102 -29 178 -95 -17} -16 

1}0 -61 .115 -79 104 -26 171 121 }7 177 

1", .1~· .17~ 1% 2% 21-

1% .l?~ .l~ .1% 2:J~' 2rJ, 

96 -A7 76 -112 67 -106 119' -27 176 -27 

2~ .1% .1~:, .1~" 1% 5% 

2% .1% .l~~ .l~~ If. 

-149 -59 99 -100 6} -76 110 -64 6} -169 

1:-, .1<, .1;", .15: .1% 2% 5% 

1% .1'/, .1~{ .17> .1%' 2% 2% 

Table 4-o1x. Subjeot RE, F, age 20, at 2 kHz. 

r lrlt.eti[]t ~y 

ls~ _ 
\Jv\/v 

30 dB 

~ 
20 dB 

10 dB 

~ 
t 0 dB 

, \ 
/ot> ~ 'MS 

61m 

(fm 

ad 

1 2 

153 -77 

-164 -95 

-116 -147 

119 -88 

4 5 6 7 Cl 9 10 

93 -91 109 -60 49 -135 -154 56 
2<' 

" 
2", ;-

27 -159 23 173 68 -101 -19 144 

1% .1~ 2% 

.1?~ .1~:J l~ 

15 -169 91 57 -28 165 102 -175 

5,' 
" 

-6 112 -99 52 110 -61 ~170 6} 



Bm 
7~m 

ad 

29 148 152 -66 117 -46 -66 171 	70 -155 

- - .1% 1%. - .. - - - 
.1% 1% - 

-10 dB 

dm -176 	18 -68 -78 140 78 -30 90 -137 28 

7{m 	5% 	- 
ed 	2% 	- 

-20 dB 

Area 

-133 	22 -116 104 	7 162 -49 	45 
	

2 142 

Intensity , Test 	Harmonics 

2 3 4 5 6 7 8 9 10 

-99 106 	43 -127 	63 -77 -161 	15 -138 	33 

	

49m 	-88 123 -38 -175 -32 	99 -98 -76 	-1 153 

	

0 dB Im 	- 	5% 5% - 	5% - 

	

ad 	2 % 2% - 25 

tvm 
10 dB 	?'m 

ad 

Intensity Test 	Harmonica 

1 2 3 4 5 6 7 .8 9 10 

am 	-1 144 .-23 -86 119 	38 -144 -59 -140 69 

70 dB 	7Gm 	- 	- 	5% 5% 5% - 
ad 	- 2% 2% 5% - 

•Bm 	39 179 	99 -53 132 -23 -137 	39 -145 	76 

50 dB 	76m 	- 	- 	2% .1% .1% .2% .1% .1% 5% - 

ed 	1 .1% .1% 1% .1% .1% 5% - 

	

m 	13 -165 	62 -92 101 -91 116 -26 167 -11 

	

ism 	- 	- 	1% .1% - - - - 

	

ad 	- 	1% .1% - - - 	- - 

/ao ..iso 

/2 

Table 4-cx. Subject EB, F, age 18, at 1 kHz. 



intensity 	Teat 

Blin 
Harmonica 

1 2 3 4 5 6 7 8 9 10 

Intonaity 

4/al 

V ` 

 

Teat 	 harmonica 

3  4 5 6 7 8 9 10 

I 

e9m  

ad 

-139 -52 77 -108 	94 -49 103 -93 115 	-7 

.1q' .1% .1% 1% 5% 5% - 

1% 10 .1% 1% 2p, 10 - 

	

871 	129 -164 	41 -141 -8 	62 -117 -154 68 -133 
20 dB 	?hm 	- 	- 	 - 

	

ad 	 - 	- 	 - 

20 B 

0 dB 

Pm 	96 -109 61 -109 	87 -55 120 -56 180 28 
60 dB 	71m 	- 	- 	.1% .1% 1% - 	5% - 

ad 	 .1% .1V,  .1% - 5% - 

Om -139 -132 	73 -92 	96 -65,-172. -47 153 151 

40 dB 	len 	- 	2% .1;4 .1% 5%• - 	- 	- 

ad 	 2 .1% .1'j 5% - 	- - 

c9n 	.458 	69 	32 -126 -173 125 	1 172 	63 -96 

ad 	 - 

eVm -142 104 -64 125 	22 116 -38 -120 	58 -122 
m 	- 	 2% 5% 

ad  

• 1 
100 3oo 7,5 

30 dB 
Bm 
7/m 
ad 

106 -97 	87 -76 	D5 -128 47 -85 154 -166 
2% 5% 5% 	 - 

- 	5%. 5% i% 2% • 5% 	- 

9m  
-10 dB 	?6m 

ad 
.vo 30e int 

143 169 	1 147 -143 109 	27 -152 -159 -52 

Table 4-cxi. Subject AP, F, age 20, at 4 kHz. 



Test 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

8 -176 45 -98 116 -42 158 -42 144 -3 

7!m 2% 5% 1% 5% 5% 2% - - - - 

ed 2% 5% •1% - 5% 1% - - 

Bm -147 -33 118 -99 101 -88 102 -59 180 35 

sd 
- - 2% 

1% 
i% 

1% 

5%. 

5% 

2%. 

- 

2% 

2% 

2%, 

2% 

- 

- 

Pm 28 -113 76 -107 91 -82 97 -82 111 -8 

?;m - 1 1% .1% 2% - - 5% 5% 

ad • i% 1% .1% 2 - - 2% - 

Om -72 168 48 -103 101 -72 88 -90 36 -142 

71m - - - - 5̀ .' . - - 5% - 
ad 5% - 5% - - - 

• 

Intensity 

8d 

60 dB 

40 dB 

.re 3co 7A4 

Test Harmonica 

2 3 4 5 6 7 8 9 10 

e'm -63 165 4 -153 23 -53 67 -102 -174 3 
?!m 2% - - - - 
ad 20 - - - - 

Bm -44 168 23 -152 30 -38 58 -87 142 144 
~!m . - - 5% - - - 
ad 

am -89 

5% 

122 

- 

-21 

5, 

170 

- 

-13 

- 

88 -99 80 -48 72 

76m - - 5% - - - 

ad - 2% - 

Am 176 84 -81 116 -116 85 -32 155 -121 -5 

Pm - 5% - 

ad 27 - - 

Intensity 

"211A 

10 dB 

0 dB 

-10 dB 

ft 

20 dB 

Table 4-cxii. Subject A2, F, age 20, at 1 kHz. 



Intensity 	.Teat 
G,k<! 

B m 	166 -54 66 -119 86 -82 122 -40 141 -37 
jl m 	- 	1% .1p .1% .1% .1% 1% 59, - 	- 
o d 	.15!  .1% .1% .i%' .1% 	1 	- 	- 	- 

am -109 	81 -17 -139 	95 -122 
40 dB ?hm 	5% - 	 - 

sd 5% - - - - - 

4/ m 	169 -125 	27 -138 	54 -133 	96 -94 178 -40 

20 dB 	?6m 	- 	- 	2% .1%. 1%  - 	- 	- 	- 	- 

1 ad 	- - J. .7% 1%  - - - - - 

U Om 	158 -151 	22 -177 	-2 151' -84 126 	52  -69 

	

10 dB 	?lm 	- 	- 	.1% .1% 5% - 	- 	- 	- 	-  
sd - - •17 .1%  5% - - - - - 

elm 	-112 	02 -67 12; -57 	48 -112 	47 .-144 -92  

	

0 dB 	?Am 	- 	- 	- 	- 	- 	- 	2% - 
od - - - - - - 2% 55.  

55 -45 -34 -176 	7 -166 -116 	5o 178 	29 

- - - - 5% - - - - 

Harmonics Harmonics 

Table 4-cxiii. Subject GD, F, age 19, at 2 kHz. 



3!m 

ad 

2% .1f. - 	- 	- 
1% .1% 

Intensity 
B,tul 

Teat 

1 1 

am 134 -66. 

70 d3 7,1m 5% .1% 

nd - .1% 

am -177 .,37 

5o dB %Lm 5% 2% 

ad 2% 1% 

30 dB 

Pm 

pm 

sd 

-159 -89 

-129 -77 

Harmonica 

5 6 7, 8 9 10 

151 103 -103 81 -89 161 

.1% 1% 5% - 

.1% 1% 5% - - - 

.135 -20 -162 7 111 -54 

.1% 1% 5% - - 

.1% .1% - - - - 

109 -13 -47 153 -77 40 

.1% - - - - - 

.1% - 

62 81 -151 137 90 -109 

3 	4 

70 -114 

Intensity, Test 	 Harmonica 

5 

40 

- 

- 

6 

174 

- 

7 

-62 

- 

- 

8 

-174 

- 

9 

39 

- 

10 

177 39 152 -46 107 135 

152 5 -21 172 149 26 

- - 	• 5% 
- 2% 

159 26 -29 -154 161 -49 

Om -167 65 -103 -15 

-10 dB 	Pm 	- 

ad 	5% - 

6'm 143 -8 145 -54 

-20 dB 	Pm 	- 	5% 	- 
ad 	5% 

op Sas r s 

2 
	

4 

39.-133 	58 -142 

10 dB 	?its 	- 	- 	2% .1% 

ad 	2% .1% 

am -170 170 -9 7 

0 dB 
	

5% 2% - 
ad 	- 2% - 

Table 4-cxiv. Subject GD, F, age 19, at 500 Hz. 



.~rv 7n.f 

..Test 

1 2 3 

Harmonica 

4 	5 	6 7 8 9 10 

am -10 -94 122 -114 74 .-53 -157 47 -10 155 

..rt 
ad 

-137 105 sū -1;1 176 168 7 -133 125 51 
7-Sm 
ad 

Am -152 .131 -5 -23 165 --11 . 	42 -89 158 83 

?m 
ad 

rPm -101 146 111 -29 32 -159 -23 126 -144 141 

PM -10 dB 

Intensity 

V 
10 dB 

0 dB 

Intensity Test Harmonica 

1 2 3 4 5 6 7 8 9 10 

0 dB 77
9m 

Y m 

-159 
5% 

-61 
.1% 

-43 
.1% 

151 

.1% 
149 

.1% 
-12 
1% 

177 
2% 

55 
2% 

-115 
2% 

119 
- 

ad 2% .1°% .1% .1% .1% 2% 2% 2% 1% 

Om -148 -2 152 -50 127 -36 157 23 -133. 1N  

60 d13 jlm - .1'' .1% .1h. 2% 2% 2% 5i% - 
ad 2% 1% .1%, .1% 1% 1% 1% 2% - 

6,m -69 66 160 -78 99 -76 156 -7 161 -75 

40 dB ~Gm .1% .1; - 5% 5% - 
3d 

Sm 143 -37 84 -Z19 39 -96 161 152 -138 58 
30 dB sGm - 2% - 

4  	e 	. ad 2% 2% - 
.tb iw 7.ts' 

Table 4-ezv. Subject $C, F, age 20, at 1 kHz. 



