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Chapter 1

General introduction

Most of our time we spend in reverberant environments. Sound which is emitted

in these environments not only reaches our two ears on the direct path but is re-

flected by walls, ceilings or furnishings and, therefore, reaches our ears from several

additional directions. Hence, interaural parameters, e.g., the interaural time dif-

ference (ITD) and interaural level difference (ILD) of the direct sound differs from

these parts of the indirectly received sound. Despite these contradictory directional

information, our auditory system manages very well to localize sound sources in

reverberant spaces. This ability is thought to be assisted by the precedence effect

(Wallach et al., 1949) which is a well known term in the scope of psychoacous-

tics. The precedence effect groups together several phenomena which have in com-

mon that the perception of directional information provided by an indirect sound is

strongly influenced by the presence of the direct sound. Hence, the precedence effect

is a fundamental phenomenon in the scope of auditory grouping. For this reason,

investigating the precedence effect sheds light on the formation of spatial auditory

objects on the bases of binaural sound features and helps to characterize the ability

to localize auditory objects in complex auditory scenes. The current thesis therefore

investigates the precedence effect using the objective method of auditory evoked

potentials (AEP).

Since sounds of our daily environment are too complex for a systematic investiga-

tion of the influence of various stimulus parameters, dependencies between direct

1
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sounds and their respective reflections are investigated in laboratories with simpli-

fied sounds. This is mostly done by using brief tone pulses for the direct sound

which will in this thesis be referred to as the ’lead’ stimulus. Commonly, reflections

are also modelled as brief tone pulses with the same intensity as the lead click. In

this thesis, a single reflection of equal intensity as the direct sound is considered and

is referred to as the ’lag’ stimulus.

In general, Wallach et al.’s finding has been confirmed in many subsequent studies

that can be separated in several groups according to the tasks which was assigned to

the subjects and the different perceptual phenomena, respectively. The precedence

effect itself splits up in at least three different subgroups which was, e.g., described

by Litovsky et al. (1999):

• fusion: in experiments where the aspect of fusion is considered, subjects are

commonly asked to indicate whether they perceived one or two auditory events.

Thus, these kind of experiments determine the echo threshold, i.e., the lead-

lag delay where subjects begin to perceive the lag as a second auditory event

(echo). For transient stimuli, lead and lag are perceived as a single auditory

event if the lead-lag delay is shorter than 2 ms. Lead and lag contribute

their directional information equally to the compound auditory object. Such

experiments were, e.g., performed by Freyman et al. (1991) or Krumbholz and

Nobbe (2002). Situations where a fused object splits up into two auditory

events by changing the roles of lead and lag were described by Clifton (1987).

• localization dominance: localization dominance refers to the fact that the po-

sition of the lead dominates the perceived location of the compound stimulus

of lead and lag. For lead-lag delays from 2 ms to 5 ms lead and lag still

fuse to a single auditory event and the compound stimulus is perceived at

or near the position of the lead. Subjects in experiments that refer to lo-

calization dominance are commonly asked to localize/lateralize stimuli with

lead-lag delays below the echo threshold. Such results were, e.g., obtained by

Shinn-Cunningham et al. (1993), Shinn-Cunningham et al. (1995), Tollin and

Henning (1998) and Tollin and Henning (1999).
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• discrimination suppression: for lead-lag delays from 2 ms to 5 ms changes in

the lag are more difficult to perceive as similar changes in the lead. Exper-

iments where the aspect of discrimination suppression is addressed, subjects

are usually asked to discriminate positions of the lagging sound. These kind of

measurements were performed, among others, by Saberi and Perrott (1990),

Litovsky and Macmillan (1994) or Yang and Grantham (1997).

Relations among these three phenomena were described, e.g., by Litovsky and Shinn-

Cunningham (2001).

In recent physiological studies researchers investigated response patterns of neurons

of the auditory pathways in several animals (e.g., barn owl, Keller and Takahashi

(1996), rabbit, Fitzpatrick et al. (1995) and cat, Litovsky (1998); Litovsky and Yin

(1998); Litovsky and Delgutte (2002); Yin (1994)). For spatially separated sounds

they found neurons that show precedence-like response patterns, i.e., for lead-lag

delays shorter than the recovery time of the neurons, a response to the lead stim-

ulus is observable whereas the response to the lag is suppressed (depending on the

spatial separation of both stimuli). For increasing lead-lag delays the neurons show

a gradually increasing response to the lag stimulus.

Previous neurophysiological studies that investigated the processing of spatial sound

features in the human auditory system made use of AEP, i.e., recording the elec-

troencephalogram while presenting acoustical stimuli. Due to their latency range

AEPs can be divided into three groups: auditory brainstem responses (ABRs) cover

the first 10 ms after stimulus onset whereas middle latency responses cover the time

interval from 10 ms to 50 ms after stimulus onset. Cortical auditory evoked poten-

tials (CAEP) cover the time interval from 50 ms after stimulus onset.

Several researchers showed that the mismatch negativity (MMN) which is a com-

ponent of the CAEP is a useful tool to elucidate the processing of directional in-

formation by the auditory system (see, e.g., Paavilainen et al., 1989; Schröger,

1996; Schröger and Eimer, 1996; Schröger et al., 1997; Schröger and Wolff, 1996;

Damaschke et al., 2000). The MMN is elicited if any infrequent discriminable

change in a sequence of repetitive auditory stimuli occurs. This component was
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first described by Näätänen et al. (1978). For a comprehensive overview see, e.g.,

Lang et al. (1995); Csepe and Molnar (1997); Näätänen (1995); Näätänen and Alho

(1997). Commonly, the MMN is obtained by subtracting the recorded potential of a

frequently presented stimulus (reference) from that of an infrequent and randomly

presented stimulus (deviant). This definition is shown to be reasonable, although

different definitions are conceivable (see, e.g., Damaschke et al., 1998).