Harmonics 

2 3 4 5 6 7 8 9 10 

2. 149 -33 161 -12 162 4 -122 106 

71m 5% i% .1% .1% .1 .1% 5% - . - - 
ad 5% 1% .1% .1% .1% .1% - 

m m -5 -85 111 -67 103 -63 170 30 -162 -20 

m - 5% .1% .1%. .1̀," 1% - 

ad - .1% .1r• .1% .1% - 

Bm -145 -36 122 -66 136 -7 -178 4 -161 70 

71m . - 1% .1% 5% 2%  - 5% 

sd - 5% 1% .1% 2%. 5% - 5% 2% 

Am 175 52 60 -55 1).1 -116 103 -109 73 83 

Jf m .1% 2% - - 
ad - - .1% 2% - 

Test 

Am -135 

Intensity 

:
1 

Vv U 
90 dB 

70 1B 

50 dR 

40 dB 
• t 

3+✓  vos /AP 

Intensity. Test 	Harmonica 

/slid 

30 dB 

20 dB 

\/1v 

	V  

10 dB 

ion  3ao as 

am 

um 

ad 

am  

1 

132. 

-173 

2 

-73 

-21 

3 

82 

107 

4 

-72 

-72 

5 

87 

s6 

6 

-177 

-59 

7 

41 

64 

8 

-135 

-99 

9 

-137 

83 

10 

54 

04 

Pm 2% - - - 2% - 
ad 

mm  

pm 

ed 

mm 

152 

-175 

138 

-2  

.1%. 

9 

39 

5% 

-177 

-72 

24 

94 

90 

-105 

5%•. 

-121 

67 

2%, 

-15 

-119 

- 

103 

147 

-12 

-5 

Pm 

ed 

Table 4-oxvi. Subject KC, 2, age 20, at 4 kHz. 



am 
Pm 
ad 

59 -97 104 vAAA 30 dB 
	I 
, 3m int 

174 -52 	77 -111 96 -61 155 
a% .1%- .1% 5% - 

.1 .1% .1% 	- 

1 2 3 4 5 6 7 8  9 10 

am -171 -37 137 -41 136 -19 -139 49 -120 49 
80 dB 	pm 	- .1% .1% .1% .1% .1% 2% .1% 5% - 

ad 	.1% .1% .1% .1% .1% 1% .1% 2% ,- 

U "-k 	4 m 	125 -42 133 -55 129 -16 -163 33 -85 -171 

60 dB 	?m 	2% .1% .1% .1% .1% .1% .1% - 
sd 	- . .1% .1% .1% .1% .1% .1% 

4m 	128 -66 102 -86 99 -76. 117 -78 -147 94 
40 dB 	pm 	.1% .1% .1% .1% 5% - 	- 	- 	- 

sd 	.1% .1% .1% .1% 2% 

1i 	 e2 m 	85 

IV/  20 dB 	?im 
sd 

Am 149 
10 dB 

	

sd 	5% 

Om 180 
0 dB 	?'m 

sd 

-10 dB 

..3a0 7n5 

dvA, 

Intensity 	2'cī+t 	 Harmonics 

Om  

?'m 
sd 

-29 

Inte
h

nsity 	Test 	 Harmonics 
.O
5
i4t.) 

2 3 4 5 

-90 80 -107 71 
5% 1% 

- 2% 1% - 

6 7 8 9 10 

-105 3 62 -140 26 
1" 2% 

- .1% 1% 

146 -50 139 -50 -39 98 -154 -4 11] 
1% - 2% 2% - 

- .1% - 1% 2% - 

.90 -42  -101 103 -720 49 -77 129 -7 

165 -54 149 143 -30 177 145 4 65 

Table 4-cxviL. Subject SC, F, age 22, at 2 kHz. 



Intensity 	Test 

/o,1w/ 

Harmonics 

1 2 3 4 5 6 7 8, 9 10 

am 129 -49 127 -50 139 -27 160 9 8 138 

Y!a • 	1% .1% .1% .1% .1% 1 ō - 	- 

sd .1% .1% .1M .1% .1; .1% 

35 .77 121 -69 118 -41 -129 -28 165 	3 

- 	5% .1% .1`'' .1% - 
.1j' .1% .1% - 

Bm 

ad 

93 -38 75 -105 	77 -95 99 -60 87 -92 
• -. 20 .1% .1% .1'.•; .1% 5% -  

- 2% .1 .1% .1% .1% 2% - 

170 -94 62 -92 111 -55 105 -98 109 -16 

5 - .1% .1%.1%.1, .. 	- - 

-- - .1% .1% .1% .1% - 2% - - 

20 dB 	;im 
. ad 

Bm 

10 dB 	?Im 
sd 

V ~ ~ 
am 

	

0 dB 	?An 

sd 

.pm 

	

-10 dB 	7lm 
sd 

.x» .3+o aat 

Intensity 	Test 	Harmonica 

1 2 3 4 5 6 7 8 9 10 

123' -97 70 -126 9 155 -19 10 -177 -11 

5% - 

-84 -179 -20 -141 -143 125 -3 -99 -97 116 

30 -103 -115 32 -170 154 -26 175 150 -24 

-129 17 61 -93 166 30 -153 -91 -155 -1 

51% — 

Table 4-oxviii. Subject SC, F, age 22, at 500 Hz. 



Dm  

sd 

20 

53 -151 	9 -145 

5% 

 

9m 

sd 

1 	

40 dB 

t 

4 -167 	34 -114 

Sr' 15% 2% 2% 

2 ..1% 2% 1% 

Test 	Harmonies 

5 	6 	7 	8 	9 	10 

89 	-73 	113 	111 	-87 	125 

15; 	.1% 	- 

- 

89 	-72 	129 -45 	97 	125 

.13 	- 	- 

.1% 

61 -129 	78 -162 	-10 	102 

- 	- 
- 

80 	-58 	132 	11 -130 	89 

Dm  

sd 

1 	2 	3 	4 

12 -150 	46 -116 

5% 	- 	. rip 	55/, 

.1,' 5,' 

am 	30 -161 	42 -101 

70 dB 	55; 	2;:. 	1;i. 	i% 

sd 	1% 2% .1% 1% 

Intensity 

/0/i.t/ 	• 

Test. 

1 2 3 

Harmonics 

4 	5 	6 7 8 9 10 

B m -7 -151 24 -165 4 -36  154 -54 145 44 

30 dB 16m - 5'' 5';!, - - 
od - 2%. - - 

Am 9 89 -e6 117 -91 .72  -97 -168 -2 -156 

20 dB ?im 

sd 

67m  26 179 15 -132 -102 103 -96 87 26 -76 

10 dB ?r - 1% 55 - . 	- 5`;=,  - 
od 5% •i% - - - - 

Bm 49 134 -75 93 -164 8 156 -22 167 9 

0 dB ?im 55' - - - 5 ,  - 
	, ad 2''r' - 5 - 5;,  

I

Intensity 

Table 4-cxix. Subject AR, M, age 19, at 1 kHz. 



Intensity 	Teat 

lvtrt/ 

74 am 
?!m 
ad 

Vt`.11 ' 
50 dB 

am -6 
40 dB 	?lm 	- 

ad 

139 
- 
- 

w( 30 dB 	7lm 
I I 	t  

., .„ ,...s s d 

Harmonica 

2 	3 	4 	5 	6 	7 	8 	9 	10 

-102 	79 	-80 	122 	-27 -170 	23 	-69 	74 

.1% 	.1% 	.1% 	.1% 	.1% 	2% 	5% 

.1% 	.1% 	.1% 	.1% 	.1^ 	1% 	2% 	- 

-62 	87 	-85 	101 	-57 	134 	39 -119 	95 
- 	.1% 	.1%. .1% 	1% 	- 	- 	5% 	- 

.1% 	.1% 	.1% 	.1% 	2% 

-123 	79 	-82 	108 	-07 	131 	-18 	174 56 

- 	.1% 	.i% 	.1% 	2% 	_. - 

- 	.1% 	.1% 	.1%, 	1% 	- 

-107 	90 	-85 	97 	-83 	118 	-67 -179 	52 

5% 	.1; 	41% 	.1% 	.1% 	2% 	- 

- 	.1% 	.1% 	.1% 	.1% 	2% 

-88 	85 	-89 	89 	-84 	42 	-87 	127 	-55 
2% 	.1% 	.1% 	2% 	- 	- 

1% 	.1% 	.1% 	1% 	- 

1 

L 1\4\ Bm 112 

90 dB 	?6m 	- 

	

ad 	- 

N1!^ m -165 
d6 ?!m - 

sd 

Teat 	Harmonics 

1 	2 	3 	4 	5 	6 	7 	0 	9 	10 

(Om 	122. -89 	74 -125 	42 -123 	75 	-97 	129 	6 

7/m 	- 	5% 	.1 	.1% 	- 	- 	2% 	2% 	- 
nd 	2% 	.1% 	.1% 	- 	1% 	2%' 	-, 

am 	-50 -144 	40 -108 	115 	-22 	-56 -143 	56 	-144 

~m 	- 	.1% 	Sr' 	- 	5:~ 	2% 	~ 	- 2% 	2% 

sd 	.1% 	5% 	2% 	1',1. 	1% 

am 	'94 -177 	5 	167 	-41 	•149 	-51 	166 	-7 -177 

7/m 	- 	2% 	1% 	1% 	- 	- 	2s% 	- 

ad 	- 	2% 	1% 	1% 	- 	- 	2% 

Om 	-152 	171 	-10 -152 	146 	122 	16 -123 -174 	43 

Pm 
ad 	- 	- 

Intensity 

!awl' 

20 dB 

10 B 

0 dR 

control 
, , ,  

!an 
 

..Azy Ins 

• Table 4-cxx. Subject RX, 14 age 19, at 4 kHz. 



I In'onoit, 
Test Harmonics I Inten,Hy. 'rest Har:'1onics 

/(),IW /~ 
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 

~ e1rn 152 -84 119 -82 92 -55 116-117 116 -32 ~ tlm -137 104 -64 53 -154 'SI -94 34 -1·~9 105 

ftrn 2f. 5% 1% o dB jPt1 -d ", 
od 1~ 5% 2<' 2~(, '" 3d 2~ 

Nv(' " 
Om -39 141 106 -79 91 -106 49 89 116 -109 ~ t1r:1 -162 29 60 -96 114 164 9 -116 -173 124 

30 dF fir.. .1~1 2~:'~ (tr.l 57~ 
3d .11· l/~ od 51· I\) 

I\) 

.~ ~ 1 

\J1 

/Pm -92 162 31 -133 72 -114 42 172 -1 8 &lm -144 -l2 -56 130 58 -20 -67 -74 86 175 
7t::l .l~~. .1~~ 2% 

t I ~2~ ~B I'm - j 

sd .l~'~ .17~ l~~~ od 

JVv 
,.". ~ ?od 

tPm 159 -23 -18 167 18 -124 -29 175 49 -128 L 10 dll Jtr.. 2~~~ J~'~ 2~'~ :-

I I I 3d 1~ 2~~ 2~~ 5~{. 

--- .la> ~ 

Table 4-cxxi. Subject CK, P, ace 19, ~t 500 Hz. 



Teat 

1 3 

Harmonics 

4 	5 	6 7 8 9 10 

am -143 9 118 -67 126 -33 170 -62 -67 77 

jJm . 5% - - 1% . i% - 

sd 1;' 2% - - - 

-142 -39 04 -125 51 -128 -88 50 -144 56 

~6m 

- 
2%. 

-  

ad 1% - 

am 46 -134 39 -116 107 -35 157 152 -121 17 

Pm - - 2% 5% •5% 2% - - . 

ad 1% - 5%. 1% 

-129 -115 49 -119 58 -165 22 -137 85 -117 

ym - - 2% 2% . 

ad - - 2% 1% 

20 dB 
• • 	'  

zoo .370 acs 

80 dB 

30 dB. 

V Pm 

Intensity 

40 dB 

Intensity 	'Pest 	Harmonica 

• 

1 2 3 4 5 6 7 8 

172. 35 -9 160 -24 114 -135 -2 am 

10 dB 

j\W\ 
0 dB 

m 

	

-10 dB 	?Gm 

	9 	ad 
Ayo Le 

5" - 
2% - 2% 2%  

-165 159 -99 41 -110 78 -93 133 

- 2% 1% - 
2% 

71 91 -01 05 -131 -06 53 -78 

5% 
- 2% 

9 ]0 

26 -142 

'film 

ad 

Om- 

sd 

-89 	4 

139 -55 

- 
2% - 

• Table 4-cxxii. Subject CR, F, age 19, at 2 kHz. 



8 9 10 

am 	167 -54 	76 -118 64 -117 -176 	3 -161 	34 

9011  Wm .1 ,  .1 .15'. 	- - - - - 
sd .1; .lf .15 .1;3 2; - - - 

am 	159 -64 75 -117 	57 -58 -165 	3 	51 -76 

70 di, 	Xm 	- 	- 	.1;' .1; 	2`. 	- 	- 	- 

sd 	- . 5 .15 .15 2 	- 	- 	- 	- 	- 

am -151 108 -39 155 -16 121 -95 -162 	58 -62 

10 dB 	?i m 	- 	- 	2V, 	2,i, 	- 

sd 	it - 

am 	-165 -128 	22 -155 	3 	54 172. -110 -28 -135 

50 dB 	?Lm 	2;4 .15 

sd 	- - 1}S .15 - - - - - - 

Table 4-cxxiii. Subject SR, M, age 20, at 2 kHz. 



I In',",I" Test Ual11\onico I In""' 1', TODt lIar .. onicll 

IP~ /.1,w 

1 2 , 4 5 6 7 6 9 10 1 2 3 4 5 6 7 6 9 10 

~ .9-m, 95 -111 61 -103 96 -91 159 678 21 53 ~ 61 m 110 . -5 92 -104 85 -11\1 -33 -163 78 -17 
2'/ .1i, .1% .1~ 5~ 2<' 60 dB p~, I" 10 dB j'tm r' 

Dd 1% .15~ .1~~ 1") . ," Dd 51- 2~~~ -

~ P ... 165 -:-71 64 -i,1} 31 -157 44 -81 154 62 Jv;;; &'m -164 02 -36 1)8 39 -64 144 -23 41 167 

40 dB ?Jrn 5~" .11, .l~~ . • 1~~ .1~'r, fJrr. 
sd .1~:. .1?~ .l~··~ .1~~ od 

I\) 

~ ~ 
I\) 

.!Itn -2 -165 ' tlm 
00 

-91 1;9 45 -130 37 153 2 11 152 -17 -1,6 -9; 163 -53 -104 82 -93 1~1 

;0 dB ?Itn 1'" . " .1~~ . 1~~ -10 dB pm 
s'd .1~ • 1~j 1~~ • 

A 
ad 

I~ .9m -151 -174 -6 165 -39 79 -57 -137 68 -143 ,pm -160 65 -64 114 -16 4;' -144 12 91 -85 

t 20 dB ]hn 2~ 2~ 5~~ t I ~2~ dill 
?Jrn 2;<- 1~'~ 1" 2~!· 1~', I' 

ad 1% 170 5~~ od 2'" 2'.0' 11, 2~/' 5~': 2'f. 
• I I I " " 

IH .il«1 ~ ,,- ..." ?>oS 

1able 4-cxx1v. Subject SR, M, age 20, at 500 Hz. 



Intensity 	Test 	 Harmonica 	 Intensity 	Test 	 Harmonics 	 . 

1 	2 	3 	4 	5 • 	6 	7 	8 	9 	10 	 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 

49m 	-166 	-29 	142 	-52 	138 	30 -101 	89 	-49 	3 	 Am 	-150 	99 	-28 -154 	57 	163 	-14 -13e 	86 -119 
70 dB 	7.4.1 	- 	2% 	• 1 	• .1i% 	5,-/., 	- 	- 	- 	- 	- 	10 dB 	7m 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 

I 	%./ 	2% 

Bm 	128 	-30 	138 	-45 	113 	16 -105 	33 -163 -115 	 i'm 	16 	-76 	95. 	-94 	104 	84 	-53 -176 	34 	140 
50 dB 	Pm 	- 	5i% 	.i% 	2% 	- 	- 	- 	- 	- 	- 	 0 dB 	n 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 

ad 	- 	. 	- 	.1% 	2% 	- 	- 	- 	- 	- 	- 	 sd 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 

On 	-135 	27 	154 -110 	e6 	-36 	149 	-97 	84 -166 	 6'm 	-119 	67 	10 -166 	33 	-15 	-49 	141 -135 	-82 
30 dB 	jGm 	- 	- 	- 	- 	- 	5r 	- 	- 	- 	- 	-10 dB 	Pn 	- 	- 	51'. 	5!,; , - 	- 	- 	- 	- 	- 

ad 	- 	- 	- 	- 	- 	2r 	- 	- 	- 	- 	 sd  

ff 

 

mm-166 	-68 	Al -117 	25 	35 -175 	-90 	133 	-2 	 mm 	-164 	18 	98 -153 	-16 	104 	-98 	113 	-73 	-39 
T 	213 dll 	Prn 	- 	- 	_ 	2,:;. 	.- 	_ 	- 	- 	- 	- 	J 	-20 dB 	im  

.ta a 	—.30,— 77,s 	 „a, 	000hx.s 	. 

• 

• 
'"^1.1 	"-^.-•. 	(.....1.4...44.  	w , 	F 	a 	o 	23 	at 	1 	kH.  z  • 



Inteneity 	Teat 	 Harmonica 

'm 
m 

ad 

1 

-143. 
5% 
2% 

2 

63 
5% 

3 

-47 
- 

4 

119 

5 

-86 

67m 179 28 -71 -144 '66  
Pm - 5% - 

ad 2% 

Am -173  20 -64 -139  52 

ad 2% 

0 dB 

-10 dB 

6 7 8 9 

74 -74 113 138 

-94 -42 146 -88 

- - - 

-49 -112 -151 132 

63 

-49 

10 

-93 

Intensity 
/O,tu/ . 

Test 

1 2 3 

Harmonica 

4 	5 	6  7 d 9 .10 

ilik\)(j\Ir 
am -58 -76 82 -115 62  -69 ' 155 -63 .121 -48 

60 d1. -Om  . - - 55f,  2% 2% - - 

sd - - 29% 2% - 

'11/11\)/A.‘ ..47 m.  -149 .14 169 -115 28 -142  38 24 -53 -162 
40 dB ?im - 2% - 5%. - - - -  

sd - 2% - 5% 

am  -165  34 -51 -143 50 -95 -23 161 -32 123 
20 dB ?k, - - - 5% 2% - 

ad 5% 1;4. - - 

Bm -170 16 -91 173 29 135 -61 180 28, -167 
10 dB Pm 5"/ 5 - - 5% - 

I 1 	• ad 2% 2% - - 2% - 1 

Table 4-cxxvi. Subject BS, F, age 23, at 4 kHz. 



34 137 -54 	99 -126 	06 -41 120 -87 120 

- 	55; 

sd 

Intensity 	Test 	Harmonics 

1 2 3 4 5 6 7 8 9 10 

Intensity 	Test 	Harmonics 

/0, w' 
1 
	3 4 5 6 7 8 9 10 

j 20 dB 

84 -96 124 -39 151 	-6 -149 	68 -68 123 
2 . 	.1''~ .1% .1%, %, o ,J % 1 ,~ 	i 	.1, 	.1 j, 	2 	1,5 
2%., .1;'' .1;4 .154 .1'4 .1j .1‘;', 2%, 	2%., 

Om 	62. -116 	49 -99 	98 -64 -173 	2b -63 107 
km 	2%. .1%, .1%, .1',', .1%, 5% 5%, 

sd 	1 ō .1; 	.1% .1% . i;< 	2;' 	- 

Om 

CO dB 
	

Fim 

sd 

	

~• 	m 	69 -102 101 -58 158 -3 -129 80 21 -87 

	

60 dB 	3lm 	- 	.1;'b .1 	.1;1 .17 .1j 	1%, 	5,S 

	

sd 	.1' .1% .1j .1% .1% 1% - 

Om 	129 -82 	71 -108 	84 -49 170 -39 
10 dB 	?in 	.1 	29 .1%, . 	.1%, 	29. 	- 

sd .1°, 1;, .1;%, .1;': .1% 15 

82 94 

76 -101 	93 -79 114 -15 -144 	65 -134 	5 
2;: .1g; .1 	.'1 	.15'15i 	2 , • - 
2; .1','' .1;', .1% .1% 5i 2 	- 

	

©m 	78 -100 90 -76 120 -18 -140 	57 -137 	42 
30 d3 	1m 	1,;-!, .1'. 	.1;•: .1% .1;' 	2% 	5 	- 	- 	- 

	

sd 	.1°• .1% .1;' .1;! .1% 2;' .5% -  , 
Av e 31:2:2 7,as 

B m 	178 -114 	37 -133 	93 	28 -136 -54 -173 	1 
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Bm 
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ed 

Table 4-cxxvii. Subject TR, }., are 31, at 1 kHz. 
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Table 4-cxxviii. Subject TR, M, age 31, at 1 kHz. 
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CHAPTER FIVE 

TEMPLATE MATCHING BY CROSS-CORRELATION 

5.1.i.. Introduction 

The phase analysis discussed in Chapter Four reveals how 

promising pattern recognition techniques can be in AEP detection 

and analysis. It is reasonable, then, to examine other pattern 

recognition methods in order to assess their effectiveness as re-

sponse indicators. To this end, a simple template matching pro-

cedure is discussed in this chapter. 