So far, to the best knowledge of the author, no neurophysiological investigations of

the precedence effect in humans have been published. Hence, the aim of this thesis

is to find a neurophysiological correlate of the precedence effect in humans using

AEPs. In order to locate the generation of the precedence effect within ascending

levels of the human auditory pathway, different latency ranges of the AEP are con-

sidered.

In general, if one wants to find a neurophysiological correlate of a psychoacoustical

effect one first has to investigate the perception of this effect in psychoacoustical ex-

periments using the same stimuli and paradigms as employed in neurophysiological

measurements. In order to improve the significance of the comparison between re-

sults of the subjective (psychoacoustical) and objective (AEP) measurements of this

thesis, stimulus presentations of both types of measurements had to be equalized.

Chapter 2 and chapter 3 investigate the perception of stimuli that evoke the prece-

dence effect under conditions of continuous stimulation. Common psychophysical

methods are not adapted to the comparison with electroencephalographical data be-

cause only a few stimuli are presented prior to the subjects’ decision about his/her

perception. In contrast, in most EEG studies stimuli are presented continuously

and periodically in order to obtain a sufficient signal-to-noise ratio of the stimulus-

related auditory evoked potentials that are usually very small (about one microvolt)

in comparison with the EEG noise, i.e., the stimulus-unrelated brain activity.

To the best knowledge of the author, nothing is known about the perception of

stimuli that evoke the precedence effect under conditions of continuous stimulation,

i.e., under conditions of AEP recordings. Therefore, chapter 2 deals with adaptation

processes caused by continuous stimulation. This is done by performing several dis-
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crimination tasks, i.e., subjects had to separate dichotic stimuli (lag-ITD 6= 0 µs)

from diotic stimuli (lag-ITD = 0 µs), that vary from single presentation to con-

tinuous presentation mode. Additionally, the stimulus timing uncertainty is varied

which includes the introduction of the ’pick-out’ paradigm that is adapted from the

stimulus presentation during EEG recordings. Although presenting clicks that only

do carry ITDs and no ILDs is an artificial situation for the auditory system most

experimenters use such artificial clicks for the sake of simplicity. In real life an in-

teraural time delay is always accompanied by an interaural level difference due to

the shadowing effect of the listener’s head. However, applying simplified artificial

stimuli, interaural parameters as well as the lead-lag delay can be adjusted very

easily. This would be more difficult using more realistic stimuli. Nevertheless, ex-

perimenters begin to use more realistic stimuli in order to quantify influences exerted

by the lead on the lag and vice versa (see, e.g., Otten, 2001).

In chapter 2 subjects were asked to indicate any perceived difference between the

stimuli. Hence, discrimination thresholds were determined. In chapter 3, however,

subjects were asked to indicate whether differing stimuli were perceived on the left

or right hand side so that lateralization thresholds were determined. In other words,

measurements of chapter 2 determine just noticeable difference in the perceived cues

of a stimulus and measurements of chapter 3 determine just noticeable differences

that are sufficient to be interpreted as a directional cue. By combining the results

of chapter 2 and chapter 3, the extent can be quantitatively assessed in which

directional (binaural) and other cues, e.g., spectral cues (monaural), are used in

discrimination tasks.

In chapter 4 ABRs and CAEPs are recorded and analyzed applying stimuli that

evoked the precedence effect in the psychoacoustical experiments. CAEP were de-

termined according to the paradigm of the MMN. In order to find a neurophysiolo-

gical correlate of the precedence effect, psychoacoustical data obtained in chapters 2

and 3 were compared with the neurophysiological data obtained in chapter 4.

Finally, chapter 5 summarizes all results and gives an outlook of what will be done

in future experiments.
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Chapter 2

Adaptation mechanisms of the

precedence effect in situations

with multiple reference

presentations

ABSTRACT

In order to examine adaptation mechanisms in the precedence effect, the influence

of multiple presented reference stimuli as well as the influence of continuous stimu-

lation on the discrimination thresholds for a lag-ITD were determined as a function

of adaptation to the reference stimulus. Therefore, double click-pairs were presented

where the first click-pair (lead) was presented diotically (leag-ITD = 0 µs) and the

second click-pair was presented either diotically (lag-ITD = 0 µs, reference) or di-

chotically (lag-ITD 6= 0 µs). The lead-lag delay was varied from 0 ms to 20 ms and

the subjects had to indicate stimuli deviating from the reference condition.

Several experiments were performed that vary in timing and number of presented

reference stimuli. In the non-continuous mode, an increasing number of reference sti-

muli are presented. Results indicate that discrimination thresholds decrease with in-

creasing number of reference stimuli presented before the deviant in a non-continuous

presentation mode. In contrast, increased discrimination thresholds were obtained

7
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using continuous stimulation. The results provide evidence for a more distinct inter-

nal representation of the reference condition with repeated stimuli that is overruled

by timing uncertainties in the continuous stimulation mode.

2.1 Introduction

If a sound is emitted in a reverberant environment, it reaches a listener’s ear on the

direct path and, additionally, on several longer indirect paths that include reflections

from one or more surfaces. Despite the fact that ambiguous directional information

is provided at the listener’s ears by the direct sound and the reflections, the ability

to localize the sound source is in general not disturbed. Usually, our auditory

system manages very well to localize the sound source by extracting the directional

information contained in the direct sound and to ignore similar information provided

by the reflections.

More than 50 years ago Wallach et al. (1949) established the term ’precedence

effect’ which is also known as the ’Haas effect’, ’law of the first wavefront’ or ’echo

suppression’. It refers to a group of auditory phenomena in (simulated) spatial

listening conditions that relate to the fact that the direct sound (lead) dominates

the directional information provided by the reflections (lags). More precisely, if two

successive sounds are presented with a short delay (< 5 ms) the compound stimulus

of lead and lag is perceived as a single auditory event. For lead-lag delays up to 2 ms

lead and lag contribute their directional information equally to the perceived location

(fusion) and for lead-lag delays from 2 ms to 5 ms the perceived location is dominated

by the directional information provided by the first arriving sound whereas the

directional information of the second sound is suppressed (localization dominance).

Since then, several experimenters investigated the relation between the information

which is provided by the lead and the lag which is used to localize a sound. This has

either been done in free-field studies (see, e.g., Clifton, 1987; Freyman et al., 1991;

Shinn-Cunningham et al., 1993; Litovsky and Macmillan, 1994) or in headphone

studies (see, e.g., Saberi and Perrott, 1990; Tollin and Henning, 1998, 1999). Some
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recent publications also use virtual acoustics to investigate aspects of the precedence

effect (Otten, 2001).

A large number of studies on different aspects of the precedence effect confirm that

directional information of the lag seems to be suppressed by the presence of the

lead. Further studies showed that subjects do not have difficulties to discriminate

a single click-pair from a double click-pair even if the double click-pair is perceived

as a single auditory event due to a very short lead-lag delay. Features like timbre

and the extent of the auditory object are still influenced by the presence of the lag

(see, e.g., Blauert, 1997; Litovsky et al., 1999) indicating that only the directional

information and not most of the other features of a double-click pair are influenced

by the precedence effect.

In order to determine discrimination, lateralization or echo thresholds many re-

searchers employed either adaptive runs (see, e.g., Saberi and Perrott, 1990;

Litovsky and Macmillan, 1994; Yang and Grantham, 1997; Tollin and Henning, 1998;

Krumbholz and Nobbe, 2002) or they determined psychometric functions by apply-

ing several fixed ITDs (see, e.g., Zurek, 1980; Gaskell, 1983; Yost and Soderquist,

1984; Perrott et al., 1989; Freyman et al., 1991; Shinn-Cunningham et al., 1993;

Stellmack et al., 1999). For example, in their recent study, Tollin and Henning

(1998) determined ’ITD thresholds’. They employed a lateralization task using a

two-interval setup, where each interval contains one double click-pair. The first

interval contained either a positive or negative (probability 0.5) lag-ITD and the

second interval contained the time-inverted signal of the first interval. Subjects had

to indicate which of both intervals they perceived farthest to the left. In this way,

Tollin and Henning determined lag-ITD values that yield a reliable lateralization as

a function of the lead-lag delay.

However, all the above mentioned procedures have in common, that the stimulation

is stopped after a few presentations (mostly one or two intervals containing one or

two click-pairs) and subjects are asked for their response. In contrast, in real-life

conditions, spatially localized sound sources are received continuously by our au-

ditory system. This is also similar in EEG experiments using the MMN where a
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reference stimulus is presented continuously (randomly interrupted by a deviant).

To our knowledge, however, it is unclear whether the precedence effect also occurs

under such conditions of continuous stimulation or what kind of influence on the

discrimination threshold of a lag-ITD is exerted by continuous stimulation.

Indeed, in the scope of the precedence effect the so-called buildup effect occurs if

multiple click-pairs are presented and the subjects are asked to indicate whether they

perceived one or two auditory events. The buildup effect then leads to a strength-

ened fused image, i.e., the lag is perceived as fading off with repeated presentations

(Litovsky et al., 1999). Due to this adaptation effect, the echo threshold which is

commonly defined as the lead-lag delay where the lag is perceivable as a second

auditory event, is increased in a multiple reference stimulation mode compared to

a single reference presentation mode (see, e.g., Krumbholz and Nobbe, 2002). In

another study Freyman et al. (1991) determined echo thresholds as a function of

the number of click-pairs preceding the test click-pair. In order to indicate the test

click-pair, it was presented after a 750 ms break after a train of reference clicks.

Subjects were asked whether they perceived an echo in the test click. As a result,

the echo threshold was increased if a click train preceded the test click. Up to nine

clicks led to an increase of the echo threshold independent of the click rate or dura-

tion of the preceding click train. In addition, using a procedure similar to Freyman

et al., studies performed by Djelani (2001) revealed that the buildup effect is specific

for one direction and is not affected by the presentation of a single stimulus from

another direction. Furthermore, Djelani determined a mean value of 4.5 ms for the

half-life of the buildup effect by varying the duration of the temporal gap between

the preceding conditioning click-train and the target click.

In order to investigate what kind of adaptation processes in the precedence effect

occur if the stimulus presentation is adapted towards real-life conditions, discrim-

ination thresholds of a lag-ITD are determined as a function of the lead-lag delay

in several experiments. In all experiments performed here lag-ITD values are de-

termined where subjects were able to discriminate reliably sounds with (deviant

stimulus) from sounds without inserted lag-ITD (reference stimulus). The stimu-

lation was adapted towards real-life conditions in two senses: first, the stimulation
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is varied from solitary to continuous presentation because in real-life our auditory

system also receives sounds continuously. Thereby, a continuous presentation mode

may influence the discrimination thresholds in at least two ways: on the one hand

as subjects are forced to respond very quickly compared to a solitary presentation

mode, a kind of speed-accuracy trade-off is conceivable which may lead to increased

discrimination thresholds. On the other hand as more information about the ref-

erence stimulus is provided if it is presented repeatedly, a continuous presentation

may also lead to decreased discrimination thresholds. Different experiments were

performed in order to be able to distinguish between these two opposite effects.