Template matching by cross-correlation makes use of 

specific information about the characteristic features of the 

pattern to be detected. Phase spectra, too, contain much of this 

information. Thus, they are related to the cross-correlation 

coefficient between a response template and an individual post-

stimulus sweep. ( Beagley, Sayers, and Ross, 1978 ) The contrib-

ution of an individual harmonic to the correlation coefficient is 

dependent on its relative amplitude, and on its phase in relation 

to the response template. Clearly, only high amplitude spectral 

components can contribute substantially, and this contribution is 

determined by their relative phases. 

5.1.ii.- Template Matching 

Template matching techniques-assume a similar pattern is 
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present in the EEG following acoustic stimulation. Here, a refer-

ence waveform, or template, is compared with individual sweeps, 

usually by some means of cross-correlation. The simplest detect-

ion procedure involves the use of the cross-correlation coefficient 

which measures the degree of similarity between two waveforms, both 

referred to zero tine. 

In any template matching procedure, the choice of a suit-

able template is of considerable importance. Use of a template 

synthesized from second order differential equations has been ex-

amined and found to be reasonably effective in detecting the pres-

ence of individual AEP's. ( Derbyshire, Osenar, et al., 1971 ) 

Choice of this particular template, however, fails to account for 

either the inter- or intra-subject variability known to exist in 

ERA data. A high level averaged response taken from each subject 

tested would eliminate variability on an inter-subject basis, and 

possibly improve the sensitivity of the technique. Should this 

reference waveform prove inadequate in accommodating the intra-

subject variability, it could then be adapted to account for certain 

known sources of variation, viz., the shift in latency at reduced 

stimulus intensities. The present study is only concerned with 

exploring the possibilities of this method in order to validate 

a pattern recognition approach to AEP analysis. Improving the 

sensitivity of the test procedures has not been attempted. 

5.1.iii. Cross-correlation Coefficients: the Null Hypothesis 

To investigate the possibilities of template matching as 

a means of detecting the AEP, a simple comparison involving the 

cross-correlation coefficient was chosen for an exploratory study. 
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The cross-correlation coefficient, ro, measures the degree of sim-

ilarity between two waveforms, provided this dependence is linear 

in nature. If xi  are the sampled values of the template, and yi, 

the samples from an individual post-stimulus sweep, then the cross-

correlation coefficient is given by: 

N 

where x and y are the sample means of x and y respectively, and sx  

and sy  are their respective standard deviations. N = 64 is the 

number of samples of x or y in a sweep. 

r0 

 

can take on any value from -1 to +1, the higher the. 

value of r0, the greater the similarity between x and y. If, on 

average, x and y bear no linear relationship to one another, as is 

the case for unstimulated EEG, the expected value of r0  will tend 

to zero. Should a pattern similar to the template be present in 

successive sweeps of an ensemble, as with supra-threshold records, 

the mean cross-correlation coefficient will then exceed some pos-

itive value, R. Mathematically, the null, and alternative, hypoth-

eses can be stated simply as: 

H: cr> =0 0 	0 

H1: <r0> > R 

Before these working hypotheses can be tested on stim-

ulated data, R must be derived from the distribution of r0  taken 

from control EEG. To this end, nine records of spontaneous EEG, 

each 54 sweeps long, were subjected to cross-correlation analysis, 
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and the estimated probability density function shown in Fig. 5.1. 

derived. 

Fig. 5.1. Distribution of ro from 1080 estimates on spontaneous 

EEG records. 

As can be seen from Fig. 5.1., the distribution of ro is 

essentially normal, with a population mean of zero and a standard 

deviation equal to 0.2391. In all but 5; of cases under the null 

hypothesis, the sample mean should lie within 1.96 standard errors 

of the population mean. Because we have devised a one-tailed test, 

the confidence interval for R must be defined in the following way: 

R > < ro7 + t. se 
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or 

R > t. 0.2391  
If 

where t is tl^e value corresponding to a probability of P(ro  >t) 

taken from a table of normal variables, and 1! = 54, the number of 

sweeps making up each ense-nble. 

The confidence intervals associated with probabilities of 

5%, 2.5%. 15 and .1% are tabulated below. 

• 

F ro>t) R 

5% .054 

2.55 .064 

1% .076 

.l5 .100 

5.2.1. An Exploratory Cross-correlation Study 

Given the sampling statistics of ro  for control EEG, the 

null hypothesis was tested on the stimulated records from 17 normal 

hearing adults. Each subject was tested at two different tone 

burst frequencies and seven intensities of stimulation ranging 

from 80 dB to 0 dB EL. A trial consisted of 54 sweeps of post-

stimulus EEG 640 ms ( 64 samples ) long. For each series of eight 

trials, the averaged response to an 80 dB EL tone burst was chosen 

as the reference waveform. Individual sweeps at lower intensities 

were then correlated with this template. Thus, for every trial, 

54 estimates of r were available for analysis. The mean cross-

correlation coefficient for the trial-was determined and compared 
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Fig. 5.2. Rank ordered curves for ro at three different stimulus intensities. 

Note the way in which the curves shift to the right as the intensity 

is reduced, yet the slope remains essentially constant. 
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with the confidence intervals set up under Ho. 

The results of this exploratory study can be found in 

Tables 5-i to 5-xvii. Every table is divided into two sections, 

one pertaining to each of the two tone burst frequencies used in 

testing the subjects. Here, intensities are quoted in dB SL for 

comparisons between cross-correlation and subjective estimates of 

threshold. For all eight trials, the averaged response is shown. 

The first entry is the template, below which are tabulated the mean 

cross-correlation coefficient, ro, and its associated probability 

levels for the 7 records at lower intensities. For simplicity 

of presentation, probabilities of 2.5% are recorded as 2%. Any 

ro  value which is not significant at 5% is denoted by a dashed 

line. 

5.2.ii. Discussion 

Whenever a recurring pattern similar to the template is 

present in successive post-stimulus sweeps, the mean cross-correlation 

coefficient should be significantly greater than zero. For most of 

the supra-threshold records in Tables 5-i to 5-xvii, this expect-

ation is confirmed. At high intensities of acoustic stimulation, 

the mean cross-correlation coefficient is large, and usually re-

mains so to about 20 or 30 dB SL, at which point it drops off rap-

idly, often becoming nonsignificant. See Subject FIG at 2 kHz and 

500 Hz. ( Table 5-v ) The decline in the magnitude of ro  may be 

more gradual, as Subject GF at 1 kHz ( Table 5-ii) illustrates. 

A characteristic S-shaped curve results from ranking an 

ensemble of cross-correlation coefficients from the most negative 

to the most positive values. For ERA data, reductions in the 



60 50 

/0 

A A A 

. •l1AAA••A ~ - - 
0.5 y A AAA£AAA A 

A A i-- 

A 

A 
A ~ 

D.0 
A 

A r 

-0.5 

A A A ►A ~ ' 
A A= -i 

A 
A 

A 

-/0 /o 	2o 3o 	90 

Fig. 5.3. A rank ordered curve where more than one slope is evident. This 
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stimulus intensity cause this curve to move downwards towards a 

larger percentage of negatively correlated sweeps. See Fig. 5.2. 

This downward shift suggests that, in addition to the mean cor-

relation coefficient, either the median or the zero crossing of 

the rank ordered curve could be implemented as a response in-

dicator. 

Occasionally, more than one slope can be seen in a rank 

ordered curve, indicating the possible existence of two or more 

populations in that particular record. See Fig. 5.3. The overall 

slope of this line, as measured by a least squares best fit to 

all but,  the first and last 105 of values, is 0.023, not signif- . 

icantly different from the mean of 0.027 found for all records 

analysed. Eowever, three distinct slopes, shown in dotted lines, 

may be seen in this curve. These have values of 0.02, 0.045, and 

0.01 respectively: In this particular case, each of these slopes 

lies within two standard errors of the mean, suggesting that the 

data here is still within the 5; confidence intervals for the 

slope statistic. 

Taken overall, this simple cross-correlation procedure 

usually detects the presence of the AEP to within +15 dB of sub-

jective threshold. Admittedly, this is not as sensitive as the 

phase statistics discussed in the previous chapter, but no at-

tempt has been made as yet to refine the procedure, thereby im-

proving the sensitivity of the test. On this basis, a false neg-

ative score of 165 is not unreasonable or unacceptable. The false 

positive rating is well within the expected ”'. Such findings 

indicate that this particular pattern recognition approach does 

indeed hold promise as a means of AEP detection and analysis. 
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5.3.1. An On-line Study 

The preliminary off-line study indicated that the cross-

correlation procedure could well he implemented effectively in a 

clinical setting. To this end-, an on-line inve tigation was under-

taken to assess its merits and provide more data for further anal-

ysis off-line. 

Fifteen normal hearing adults, aged 18 to 31, were chosen 

as subjects for the study. Each ::::.s tested at either one or two 

tone burst frecuencies, and a range of intensity levels from 80 dB 

to -10 dB HL. Conventional EJ equipment was employed in•present- 

ing 64 stimuli for each intensity level. The marker pulse and the 

amplified EEG were then fed into.the analog-to-digital interface 

of a small computer for immediate analysis of the data. At the 

same time, analog recordings of both signals were taken for future 

verification of the procedure. See Chapter Two for a detailed 

description of the experimental apparatus. 

For a sampling rate of 100 Hz, 640 ms or 64 samples of 

post-stimulus record were considered. The subject's coherent av-

erage to 64 80 dB HL tone bursts was chosen as the template or 

reference waveform. For each lower intensity level, 64 individ-

ual sweeps were cross-correlated with the reference, yielding a 

sample of ro  values. These were rank ordered, and their mean, ro, 

and standard deviation, s, calculated. 

Because 64 sweeps made up each ensemble of ro  values, the 

confidence intervals quoted in Section 5.l.iii. have to be mod-

ified slightly to the figures tabulated below. 
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P(ro y t) 

5% .049 
2% .061 

1% .070 

.093 

The results of this study can be found in Tables 5-xviii 

to 5-xxviii. The confirming off-line study, for ensembles of 

length 54, are tabulated in Tables 5-xxix to 5-xxxix. Each 

tabJe;,.:is divided into two sections, one pertaining to the eight 

trials On a given subject at a single tone burst frequency. In-

tensity levels are all quoted in dB SL and accompanied by their 

respective,averages over the 640 ms interval considered for the 

analysis. To the right of each entry are tabulated the mean 

cross-correlation coefficient, ro, and its associated probability 

level. Any value of ro  which is not significant at 5% is denoted 

by a dashed line. 

5.3.ii. Discussion 

On average, use of the cross-correlation technique matches 

subjective thresholds to within 15 dB. High intensity levels of 

stimulation usually correspond to very high values of 	and cor- 

respondingly low levels of significance. As the intensity is re-

duced, the mean correlation coefficient decreases in magnitude, 

then very sharply drops to values typical of continuous EEG. Con-

sider Subject AR at 1 kHz as an example. ( Table 5-xxiii ) All 

records to +10 dB of threshold are significant. With slight 
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fluctuations, the value of ro  decreases with intensity level, until 

it drops from 0.0953 at 10 dB to 0.0257 at 0 dB SL. 