Second, procedures differ due to their stimulus timing uncertainty. This accounts

for the fact that in real-life abrupt changes of the location of a sound source may

not always be predictable for the auditory system. Discrimination threshold are

expected to depend on this stimulus timing uncertainty because the predictability

of the occurrence of reference stimuli may enable a build up of a precise internal

representation which is expected to facilitate the discrimination task yielding lower

thresholds.

Inserting an ITD in the lag is a change of an interaural parameter. Nevertheless,

subjects in this study were, unlike to other studies, not asked to discriminate per-

ceived lateralizations1. Instead, they were asked to indicate any difference between

double click-pairs with or without inserted lag-ITD. This task is more general as

commonly used in the literature where mostly subjects were asked to discriminate

directions.

Obviously, discrimination judgements obtained here are not necessarily based on

lateralization cues only but may as well be based on any cue like timbre or changes

of the spatial extent. At least the general discrimination task of the current exper-

iments may therefore be easier for the subjects to perform as they do not have to

distinguish between several sound features such as timbre, spaciousness or laterali-

zation at the same time but they can concentrate on indicating any deviation.

1Unlike the localization of a sound at an external position of the head which occurs in a free-field

arrangement, hearing via headphones leads to a perception of a position within the head which is

commonly called lateralization.
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2.2 Methods

2.2.1 Apparatus

All psychophysical experiments were performed in a double-walled sound proof

booth (IAC 1203A). Signal generation and presentation were controlled by a per-

sonal computer using a software package for matlab which was developed at the

University of Oldenburg. Stimuli were generated digitally with the matlab software

at a sampling rate of 96 kHz, transformed by an D/A converter (type SEK’D 2496

DSP) amplified by a preamplifier (type Behringer HA 4400) and presented via head-

phones (type AKG K 501) at a level of 40 dB HL (hearing level). The subjects sat in

front of the monitor of the personal computer and gave their responses by pressing

predetermined buttons on the keyboard.

2.2.2 Subjects

Overall, eight subjects (2 female, 6 male) participated in this study. Six of them

were members of the research group ’Medizinische Physik’ of the University of Old-

enburg. They were aged between 18 and 38 and all normal hearing according to

their audiogramm (hearing loss < 20 dB between 0.125 kHz and 8 kHz). Four of

the subjects had intensive experience in psychoacoustical measurement tasks. The

remaining four had only little prior experience with psychoacoustical measurements

but had several practice runs until the actual data collection began. In particular,

attention was paid to the subjects’ vigilance. Most subjects performed about five

measurements in a row (net measuring time about 20 minutes) until they reported

fatigue.

2.2.3 Stimuli and paradigms

Figure 2.1 illustrates the two basic types of stimuli employed in this study: the basic

component of the stimuli was a pulse of about 50 µs in duration (five samples with

a value of one at a sampling frequency of 96 kHz). The acoustic pulse was therefore
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lag-ITD

amplitude

lead lag
time

left channel

right channel

amplitude

lead lag
time

left channel

right channel

reference deviant

Fig. 2.1: Illustration of a reference (left panel) and a deviant (right panel) lead-

lag click-pair. Stimuli with an inserted ITD in the lag click were deviants whereas

reference stimuli had no lag-ITD. The lead ITD of both stimuli was zero.

approximately the impulse response of the earphones (AKG 501). The measured

impulse response of the headphones had a duration of about 1 ms.

The left panel of Fig. 2.1 shows a reference stimulus which consisted of two

click-pairs, the first click-pair which is referred to as the lead and a second click-pair

which is referred to as the lag. The right panel of Fig. 2.1 shows a deviant where the

lag-click of the right channel is delayed, i.e., an ITD was inserted. The lag-ITD was

varied in each respective experimental condition as the independent variable. Addi-

tionally, during all five experiments the lead-lag delay was varied as a parameter, i.e.,

the lead-lag delay was fixed during one experimental run, but was varied across runs.

Overall, five experiments were performed which had different properties that are

introduced in the following. All experiments determined the individual discrimi-

nation threshold of a lag-ITD, i.e., the discrimination threshold of an ITD in the

presence of a preceding click (the lead). Table 2.1 summarizes the properties of the

five experiments.

• gated/continuous: In the gated stimulus presentation mode the stimulation is
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Experiment gated/cont. adaptive/fixed ratio std./dev.

I. ’3-AFC’ gated adaptive 2/1

II. ’3-AFC pre-signal’ gated fixed 5/1

III. ’3-AFC continuous’ continuous fixed 5/1

IV. ’3-AFC train’ gated adaptive 11/1

V. ’pick-out’ continuous fixed about 180/30

Tab. 2.1: Parameter combinations employed in the five experiments. The stimulus

presentation could either be gated or continuous. Discrimination thresholds were

either determined by an adaptive forced choice procedure or by applying fixed lag-

ITDs. Additionally, the ratio between standards and deviant within one trial is

shown.

stopped in each trial until the subject depresses the response button. In the

continuous stimulation mode the presentation of the subsequent stimulus starts

immediately without interruption. Hence, the subject is forced to respond

quickly while the stimulation continues.

• adaptive/fixed: In the adaptive data collection mode the lag-ITD was in-

creased after each incorrect response and decreased after two successive cor-

rect responses. Additionally, the step-size was varied during one measurement.