In_ certain cases, the disparities between subjective thres-

holds and tl-ose determined on the basis of cross-correlation are 

extremely large and occasionally erratic. Consider Subject AP at 

4 kHz. ( Table 5-xx ) Although the averaged waveforms indicate a 

definite response in records to within 10 dR of subjective thres-

hold, only two trials, those at 40 dB and 20 dB SL return values of 

ro  which are significant at 5Y,. The rank ordered curves reveal no 

evidence of more than one population in any of the records, sug- 

ge-ting some otter mechanism must be responsible for the anomalies 

observed. In part, these may he due to the choice of template, 

less typical for this subject th.:x_ the 60 dB FL record because of 

the large negative deflection following the 
P200 

 complex. In part, 

the disparities may reflect the presence of recording, or other, 

artifacts, because no provisions were made for their rejection in 

this on-line investigation. The off-line verification ( Table 5-xxxi 

shows a marked improvement in the test results, suggesting that 

saturation of the imput amplifiers may well have been the cause 

of the anomalies observed. 

Subject BS at 4 kHz ( Table 5-xxvii ) brings to light one 

problem encountered with this, and to some extent, the on-line 

phase study. For both investigations three subjects in 32, or 

•approximately 105 of all tested, failed to display coherent av-

erages even at high intensity levels. This has been known to hap-

pen in ERA testing (• Davis, 1976, Rose, Keating, et al., 1974 

and reasons for its occurrence still remain uncertain. For these 

subjects, it may be that the conventional electrode placement is 

poorly situated to detect the dipole measured. The maximum of 
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this dipole does shift with maturation of the CNS ( Davis, 1976, 

Davis and Onishi, 1969 ), being most readily detected between 

vertex and mastoid in the adult subject. If surface mapping of 

the evoked potential were undertaken, it could well reveal whether 

a different spatial orientation of the dipole is responsible for 

the very poor responses recorded. 

When the results of both the on-line study and its off-

line verification are considered overall, the false positive rating 

is 3,, while the false negative score is approximately 14̀ . Both 

figures are comparable to those found for the exploratory study 

discussed in Section 5.2. Template matching procedures, then, 

hold considerable promise as a means of detecting the AEP, even if 

no allowance is made for the intra-subject variability of evoked 

potentials. Their decided effectiveness assures us that pattern 

recognition techniques are indeed the best means of studying the 

AEP. 

5.4. Concluding Remarks 

Interesting features have come to light in the use of 

this simple template matching procedure. Certain subjects, for 

example, reveal little by way of a coherent response, even at 

high levels of acoustic stimulation. This raises important quest-

ions about the spatial sampling of the AEP which, to date., have 

not been adequately resolved. Contour mapping of the evoked pot- 

ential over the surface of the scalp could provide us with much 

important information. As well as specifying the spatial sampling 

requirements for AEP recording, a study of this kind could help 

to explain some of the disparities observed. Through the use of 
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spatio-temporal methods of signal analysis, the temporal and three-

dimensional spatial propagation of the AEP could be studied more 

thoroughly, and its origins more clearly defined. 

Though simple in its application, template matching by 

cross-correlation is a reasonably effective and - reliableresponse 

indicator. Its sensitivity could be improved by adapting the 

response template to acco,rr`odate the shift in Latency of the 21.-P 

at reduced stimulus intensities. This could well make template 

matching comparable to the phase measures of Chapter Four in detect-

ing the presence of the evoked potential. r s it stands, though, 

the cross-correlation analysis is sufficiently sensitive to in-

dicate that a pattern recognition approach to 1.EP data is indeed 

justified. 
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Tables 5-i to 5-xvii 

Preliminary Cross-correlation Study 



Intensity Intensity 

	

80 dB 	- 	- 

	

60 dB 	0.1885 	.1% 

	

40 dB 	0.2454 	.1% 

	

30 dB 	0.1540 	.1% 

	

20 dB 	0.1120 	.1% 

	

10 dB 	0.0041 	- 

	

0 1B 	-0.0552  

	

control 	0.0243 	- 

	

control 	0.0359 	- 

	

70 dB ' 	- 	 - 

50 dB 	0.2075 	.1% 

30 dB 	0.1843 	.1% 

	

20 dB 	0.1195 	.1% 

	

10 dB 	0.0128 	- 

	

0 dB 	-0.0634 	- 

	

 

control 	0.0088 	- 

	

control 	0.0005 	- 

Tablo 5-i. Subject CH, F, age 23, at 2 kHz and 500 Hz. 



Ia~ Intensity - P(ro >t)" I"/<,,,,': Int.ndt, P(r >t) ro ro 0 

~ 
70 dB 80 dB 

1 50 dB 0.2573 .1~ 60 dB 0.1003 .1% 

J(:; 
30 dB 0.0627 .110 V ~O dB 0.1262 .11> 

20 dB 0.0689 2% 30 dB 0.0450 

i) 
ru 

~ 
\J1 

10 dB 0.0989 1% 20 dB 0.1308 .1% ~ 

~ o dB 0.0883 1% 10 dB 0.0361 

-10 dB 0.0604 5% ~ o dB 0.0099 6 "ntro1 
0.0323 ~oontrol 0.0200 

oont-rol -0.0217 ~oontro1 -0.0217 

-'t:Z'~.a>~ /"'" ~ s""~" . 
.-

Ta.ble 5-11. Subj ect GF, M, a~e 28, at 1 kl!2: and 4 kH2:. 
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/yes/ • ,/ 

. 

80 dB 

60 dB 

' - 

0.2406 .1% 

% 	.70' dB 	- 	.. 

~+ h'U(`"' 	So dB 	0.1165 	.1y6 

40 d$ 0.2268 .1% 30 dB 	0.1043 	.1% 

30 dB 0.0374 - 20 dB 	0.0993 	1% 

10 dB 0.0709 2~' 10 dB 	-0.0139 	- 

0 dB 0.0035 - 0 dB 	0.0002 	- 

control . -0.0192 - -10 dB 	-0.0009 	- 

control 0.0213 - control 	-0.0965 	- 

control 	-0.0990 	- 

/ o .imv stn NoS 
/tem .4+0 	$c» 7xS 

Table 5-iii. Subject JS, 7, age 23, at 2 kHz and 500 Hz. 



/2/4v, 
Intonsity ro  P(xo} t) 

/2
, - Intensity xo  Pao? t) 

1 60 dB - - 80 dB - - 

40 dB 0.2968 .1% 60 dB 0.2065 .1% 
• 

' 20 dB 0.2558 .1% 40•  dB 0.2044 .1 

10 dB 0.2270 .1% 30 dB 0.0716 2 

o dB 0.0368 -  20 dB -0.0054 - 	. 

-10 dB -0.0133 - 10 dB 0.0627 50 

-20 dB 0.0504 - 0 dB 0.0578 5% 

control 0.0292 -  control -0.0729 _ 

control -0.0072 - oontrol -0.0354 - 

AV 302 .Sag 7,13 '-- 

Jir ' . y M 4 arra q Kria. 



y  

Intensity So  P(ro  > t) 
f` d 	

Yntabalty ro P(xo> b) 

80 dB • - - 60 dB - - 

60 dB 0.3188 .1%  " 	40 d8 0.3110 .l% 

40 dB 0.0892 1% 	- 20 dB 0.1632 .1% 

30 dB 0.0893 1` 10 dB 0.1018 .1 

20 dB 0.1855 .1°'p 0 dB -0.0187 - 

"'V  
10 dB 0.0497 - -10 dB -0.003e 

-  

0 dB -0.0438 - -20 dB 0.0198 - 

• control 0.0182 .. aontrol -0.1058 - 

i..-‘1%-%\/\./\.  control -0.0253 - 
icb .1V sco wAs 

1 	1 	5 	5 

40 	.āco 	510  7p5 	• 

-V. Subject FN, fin, age 28, at 2 kHz  and 500 Ha. 
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‘..‘...v\f\ 

Intensity 

70 dB 

50 dB 

30 dB 

20 dB. 

10 dB 

0 dB 

-10 dB 

control 

control 

z0  

- 

0.1230 

0.1597 

0.0341 

0.0039 

-0.0768 

0.0286 

0.0055 

-0.0222 
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- 

.1% 

.1% 

- 

- 

- 

- 

- 

- 

, 
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 -' 	Intensity 

1 

80 dB 

60 dB 

40 dB 

/ 'ji\ 	30 dB 

20 dB 

'10 dB 

il ~.A 	n „ 	0 dB r

. / V  V 	control 

control 

Iiiii. 

ro  
 

- 

0.0588 

-0.0624 

-0.0267 

0.0612 

0.0128 

-0.0165 

-0.0302 

-0.0708 

P( 0> t) 

- 

5% 

- 

- 

5% 

- 

- 

-  

- 

itv 	.3cb 	.4Pb 7775 /ce, 	Rao 	eta Ins 

Table 5-vi. Subjoct TB, 1.:, ace 20, at 1 kHz and 4 kHz. 



iso 	P(io> t) Intensity 

70 dB 	. 

50 dB 0.3428 .1% 

30 dB 0.2498 .1% 

20 dB 0.2261 .1% 

10 dB 0.1986 .1% 

0 dB 0.0542 5% 

-10 dB 0.0548 5% 

control 0.0117 

control 0.0408 

e00 .300 300 an$ 

/2~CU% 
Intensity ro P(10> t) 

70dB 

50 dB 0.2019 .1% 

30 dB 0.1756 .1% 

20 dB 0.1692 .1% 

10 dB 0.0604 5% 

0 dB 0.0893 1% 

-10 dB 0.0203 

control 0.0812 1% 

control 0.0288 

:able 5-vii. Subject BO, M, age 31, at 2 kHz and 500 Hz. 



Intensity P(ro>t) 

7003 

50 dB 0.3846 

30 dB 0.2689 

20 dB 0.2068 

10 dB -0.0109 

0 dB 0.0253 

-10 dB 0.024 

control -0.0459 

control -0.0289 • 

.3m SOO 771 

0 
	P(ro> t) Intensity 

80dB 	.. 

Co dB 0.2300 .1% 

40. dB 0.1719 •1% 

30 dB 0.1885 .1% 

20 dB 0.0713 2% 

10 dB 0.0934 1%  

0 dB 0.1195 •1% 

control 0.0099 

control 0.0420 

irv 
 

3e0 . v 7,71 

v\r--1/' 

Table 5-viii. Subject JD, F, age 23, at 1 kHz and 4 kHz. 