The starting lag-ITD in the adaptive paradigms was 430 µs 2. The initial step-

size was 42 µs (8 samples). It was halved from 42 to 21 µs (4 samples) after

the first upper reversal and from 21 to 10 µs (1 sample) after the second

(lower) reversal. In the subsequent measurement phase the 70.7 percent cor-

rect performance was obtained as a mean across the ITD-values of six reversals

before the measurement terminated. Each subject received a detailed intro-

duction to the paradigm which contained some training sequences. After the

introduction three repetitions were run for each lead-lag delay. In the fixed

data collection mode the psychometric function was determined by employing

2This corresponds to a lateralization of approximately half the way between the center of the

head and the left ear
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runs with lag-ITDs of 150, 300, 450, 600, 750 and 900 µs, respectively. The

70.7 percent correct performance was interpolated by fitting a psychometric

function according to equation

f(x) =
1

1 + e(a+bx)
(2.1)

to the individual data set where a determines the horizontal shift and b the

slope of the function. Feedback was provided for the subjects after each trial

in all adaptive experiments. In contrast, no feedback was given in the experi-

ments with fixed lag-ITDs.

• ratio standard/deviant: While only one deviant is presented in each trial in

all AFC experiments, the number of additionally presented reference stimuli

is an experimental variable that varies between two and eleven.

In order to clarify each experimental condition, Fig. 2.2 shows examples of the

respective time signals presented in Experiments I to IV. Figure 2.3 shows a sketch

of the stimulus sequence applied in Experiment V. In all experiments all lead-ITDs

were zero and all interclick intervals were 500 ms yielding a stimulus repetition rate

of 2 Hz. In the 3-AFC procedures subjects had to indicate the interval containing

the deviant. Response buttons were enlightened when the corresponding interval

was presented. In the ’pick-out’ procedure subjects had to indicate any perceived

deviant by pressing any key on the keyboard. Note: subjects were encouraged to

use any sound feature for their discrimination task.

In the following all experiments are described briefly:

Experiment I: ’3-AFC’: In Experiment I a gated, adaptive 1-up 2-down 3-AFC

paradigm was applied. One double click-pair was presented per interval whereof one

was a deviant (lag-ITD 6= 0). Subjects received a feedback whether their respective

response was correct. Values of the lead-lag delay were 0, 1, 2, 3, 5, 7, 10 to 20 ms

which were presented in randomized order. During one measurement the lead-lag

delay was kept constant.
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Experiment I
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|A|

time

interval 1 interval 2 interval 3
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left

right

|A| Experiment II and III

time

interval 1 interval 2 interval 3

500 ms

pre-signal

left

right

|A| Experiment IV

time

interval 1 interval 2 interval 3

500 ms

Fig. 2.2: Examples of the time signals of Experiments I to IV. A time signal of Ex-

periment I (’3-AFC’) is shown in the upper panel where the second interval contains

the deviant. The middle panel shows a time signal of Experiments II and III where

three additional reference stimuli precede the three intervals. The lag-ITD is em-

bedded in the second interval whereas the first and third interval contain reference

stimuli. The lower panel shows a signal as used in Experiment IV (’3-AFC train’).

Interval I and III contain reference stimuli, interval II contains the deviant stimulus

(lag-ITD in the tenth click-pair). Unlike Experiment I each interval contains twelve

double click-pairs. All interclick intervals are 500 ms.
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Experiment II: ’3-AFC pre-signal’: In Experiment II a gated procedure with

fixed lag-ITDs was employed. A trial consisted of a pre-signal containing three refer-

ence stimuli followed by three intervals each containing a double click-pair whereof

one was a deviant. Hence, three more reference stimuli were presented than in

Experiment I in each trial and a deviant could appear on position 4, 5 or 6.

Experiment III: ’3-AFC continuous’: Experiment III is similar to Experi-

ment II but employs a continuous instead of a gated stimulus presentation. Subjects

had to respond within the pre-signal of the following trial so that the response is

treated as a hit.

Experiment IV: ’3-AFC train’: Experiment IV is similar to Experiment I with

the only difference that each interval contained twelve instead of one double click-

pair. The position of the deviant was equally distributed from position four to twelve

within one of the three intervals. As the measuring time was twelve times longer

in the ’3-AFC train’ experiment (Experiment IV) the discrimination threshold was

only determined for lead-lag delays of 1, 5 and 20 ms (presented in randomized

order).

Experiment V: ’pick-out’: In Experiment V a procedure with fixed lag-ITDs

and a continuous stimulation mode was applied. Therefore, stimulus sequences of

frequent reference stimuli (about 180) and rare deviants (30) as sketched in Fig. 2.3

were presented to the subjects. Each stimulus sequence had a duration close to two

minutes.

At randomly chosen positions of the sequence deviants with one of the fixed lag-

ITDs from 150 µs up to 900 µs in steps of 150 µs appeared. Each of the six different

lag-ITDs was installed 5 times in each sequence in shuffled order on condition that

at least three standards follow (precede) a deviant. The lead-lag delay was varied

as a parameter over the sequences but was constant within each sequence. Lead-lag

delays of 0, 1, 2, 3, 5, 7, 10 and 20 ms were applied so that a total of 48 different

sequences (6 sequences per lead-lag delay) were presented.
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ISI: 500 ms

delay: 0 to 20 ms

ITD: 150 to 900 µs

left

right

left

right

time

amplitude

Fig. 2.3: Sketch of the stimulus sequence used in Experiment V (’pick-out’). The

sequence overall consisted of about 210 lead-lag click-pairs (about 180 reference

stimuli and 30 deviants). The interaural time difference of the lag click of the

deviant, see enlarged cut-out, was varied from 0 µs up to 900 µs in steps of 150 µs.