Intensity So P(ro> t) /2 Intensity To P(ro> t) 	, 

AA)11L.'N/J 	70 dB - - 70 dB - - 

5o d8 0.2467 .1 50 dB• 0.4769 .1% 

30 dB 0.2485 .1% 3o dB 0.2992 .1% 

20 dB 0.2135 .1 20 dB 0.1958 .1% 

^.. 	10 dB 0.0444 - ~ 
lo dB 0.1972 .1 

0 dB 0.0222 - 0 dB 0.08l7 1% 

-10 iB -0.0037 - -10 dB -0.0644 - 

control 0.0213 - 
t 

control -0.0255 - 

I

s,/■-"N.,,/"N control 0.0114 - 

.imv, 	six, W.Ka • 

- Table 5-ix. Subject DT, F, age 24, at 2 kHz and 500 Hz. 



ro 	P(1.0> t) Intensity 

	

70 dB 	- 

	

50 dB 	0.3181 	.1% 

	

30 dB 	0.2771 	.1% 

	

20 dB 	0.0495 

	

10 dB 	0.2265 	.1% 

	

0 dB 	0.0084 

	

-10 dB 	0.1669 	.1% 

-0.0348 

	

control 	-0.0041 

r 	r 	. 
iuo .3an am 'WS 

M M~ control 

ro 	
P(ro>t) 

80 dB 

60 dB 0.2730 .1% 

40 dB 0.2091 .1% 

30 dB 0.2009 .1% 

20 dB 0.0945 1% 

10 dB 0.0682 2% 

0 dB 0.0956 1% 

control 0.0217 

control -0.0958 - 

r 	r 	- 
,» 300 Jhd 7741' 

Intensity 

Table 5-x. Subject JN, M, age 30, at 1 kHz and 4 kHz. 



• 

Intensity So 
P(ro> t) Intensity P(So>t)   ro 

/2~led /2/4d 

-npl,er 
80 dB • - - 80.dB - - 

60 dB 0.2086 • .1% 60 dB 0.1180 .1%. 

40 dB 0.1958 .1% 40 dB 0.1832 .1% 

30 dB 0.0750 2% 30 dB -0.0096 - 

N1J\ 	

", 	

20 d8 

/ 

0.0754 2% 20 dB -0.0043 - 

10 dB 0.1097 .1% 10 dB 0.1029 .1% 

0 dB 0.0674 2% 0 dB 0.1341 .1% 

• -lloontrol 0.0365 - / I control 0.0266 - 

control 

r 

-0.0153 - control -0.0059 - 

,.en 	3cn Jco 743 • 40 .Lro 5m a7$ 

Table 5-xi. Subject SB, 1A, age 18, a 1 kHz and 4 kHz. 



~1/Lw/ 
Intensity iro P( o> t) /z Intensity 

ro 
P(ro> t) 

70 dB - - 80 dB - - 

50 dB 0.1743 .1% 60 dB 0.1610 .1% 

+/V\ 30 dB 0.1611 .1% 40 dB. 0.1086 .1% 

20, dB 0.0704 2% 30 dB 0.1366 .1% 

10 dB 0.0314 20 dB 0.1063 .1% 

0 dB -0.0355 - 10 dB 0.0224 - 

-10 dB -0.0215 - ~1 /-~,J~ /1~ f 	0 dB 0.0202 - 

control -0.0191 -  control 0.0217 - 

control -0.0669 - control 0.0180 

5M 2r,..1 	4 

- 

/co icb ScV 77,8 /OD 	.3c'n 

Subject VN, F, ..age 24, a 1 kHz and 4 AR . 	 Z. 



·, I . I.to."., I """'" .. 
P(ro> t) ro l'(ro>t) 

/..;."w 
ro 

~ 
,I 

~ 70 dB ' 60 dB 

50 dB 0.2219 .1% 

~ 
40 dB 0.2,22 .l~ 

,I\JV 30 dll 0.1847 .1~ 20 dB 0.0062 '1% 

~ 
I\) 

20 dB 0.1139 .1% ~ 10 dll 0.0072 1% Q'\ 
I\) 

~ 
10 dB 0.0400 ~ o dB -0.0214 

" ~ o dB 0.0160 -10 dll -0.0161 

~ -10<lB, -0.0228 ~ -20 dB 0.0261 

~control -0.0271 

~ 
control -0.0543 

~control 0.0564 5% control -0.0464 

A::t> .4t>o .$(» ~ Itt) ,iItJO 4tJO ~. 

. 'lable 5-xiii. Subjeot SlIa., ~, ago 20, at 2 kHz and 500 Hz. 



Intensity 0 	P(rc> t) 

70 dB  

50 dB 	0.2559 	.1% 

30 dB 	0.3167 	.1% 

20 dB 	0.2022 	.1% 

10 dB 	0.1118 	.1% 

0.0082 

-0.0515 

0.0462 

0.0382 

0 dB 

/~ 	

-10 dB 

‘1`. \/ 	control 

AbArcontrol  
/ao ..300 	7773 

Intensity r0 	P(`r0> t) 

80 dB 

60 dB 0.2079 .1% 

40 dB 0.2124 .1; 

30 dB 0.2455 .1% 

20 dB 0.1437 .1% 

10 dB 0.1712 .1% 

0 dB 0.0154 

control 0.0598 5% 

control -0.0245 

/cb 3av aro 7»S 

Table 5-xiv. Subject PC, T.S, age 24, at 2 kHz and 500 Hz. 



. . 

• ~ 

A 

Intensity 

80 dB 

6o as 

40 dB 

30 dB 

20 dB 

10 dB 

0 dr 

control 

/~ V'4r "~ control 
1 	I . 

ro 

- 

0.3144 

0.2415 

0.2797 

0.1434 

0.0882 

0.0259 

0.0129. 

-0.0515 

• 

In - 

 P(ro > t) . 

- 

.1 

.1% 

.1% 

.1% 	. 

1 ,%+ 

- 

- 

-  

/2 
[ 

- ^1 

j 

Intensity 

70 dB 

50 dB 

30 dB 

20 dB 

10 dB 

0 dB 

-10 dB 

control 

control 

-ro 

- 

0.3712 

0.2275 

0.2534 

0.1069 

0.0117 

-0.0209 

0.0002 

-0.0125 

P(ro > t) 

- 

.1% 

.1% 

.1% 

.1% 

-  

- 

-  

• 

.aoao .sxw mar  iao 	.ov am 777,41 

:able 5-xvi, Subject SA, X, age 28, at 2 kHz and 500 Hz. 



/? Intensity io p(ro> t) J . ' Intensity 
So 

p(io> t) 

- 

80 dB - - 80 dB - - 

60 dB 0.3197 .1% 60 dB 0.0534 - 

40 dB 0.2325 .1% 40 dB 0.0989 1% 

30 dB 0.1718 .1% 30 dB ..\j\k\f -0.0333 - 

Af\l, 20 dB 0.1001 .1% 20 dB -0.0002 - 

10 dB 0.0498 - 10 dB 0.1262 .1% 

0 dB -0.0384 - /'~ r 	, 	0 dB 0.1241 .1% 

-1! control 0.0514 -  control 0.0744 2% 

 control -0.0588 - control 0.0129 - 
A 

too 	...30, et o 	s .w .?cv 	?LV 7~ry 

Table 5-xvi. Subject LS, F, age 20, at 1 kHz and 4 kHz. 



• 

ro  

- 

0.2802 

P(ro > t) 

.1% 

0.2421 .1% 

0.1221 .1% 

0.1650 .1% 

0.1407  .1% 

0.1887 .1% 

0.0809  1% 

0.0616 5% 

Intensity 

):

y  
0 dB. 

control 

control 

/oo 3oo Soo 2os 

80 d8 

60 dB 

40 dB 

30 dB 

20 dB 

10 dB 

Intonoity 	So 	P(n0> t) 

70 dB - - 

50 dB 0.3282 .1% 

30 dB 0.1905 .1% 

20 dB 0.1379 .19 

10 dB 0.0993 1% 

0 dB -0.0034 . 

-10 dB 0.0443 

control 

control 

/a7 	.sz , Ins. 

-0.0132 	- 

-0.0303 

r 

Table 5-xvii. Subject DP, P, age 20, at 2 kHz and 500 Hz. 



268 

Tables 5-xviii to 5-xxviii 

The On-line Cross-correlation Study 



I 12/"1 'n, ... it, ro p(ro> t) I"'?''' .' ' In',."" r Per> t) 
0 0 

~ 50 dB 70 dB 

30 dB 0.2070 .1~ 50 dB 0.1060 .1% 

~ 
20 dD 0,2526 ,1% )0 dB 0.0540 5% 

Iq dB 0.1899 .1~ 20 dB 0.1040 .1~ 

N 

~ 
o dB 0.0957 .1% ?:)f;; 

10 dB 0.0572 . 5~ 
Q"\ 

\,() 

-10 dB 0.0649 2% o dB 0.0690 2% 

(~ -20 dB 0.0800 1% 

~ 
-10 dB -0.0915 

-20 dB -0.0.06 
-= ~a> ~ '"-s' 

[, 1'1 

,tt> .;b, .:ko "-' 

• 

Tnble 5-xvUL SUbj~Ct8 GP, M, n~e 18, at 500 Hz, and EB,F, age 18, at 1 kHz. 



	

90 dB 	- 

70 dB. 

	

 0.1380 	.1% 

	

50 dB 	0.2520 	.1% 

	

40 dB 	0.2290 	.1% 

	

30 dB 	0.0986 	.1% 

	

20 dB 	0.1510 	.1% 

	

10 dB 	0.0196 	- 

	

0 dB 	-0.0222 

Table 5-xix. Subjects SB, F, age 20, at 2 kHz and RB, F, age 20, at 2 kHz. 



Intensity Intensity 

	

80 dB 	- 	 - 

	

6o dB 	0.0518 	5% 

	

40dB 	0.1750 	.1% 

	

30 dB 	0.1331 	.1% 

	

20 dD 	0.0421 	- 

	

10 dB 	0.0968 	.1% 

	

0 dB 	0.0757 	1% 

	

-10 dB 	0.0089 	- 

20 dB 

10 dD 

0 dB 

-10 dB 

ea) Jv sao a,3 

30. dB 

	

0.0167 	- 

	

0.1430 	.1% 

	

0.0278 	- 

0.0550 . 	5% .  

	

0.0275 	- 

	

-0.0416 	- 

	

-0.0390 	- 

Table 5-ax. Subject AP, P, age 20, at 4 kHz and 1 kHz. 



so 	$(rc > t) Intensity 

80 dB . - 

60 dB 0.1832 .1% 

40 .dB 0.1411 .1% 

30 dB 0.0595 5% 

20 dB 0.0504 5% 

10 dB 0.0710 1% 

0 dB 0.0042 - 

-10 dB 0.0381 - 

f-vi\ict,‘)If 

Ay Jloo 4 ht., 

/5 

	 Intensity 	So 	12(1.0> t) 

/ 	alto a7F 

90 dB 

70 dB 0.1724 .1% 

50 dB 0.1241 .1% 

40 dB 0.1272 .1% 

30 dB 0.0652 2% 

20 dB 0.0748 1% 

10 dB -0.0166 - 

0 dB 0.0861 1'% 

-10 dB 0.0148 

.Table 5-xxi. Subject KC, F, age 20, at 1 kHz and 4 kHz. 