The lead-lag delay was varied from 0 ms up to 20 ms. Within one sequence the

lead-lag delay is kept constant.

Subjects were asked to hit a button on the keyboard as fast as possible after they

detected a deviant stimulus. A subjects’ response was treated as a hit in Experi-

ment V (’pick-out’) if any button on the keyboard was pressed within one second

after the presentation of the deviant. In doing so, the attention was turned strongly

to the stimulus sequence. An analysis of the key-press statistic revealed that sub-

jects managed well to press a button just after they perceived a deviant, i.e., in

most cases (more than 87 percent) they pressed the response button even before the

next standard was presented (reaction time < 500 ms). In a few cases (less than

10 percent) the subject’s reaction was delayed so that one standard was presented

between the deviant and the subject’s reaction. Reactions with delays larger than

one second were treated as false alarms which occurred very rarely (less than 3 per-

cent).
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The subjects received no feedback during the ’pick-out’ measurement.

2.3 Results

The following three plots show values of lag-ITDs that yield 70.7 percent correct

performances as a function of the lead-lag delay.

Figure 2.4 shows discrimination thresholds obtained by the ’3-AFC’ experiment
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Fig. 2.4: Discrimination thresholds of eight subjects obtained by two different con-

ditions. Plotted are lag-ITD values that yield 70.7 percent correct performance over

the lead-lag delay from 0 ms to 20 ms. The diamonds represent the values of the

’pick-out’ condition and the circles those of the ’3-AFC’ condition. Intraindividual

standard deviations for the ’3-AFC’ condition are very small, for the ’pick-out’ con-

dition there are no intraindividual standard deviations. The lower right panel shows

the average across all subjects as well as interindividual standard deviations.
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(Experiment I) which were plotted as circles and discrimination thresholds of the

’pick-out’ experiment (Experiment V) which were plotted as diamonds. Displayed

are values of single subjects as well as the grand mean averaged across all eight

subjects. Errorbars in panels of single subjects indicate intraindividual standard

deviations which are mostly fairly small. In the lower right panel errorbars show

the interindividual standard deviation for each threshold value. Grand mean dis-

crimination threshold values of both experiments show the same characteristic in

dependence of the lead-lag delay. Both thresholds increase up to a lead-lag delay

around 4 ms and decrease again for lead-lag delays up to 20 ms. However, lag-ITDs

obtained in the ’3-AFC’ experiment are about 250 µs smaller than those obtained

by the ’pick-out’ experiment for all lead-lag delays. This difference is significant for

all conditions according to Wilcoxon ranksum tests (p < 0.05).

Although discrimination threshold values of both experiments differ significantly for

each lead-lag delay, interindividual standard deviations as plotted in Fig. 2.4 seem

to be quite large with values exceeding 100 µs. However, results of single subjects as

shown in the other panels indicate that the main difference of the individual thresh-

olds is due to a constant vertical shift. Except for this vertical shift, characteristics

of the individual threshold values for most subjects are similar to the characteristic

of the mean values. However, subjects can be separated into two groups that differ

with respect to the shape of their discrimination threshold: subjects of the first

group (subjects 1, 4, 7 and 8, respectively) manage to decrease their threshold val-

ues again for lead-lag delays larger than 5 ms whereas the second group (subjects 2,

3, 5 and 6, respectively) cannot benefit as clearly from an increasing lead-lag delay.

This holds for the threshold values of the ’pick-out’ experiment and the ’3-AFC’

experiment.

Figure 2.5 shows discrimination threshold values of single subjects of the ’3-AFC

continuous’ experiment (Experiment II) as down-pointing triangles, the ’3-AFC pre-

signal’ experiment (Experiment III) as squares and the ’3-AFC train’ experiment

(Experiment IV) as up-pointing triangles. The lower right panel shows the respective

values averaged across all five subjects. In these experiments lag-ITD discrimination
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thresholds were determined for lead-lag delays of 1, 5 and 20 ms, respectively (see

section 2.2). Errorbars in panels of single subjects indicate intraindividual standard

errors whereas errorbars in the lower right panel indicate interindividual standard

deviations of the mean values.

Obviously, discrimination threshold values obtained by these experiments lead to

the same characteristic as described above, i.e., thresholds for a lead-lag delay of

5 ms are higher than those for lead-lag delays of 1 ms or 20 ms, respectively. This

characteristic is also observable for discrimination threshold values of Experiment I

and V (see Fig. 2.4).
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Fig. 2.5: Discrimination thresholds of single subjects as well as the grand mean aver-

aged across all subjects obtained by three different experiments. Plotted are lag-ITD

values that yield 70.7 percent correct performance as a function of the lead-lag delay.

The down-pointing triangles represent values of the ’3-AFC continuous’ experiment

(Experiment III), the squares those of the ’3-AFC pre-signal’ experiment (Experi-

ment II) and the up-pointing triangles represent lag-ITD values of the ’3-AFC train’

experiment (Experiment IV). Errorbars show the intraindividual standard deviation

of single subjects and the interindividual standard deviation for the mean values,

respectively. For clarity, lead-lag delays were partly slightly shifted.
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In Fig. 2.5 highest thresholds were obtained in the ’3-AFC continuous’ experiment

which differ significantly (p < 0.05) from the smallest values in the ’3-AFC train’

experiment. Values of the ’3-AFC pre-signal’ experiment lie in-between.

A comparison of the discrimination threshold values obtained by all five experiments

are shown in Fig. 2.6. For clarity, errorbars were omitted in this plot. The same

symbols as in Fig. 2.4 and 2.5 represent the results of Experiments I to V. All

threshold values were averaged across those five subjects that participated in all five

experiments. Obviously, each experiment leads to different discrimination threshold

values. Overall, the highest thresholds were obtained in the ’pick-out’ experiment

whereas the lowest thresholds were obtained in the ’3-AFC train’ experiment. The

spread of discrimination threshold values between these two extremes is very large.
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Fig. 2.6: Comparison of discrimination thresholds of all five experiments. The same

symbols as in Fig. 2.4 and 2.5 represent the results of Experiment I to V. For clarity,

errorbars were omitted in this plot and results of each experiment were connected.

Note: All thresholds were averaged across those five subjects that took part in

all five experiments. Hence, values of the ’pick-out’ and the ’3-AFC’ experiments

(Experiments V and I) are not identical to those shown in Fig. 2.4.
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For a lead-lag delay of 5 ms the ’3-AFC train’ experiment yielded a lag-ITD of about

120 µs whereas the ’pick-out’ experiment yielded a lag-ITD of about 660 µs. Thus,

a range of more than 500 µs is covered by the results of these five experiments. For

lead-lag delays of 1 ms and 20 ms respectively, the range is only slightly smaller

(400 µs).

2.3.1 Further analysis

Influence of the number of reference stimuli presented before the deviant

on the discrimination threshold in the ’pick-out’ experiment

In order to test the hypothesis that the number of reference stimuli presented prior

to the deviants influences the discrimination threshold, discrimination performances

were analyzed with respect to that effect for the ’pick-out’ experiment. Figure 2.7

shows the percent correct discrimination performances of the ’pick-out’ experiment

as a function of the number of reference stimuli preceding the deviant. As mentioned

in section 2.2, sequences were designed with the constraint that at least three and

at maximum ten reference stimuli preceded (followed) a deviant. Plotted are the

mean discrimination performances averaged over eight subjects and averaged over

all lead-lag delays. The six curves represent the discrimination performances for

the six fixed lag-ITDs from 150 µs up to 900 µs. As in no sequence eight reference

stimuli preceded the deviant having a lag-ITD of 150 µs this data point could not

be calculated. Obviously, discrimination performances increase with increasing lag-

ITD. However, there is no consistent dependence between the number of reference

stimuli presented before the deviant and the discrimination performance. This indi-

cates that discrimination threshold values for deviants that where preceded by only

a few reference stimuli equal those where up to ten reference stimuli preceded the

deviant.



24 CHAPTER 2. ADAPTATION OF THE PRECEDENCE EFFECT

3 4 5 6 7 8 9 10
0

10

20

30

40

50

60

70

80

90

100

number of reference stimuli preceding the deviant

p
er

ce
n

t 
co

rr
ec

t
lag−ITD = 900 µs
lag−ITD = 750 µs
lag−ITD = 600 µs
lag−ITD = 450 µs
lag−ITD = 300 µs
lag−ITD = 150 µs

Fig. 2.7: Percent correct performances in dependence of the number of reference

stimuli presented before the deviants for the ’pick-out’ paradigm. Plotted is the

mean over eight subjects. The six curves represent the discrimination performance

for the six fixed lag-ITDs from 150 µs up to 900 µs.

Spectral dissimilarity as a rough predictor of the discrimination threshold

The increase of the discrimination thresholds for increasing lead-lag delays from 0 ms

to 5 ms as shown in Fig. 2.4 may be qualitatively modelled by the spectral dissimilar-

ity of reference and deviant stimulus. This dissimilarity can to a first approximation

be expressed by the frequency difference between corresponding spectral notches as

follows: due to comb filter effects certain frequencies of the spectrum of a double

click-pair cancel. These notch frequencies fc can be calculated for the reference

stimulus as:

fc,ref =
2 · n− 1

2dll

(2.2)

where n is the order of the cancelled frequency and dll the lead-lag delay.

The notch frequencies of the deviant can be computed as:

fc,dev =
2 · n− 1

2(dll + dITD)
(2.3)
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fc, ref

fc, dev

frfcrfc

Fig. 2.8: Illustration of the spectra of reference (thick line) and deviant (thin line).

Due to comb filter effects frequencies fc,std cancel in the spectrum of the reference and

frequencies fc,dev cancel in the spectrum of the deviant in dependence of the lead-lag

delay and the lag-ITD. In addition, differences ∆fc between the notch frequencies

in the spectra of reference and deviant stimulus are indicated.

where dITD is the lag-ITD. Figure 2.8 sketches the spectra of reference and de-

viant stimuli and the frequencies that cancel. Furthermore, frequency differences

∆fc between the cancelled frequencies of reference and deviant are indicated. A

rough measure of the difference between both spectra is the difference between the

corresponding notch frequencies. This frequency difference may be expressed as:

∆fc =
2 · n− 1
2dll

dITD
+ 2dll

(2.4)

Figure 2.9 illustrates the difference ∆fc between the cancelled frequencies of both

spectra in a 3-D plot. The four panels represent four different lead-lag delays dll

(1,2,3 and 5 ms). In each panel ∆fc is plotted as a function of the lag-ITD dITD

and the cancelled frequency of the reference stimulus. The upper panels show the

resulting ∆fc for lead-lag delays of 1 ms (left panel) and 2 ms (right panel), the

lower panels show the resulting ∆fc for lead-lag delays of 3 ms (left panel) and 5 ms

(right panel), respectively.

Obviously, the exerted influence of the lag-ITD on the resulting ∆fc is larger the

smaller the lead-lag delays are for a given notch frequency. In other words, the slope

of the ∆fc-grid in dependence on the lag-ITD is steeper for short lead-lag delays.