Intensity 0 	P(ro > t) 

80 dB 

60 dB 	0.2467 	.]4 

40 dB 	0.2352 	.1% 

	

f\AI\A,  30,dB 0.1341 	.1% 

2',6 20 dB 	0.0694 

10 dB 

0 dB 

-10 dB 

. Ana .deo den 7.3 

-0.0715 

-0.0243 

-0.0429 

Intensity 	io 	P(so  > t) 

80 dB 

60 dB 0.2632 .1% 

40 dB 0.2031 .1% 

30 dB 0.1460 .1% 

20 dB 0.0462 

10 dB 0.0197 

0 dB -0.0474 

-10 dB -0.0096 

!tv ,imv so 7i11' 

1\1  

Table 5-xxii. Subject SC, F, age 22, at 2 kHz and 500 Hz. 



0" 

r-' 

}~ * I~~ lnhnBit1 ro P(ro> t) Inhne1t;r - P(ro). t) re 
,I 

.~ 90 dll '_. - 90 d:B .. 

~V~ . 1C 70 dll 0.n51 .1~ 70 dll 0.1390 .1:t 

50 dll 0.1661 .1% 

~ 
50 dll 0.1562 .1% 

~ 0.1423 .1~ .1% 
I\) 

t; 40 dll 40 dll 0.1633 -.l 
" -t=-

30 dB 0.0865 1% )(t: 30 dB 0.1511 .1~ 

" \ 

"~ 20 dll 0.0623 2" 20 dll 0.1382 .1% 

~ 
10 nll 0.0953 .1% 

~ 
10 dll 0.1320 .1% 

er;:; o dll 0.0257 o dll 0.0733 1" 

-10 dll 0.0257 L:Y control 0.0345 

"'<1:0 ~ .- ~. /a:> .!foo .:bo ~, 

!:i!able 5-xxi11. Subjects AR, 11, agl! 19, a.t 1 kHz, and R''', M, age 19, a.t 4 kHz. 



Intensity ro P(zo> t) Intensity ro P(ro > t) 
/O 

80 dB - - 50 dB - - 

60 dB 0.0626 2% 30 dB 0.0638 2% 

r̀\il\jj 40 dB 0.0973 .19~ n1  to dB 0.0999 .1% 

A/ANNAP 30 dB 0.0042 - 10 dB 0.0013 - 

20 dB 0.1251 .1% 0 dB -0.0620 - 

10 dB 0.0306 - -10 dB 0.0389 - 

0 dB -0.0295 - -20 dB -0.0343 - 

-10 dB -0.0493 - ` 
42' .~ 7,1.1 

411 	„lea 	-lad » 

-xxiv. Subject CK, F, age 19, at 2 kHz and 500 Hz. 



Intensity Intensity 	rc 	P(ic > t) 

80 dB • 	- 	- 

60 dB 	0.1891 	.1% 

40 dB 	-0.0113 	- 

30 dB 	0.1414 	.1% 

20 dB 	0.0819 . 	_ 1% 

10 dB 	0.1574 	.1 

0 4B. 	-0.0108 	- 

-10 dB 	0.0217 

	

70 dB 	- 	 - 

	

U V 	50 dB 	0.2355 	•1% 

	

30 dB 	0.1414 	.1p 

	

v \z"—~~

. 
20 dB 	0.0753 	1% 

	

 10 dB 	0.0757 	1% 

	

0 dB 	-0.0294 	- 

	

/L-` _~ -10 dB 	-0.0308 	- 

	

~^' 	-20 dB 	-0.0169 	- 

f 	 

labia 5-ay. Subject GD, F, age 19, at 2 kHz and 500 Hz. 



I

/z;eke 	Intensity io P(ro> t) I''  Intensity 	ic P(ro> t) 

90 dB - - 60 dB 	- - 

70 dB 0.1843 .1% \~ 40 dB 	0.1340 .1% 

50 dB 0.1711 .1% 20 dB 	0.1011 .196 

40 dB -0.0810 - 10 dB 	0.0572 5% 

dB 0.0874 1% o30 	 dB 	0.0636 2% 

20 dB 

l\ri 10 dB 

0.1562 

0.2030 

.196 

.1% 

-10 dB 	0.0275 

-20 dB 	0.0360 

- 

- 

0 dB 0.1105 .1% -30 dB 	0.2386 .1% 

.eb 	../cn 	iris 
Aw SW 	2,,s 

Table 5-zzvi. Subject SR, }C, age 20, at 2 kHz and 500 Hz. 



ro 	P(r0> t) Intensity 

70 dB 

50 dB 0.0810 

30 dB 0.0516 

20 dB 0.1029 

10 dB 0.0361 

0 dB 0.0241 

-10 dB 0.0456 

-20 dB 0.0865 

An ao Sco ;ns. 

Intensity 	ro 	P(ro> t) 

60 dB - 

40 dB -0.0324 

20 dB -0.0263 

10 dB -0.0729 

0 dB -0.0443 

-10 dB -0.0047 

-20 dB .0.0225 

-30 dB -0.0543 

sty ..f0O .sGO 2+71 

.Table 5-xxvii. Subjeot BS, Page 23, at 1 kHz and 4 kHz. 



Intensity ro 	P(ro > t) 

80 dB 	 - 

60 dB 0.2281 .1% 

40 dB 0.2692 .1% 

30 . dB 0.2296 .1% 

20 dB 0.1980 .1% 

10 dB 0.0051 

0 dB -0.0344 

-10 dB -0.0545 

Az, . v Sag 711.1 

/vi  

Intensity 	ra 	P(z0> t) 

40 dB 0.1221 

20 dB 0.1142 

10 dB 0.1193 

0 dB 0.0901 

-10 dB -0.0366 

-20 dB 0.0316 

-30 dB 0.0487 

/co 	.w 27'S. 
. 

Table 5-xxviii. Subject TR, M, age 31, at 1 kHz and 4 kHz. 
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Tables 5-xxix to 5-xxxix 

The Off-line Verification 



so 	P(ro >  t)  Intensity 

50 dB • - 

30 dB 0.2186 .1;6 

20 dB 0.2691 .1% 

10 dB 0.1642 .1% 

0 dB 0.1569 .1% 

-10 dB 0.0439 

-20 dB 0.1202 .1% 

AM* .1e2 eto ,+s 

70 dB 

50 dB 0.2380 .:1% 

30 dB 0.0943 1% 

20 dB 0.1400 .1% 

10 dB 0.0555 5% 

0 dB 0.0500 

-10 dB -0.0602 - 

-20 dB -0.0212 - 

429  .527 ea) 7»3 

Intensity 	ro 	P(-o  > t) 
/2/lsu 

A 

Teble 5-xxix. Subjects GP, M, age 18, at 500 Hz and EB, F, age 18, at 1 kHz. 



Intensity Intensity 

	

80 dB 	- 	 - 

	

60 dB 	0.1701 	.1% 

--\\ 	_ - 	
30 dB 	0.0894  

	

20 dB 	0.1397 	.1% 

	

10 dB 	0.0522 

A 	^ 

	

0 dB 	-0.0615 

	

N 
"W ✓  

-10 dB 	-0.0345 	- 
.zn 	eba NTS 

30 dB 

w~~
•/~w/~ 20 dB 

. l 	10 d➢  

0 dB 

/cb 	Sao ans 

	

0.1560 	.1% 

	

0.2464 	.1% 

	

0.1997 	.1% 

	

0.0865 	1N 

	

o.oe6e 	1% 

	

-0.0176 	- 

	

0.0186 	- 

Table 5-xxx. Subjects SH, F, age 20, at 2 kHz and 8B, P, age 20, at 2 kHz. 



Inteneity intensity 

00- dB 80 dB 

60 dB 

40 dB 

30 dB 

20 dB 

10 dB 

0 dB 

Co 

	

0.0669 	2% 

0.1419  

	

0.0696 	2% 

	

0.0004 	- 

	

0.1012 	.1% 

	

-0.0079 	- 

	

-0.0031 	- -10 dB -10 dB 

0.0925 . 	1% 

	

0.1577 	.1% 

	

0.1364 	.1% 

	

0.0784 	1% 

	

0.0514 	- 

	

0.0407 	- 

	

-0.0510 	- 

9`able 5-xxxi. Subject AP, F, age 20, at 1 kHz and 4 kHz. 



/S 
Intensity so P(ra> t) 

4S~c/ 
Intensity so P(xa> t) 

80 dB - - 90 dB - 

1 	6o dB 0.2326 .1% 70 dB 0.1524 .1% 

ifL 	40 dg 0.1702 .1% 50 dB 0.1685 .1% 

30 dB 0.0722 2% 
f "",.' \ 	

40 dB 0.0985 1% 

20 dB 0.0426 -. v 	ri 30 dB 0.0353 - 

10 dB 0.0926 1% 20 dB 0.0836 1% 

j\l\f\j‘..A 	0 dB 0.0336 - 10 dB -0.0175 - 

-10 dB 0.0405 - 0 dB -0.0152 - 

L 
control 0.0206 - 

im 	 >"s 

Table 5-xxxii. Subject KC, F, age 20, at 1 kHz and 4 kHz. 



/o 

 

J1 

AN/AN 

f \AN'A 

intensity 

80 dB 

60 dB 

40 dB 

30 dB 

20 dB 

10 dB 

0 dB 

-10 dB 

Bo  

-

0.3436 

0.2187 

0.1482 

0.0700 

-0.0670 

-0.0119 

-0.0015 

P(Bo> t) 

.- 

• .1', 

.1% 

.1% 

2% 

- 

- 

- 

I. 43441 
Intensity 

 r 

80 dB \f\jr 

 60 dB 

40 dB 

30 dB 

20 dB 

10 dB 

0 dB 

-10 dB 

P(ra > t) 

 
no  

- 

0.2706 

0.1622 

0.1451 

0.0767 

o.0013 

-0.0162 

-0.0032 

- 

.l 	i 

.1% 

.1%  

1%+ 

- 

- 

- 

ja, .#v 	4:14, s /w .fin 4C1v 2n5 

.Table 5-xxxiii. Subject SC, F, age 22, at 2 kHz and 500 Hz. 



Intensity 	ra 	P(ro  >t) Intensity 

	

90 dB 	- 	- 

	

70 dB 	0.1821 	.1% 

	

50 dB 	0.1580 	.1% 

	

40 dB 	0.2187 	.1j 

	

30 dB 	0.1963 	.1 

	

20 dB 	0.1117 	.1% 

	

10 dB 	0.1034 	.1% 

	

0 dB 	0.0371 	- 

	

-0.0155 	- 

	

90 dB 	- 

	

70 dB 	0.2540 

	

50 dB 	0.1895 

	

40. dB 	0.1501 

	

30 dB 	0.1244 

	

20 dB 	-0.0003 

	

10 dB 	0.1085 

	

0 dB 	0.0187 

control 

Table 5-xxxiv. Subjeote AR, M, age 19, at 1 kHz and RW, M, age 19, at 4 kHz. 



Table 5-xxxv. Subjeot CX, F, age 19, at 2 kHz and 500 Hz. 



P(r0> t) ro  ro 	P(1.0> t) Intensity 

80 dB - 

60 dB 0.2254 .1% 

40 dB 0.0097 

30. dB 0.1639 .1 

20 dB 0.1345 .1% 

10 dB 0.1183 .1% 

0 dB 0.0345 - 

-10 dB 0.00149 

Intensity 

70 dB 

50 dB 0.2480 .1; 

30 dB 0.1352 .1% 

20 dB 0.0644 2% 

10 dB 0.0475 

0 dB -0.0468 

-10 dB 0.0109 

-20 dB 0.0097 

/ca .3m Sw hIs 

Table 5-xxxvi. Subject GD, F, age 19, at 2 kHz and 500 Hz. 



• Tibia 5-x vii. Subject SR, M, age 20, at 2 kHz and 500 Hz. 

• 

90 dB . - 

1  

70 dB 0.2299 .i4 

50. dB 0.1756 .1% 

40 dB -0.0083 - 

30 dB 0.1077 .1% 

20 dB 0.1732 .1% 

10 dB 0.2258 .1% 

0 dB 0.1696 .1% 

1

/gegU, 	intensity 	ro 	P(r0> t) 

iW .ia0 5cv ?nS 

ro 	P(rda t) intensity 

60 dB . 	- 

40 dB 0.1972 .1% 

20 dB 0.1282 .1% 

10 dB 0.0478 

0 dB 0.1388 .1% 

-10 dB 0.0098 

-20 dB -0.0061 

-30 dB 0.1161 .1% 

i\r\A 

otv .āOn 



Intensity To P(T0  > t) Intensity ro  P(ro  > t) 

70 dB - - 60 dB - - 
. , 

50 dB. 0.1304 .1% 40 dB 0.0001 - 

30 dB 0.0887 lp 20 dB 0.0092 - 

.vAr\vi  20•dB 0.0762 1% 10 dB -0.1290 - 

10 dB 0.041e -, 0 aB -0.0634 _ 

0 dB 0.0454 - -10 dB -0.0417 - 

-10 dB 0.0040 - -20 dB -0.0105 - 
I 

-20 dB 0.0483 - 

r. # 	.3.v 	.scv 	.7++45  

/- Jro 4zb Ins 

Table 5-zxxviii. Subject B3, F, age 23, at 1 kHz and 4 kHz. 



Intensity To 	p(ryt) 

40 dB' 0.2071 .1;6 

20 dB 0.1265 .1% 

10 dB 0.1177 .1% 

0 dB 0.0309 

-10 dB -0.0273 - 

-20 dB 0.0661 5% 

-30 dB 0.0541 5% 

60 dB 	 - 

. 	42o isis 

(v\/--  
`Nift 

1 

so 	p(ro > t) Intensity 

f 

80 dB. 

60 dB 0.2387 .1% 

40,dB 0.2489 .1% 

30 dB 0.2383 .1% 

20 dB 0.16T9 .1% 

10 dB 0.1759 .1% 

0 dB 0.0083 - 

-10 dB -0.0384 

.w .» 	7ffs 

Table 5-xxxix. Subjeot TR, M, age 31, at 1 kHz and 4 kHz. 
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CHAPTER SIX 

CONCLUSIOI3 

6.1. Introduction 

The aim of the work reported in this thesis was to develop 

objective methods for detecting the auditory evoked potential pres-

ent in the EEG. The statistical properties of the data were only 

vaguely understood at the outset of this study. It soon became 

clear that the data was frequently ill-behaved; its statistical 

properties, therefore, needed examination, delineation, and required 

understanding before any effective means of detection could be pro-

posed and implemented. The signal analysis approach adopted here 

made possible a thorough examination of signal and noise sources, 

thereby defining their nature. These investigations led to the 

development of several reliable means of AEP detection. 

6.2. Objective AEP Detection 

In order to provide some effective means of detecting the 

AEP, three different signal approaches have been developed and as-

sessed. Two important conclusions were drawn from the power anal-

yses of Chapter Three. First, the typically low signal-to-noise 

ratio of ERA data does not allow power measures to be effective in 

discriminating the presence of a response. Second, the ensemble 

power or variance of EEG records is a nonstationary statistic. 
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Thus, it is an unsuitable means of AEP detection. 

The use of phase phenomena suffers from no such disadvant-

ages. This has been established by the detailed phase analyses of 

Chapter Four. Phase values are inherently cyclic ( exhibit 'wrap_ 

around' ) and this invariably complicates measurements, statistical 

analyses and interpretation. Further, the large record-by-record 

variability of the phase values of individual harmonic components 

requires the use of substantial sample sizes, making the use of 

histograms or other statistical simplifications unavoidable. How-

ever, the sampling statistics of none of the obvious measures are 

known, and so need empirical determination. This has been carried 

out and it is interesting that a sample size bias has emerged very 

clearly. fevertheless, subject to recognizing this feature and its 

implications, the distributions and the statistics derived from them 

were found to be stationary and well-behaved. This approach is ef-

fective in detecting the AEP objectively to within 10 dB of subject-

ive threshold. -  In consequence, it is clear that a pattern recognit-

ion approach is fully justified. This finding was followed up and 

further supported by the cross-correlation studies carried out in 

Chapter Five. 

No satisfactory and objective reference exists for estimating 

t1-43 effectiveness of the statistical procedures developed in this 

thesis. Both the pure tone audiogram (SL) or a visually scored av-

erage response, for example, are subjective on the part of the 

listener or of the tester. Yet, it is only on the basis of one 

or more of these subjective estimates that comparisons can be made 

and some relevant statistics derived, viz., the false positive or 

false negative scores for a particular test. The following table 
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'indicates the similarities and disparities between the subjective 

measures of SL and a visually assessed coherent average on the one 

hand, and the objective procedures developed in this thesis on the 

other. for each entry, A represents the percentage agreement be-

tween the two scores, FP and P1:, the percentage false positive or 

false negative ratings respectively on the basis of the subjective 

reference. 

Test SL Coherent lverare 

A FP F1; A FP PIī 

Pōwer F 58% 100 32% 64; ii% 255 

73 835 5 % 125 885 55 75 

Phase 
r 83% 35 14% 900 3% 70 

sd 84 5% 115 880 55 	. 7% 
Template 
?.'atching ro  815 35 :16% • 84% 4 12% 

Table 6-i. Comparison of subjective and objective procedures for 

estimating auditory threshold. 

These tabulated comparisons reveal that the objective phase 

statistics are in good agreer!ent with these two subjective methods 

' routinely used in assessing auditory thresholds. Phase statistics, 

however, have the added advantage of objectivity. The criteria for 

response/no response conditions are statistically based, and thus, 

time and tester invariant. 	In addition, the phase statistics are 

unaffected by the presence of high vzIriance EEG sweeps which often 

distort the ensemble average: each sweep contributes only 1/N to 
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the test result. 

The phase studies conducted in this thesis establish that 

the method could now be implemented clinically, either in the 

or phase vector form, thus reducing the exptiise of ERA by elim-

inating the need for experienced clinicians to assess each record 

visually. A special-purpose minicomputer or microprocessor system 

could certainly be developed and programmed to perform the simple 

analyses required for extensive on-line trials of the technique. 

With the satisfactory completion of clinical trials, a device of 

this kind could then be considered for large-scale epidemiological 

studies, thereby acheiving one of the further objectives of this 

research. 
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6.3. AEP Analysis 

At the outset of this study, a few qualitative features 

about the averaged AEP were known and widely accepted. Its subject 

to subject variability, or its changes in shape and latency as a 

function of intensity level had been well documented. Other feat-

ures of the data, such as the interaction of signal and noise. 

sources, or the presence of nonstationarities, had been recognized 

sometimes, but largely overlooked. Thus, the assumption of a stat-

ionary EEG source was commonly implicit in most detection tech-

niques. So, indeed, was the notion that the AEP could be modelled 

as a characteristic signal superimposed upon it. 

As the present study progressed, it became increasingly 

evident that hypotheses could not be applied to the data without 

first testing their relevance. The simulation study of Chapter 

Three illustrates this point very clearly. Given the superposition 

model of AEP generation, its underlying assumption of stationarity 

for the EEG cannot be justified. Though the additive mechanism 

this model postulates may still be valid in describing the data, 

it fails to suggest procedures reliable enough for objective AEP 

detection. Thus, other models, with their correspondingly appro-

priate detection techniques, may provide a more satisfactory des-

cription of the data. 

The phase statistics derived in Chapter Four reveal the 

presence of any consistent pattern present in an ensemble, regard-

less of the mechanism by which that pattern is produced. Thus, 

either superposition, or the synchronization model appropriate to 

phase analysis, could be responsible for the constraint seen in 

supra-threshold records. Recent unpublished work in this department 
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suggests that either model could be applicable to approximately 

30 dB SL. Below this level, data simulated by superposition fails 

to reveal evidence of phase constraint. Phase aggregation, however, 

can still be seen in ERA data and in that simulated by constraining 

the phase values of bandlimited Gaussian random noise. Such find-

ings suggest that the synchronization model presented in Chapter 

Four is more suitable in describing the AEP. Before any conclusions 

are drawn, however, a detailed study should be carried out on data 

simulated by these two means. With the results from that study, a 

thorough assessment of the two models can be made. 

Details of the data, including its statistical properties, 

need to be assessed fully before instruments are developed for its 

measurement or guidelines set down for its interpretation. The 

work reported here has implemented this philosophy practically. As 

such, it marks the first systematic attempt to define the parameters 

of ERA data and determine their sampling statistics before testing 

their effectiveness as response indicators. 

6.4. Proposals for Future Study 

As mentioned above, further validation of the phase pro-

cedures in a clinical setting is now warranted. So, too, is a 

simulation study to assess the basic tenents of the synchronization 

model. Comparisons between data simulated by synchronization and 

superposition could provide the information necessary to establish 

which of these models is more appropriate for AEP data. 

The phase statistics developed in Chapter Four should be 

explored for further sampling effects. The phase vector statistics 
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are known to be biased estimators. The same may be true of the 

distribution of the maximum x.21, and this should be established. 

The relationship between the phase and other pattern 

recognition techniques could be explored more thoroughly. For 

example, the contribution of each harmonic to the overall cor-

relation coefficient could be coupled with its phase value, pos-

sibly providing further information about the behaviour of the data 

in relation to these statistics. 

Some studies could be proposed to investigate the source 

of the AEP. Contour mapping of the evoked potential would provide 

spatial distributions of the signal. With the proper choice of 

signal analysis procedures, the information derived from a study 

of this kind could well enhance and quantify much existing know-

ledge of AEP and EEG behaviour. 
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