This fact is illustrated in Fig. 2.10. Plotted is the difference between the ∆fc values

obtained with a lag-ITD of 1000 µs and 0 µs versus the cancelled frequency of the
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Fig. 2.9: Illustration of the differences ∆fc between the cancelled frequencies in the

spectra of reference and deviant stimuli. Due to comb filter effects certain frequencies

in the spectrum of the deviant and reference cancel in dependence of the lag-ITD

and the lead-lag delay. The upper panels show the resulting ∆fc of lead-lag delays

of 1 ms (left panel) and 2 ms (right panel), the lower panels show the resulting ∆fc

of lead-lag delays of 3 ms (left panel) and 5 ms (right panel), respectively.

reference stimulus. Triangles, squares, diamonds and circles represent lead-lag delays

of 1, 2, 3 and 5 ms, respectively. Figure 2.10 shows that the larger the lead-lag delay,

the smaller the resulting differences between the ∆fcs obtained with a lag-ITD of

1000 µs and 0 µs. However, the larger the lead-lag delay the more frequency notches

occur in a given frequency region.

This simple analytical model shows that differences between the monaural spectra
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Fig. 2.10: Plot of the difference between the ∆fcs obtained with a lag-ITD of 1000 µs

and 0 µs versus the cancelled frequency of the reference stimulus. Triangles, squares,

diamonds and circles represent lead-lag delays of 1, 2, 3 and 5 ms, respectively.

of reference and deviant stimuli could explain the discrimination thresholds for lead-

lag delays from 0 ms up to 5 ms. Generally, a necessary constraint in order that the

auditory system could perceive a deviation is that both spectra differ.

However, differences between the spectra of reference and deviant are a necessary

but not necessarily a sufficient condition for the auditory system to perceive a differ-

ence between both signals. For this reason, a perception model was employed that

evaluates the differences between both signals on the bases of their internal rep-

resentations in the auditory system. The internal representations were calculated

according to the perception model by Huber (2003). This auditory processing model

calculates internal representations of the reference and the deviant and determines

a perceptual similarity measure (PSM) which varies between zero (no similarity at

all) and one (total similarity). The left panel of Fig. 2.11 shows the PSM between

internal representations of reference and deviant as a function of the lead-lag delay

for different lag-ITDs. PSMs increase for lead-lag delays from 0 ms to 5 ms. All
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curves, each representing one lag-ITD from 100 µs to 700 µs in steps of 200 µs,

show an asymptotical characteristic. However, the larger the lag-ITD the smaller

the asymptotic value is reached for large lead-lag delays, i.e., not all curves reach

a PSM of one for large lead-lag delays. The right panel of Fig. 2.11 shows the lag-

ITD values for a constant PSM of 0.998. The characteristic of the discrimination

threshold for lead-lag delays from 1 ms to 5 ms can be simulated quite well, i.e., lag-

ITD increase with increasing lead-lag delay. Thereby, absolute lag-ITD values are

dependent on the chosen PSM value. However, for lead-lag delays larger than 5 ms

simulated lag-ITD values still increase while discrimination thresholds as obtained

from the behavioral tasks decrease again.
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Fig. 2.11: Left panel: Plot of the perceptual similarity measure (PSM) for different

lag-ITDs as a function of the lead-lag delay. Right panel: Plot of the lag-ITD for

a constant PSM of 0.998.

2.4 Discussion

In order to investigate adaptation processes of the precedence effect evoked by multi-

ple presentation of the reference stimuli or continuous stimulation, five experiments

were performed that differ in timing and number of presented reference stimuli. It

was shown that discrimination thresholds of lag-ITDs vary considerably between

different experiments. Figure 2.12 gives an overview about the effects that could
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explain the differences between the discrimination thresholds obtained by the five

experiments.

2.4.1 Adaptation processes of the precedence effect

In Experiment I lag-ITD discrimination thresholds were determined in a 3-AFC

paradigm where two reference stimuli and one deviant were presented in random

order. Discrimination thresholds were shown to be dependent on the lead-lag delay.

Mean values vary between 80 µs and 360 µs for a lead-lag delay around 5 ms.

Generally, lag-ITD discrimination values found in Experiment I are in agreement

with lag-ITD lateralization values found in a recent study by Tollin and Henning

(1998). One of the stimuli they used was a double click-pair containing a lag-ITD

that was applied for lead-lag delays from 0.1 ms up to 25.6 ms. Three of their four

subjects show increased threshold ITDs as the lead-lag delays increase from 1 ms to

12.8 ms.

There are several similarities between the results of both studies: firstly, thresholds

of all subjects in both studies seem to be rather individual, i.e., results vary a lot

over subjects. Lag-ITD lateralization thresholds found by Tollin and Henning (1998)

vary between 200 µs and 650 µs for a lead-lag delay of 2 ms, while discrimination

thresholds of the present study vary from 330 µs to 990 µs. Mean values of both

studies are within the same order of magnitude. This might be surprising as the

subjects in this study were asked to indicate any perceived difference and hence lower

thresholds are expected than those ITD thresholds found by Tollin and Henning

(1998) obtained with a lateralization task.

Secondly, even though the tasks of both studies are different, the range of lead-

lag delays where the lead affects the lag-ITD threshold is similar in both studies.

However, Tollin and Henning obtained highest thresholds for three subjects for lead-

lag delays of 1 ms or 2 ms (ITD thresholds of subject number four were at maximum

at around 200 µs) whereas highest lag-ITD discrimination thresholds in the present

study were obtained for lead-lag delays around 5 ms.

Finally, thresholds for the largest lead-lag delay of both studies do not reach the low
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values of the shortest lead-lag delay. The largest lead-lag delay Tollin and Henning

applied was 25.6 ms where they obtained ITD thresholds that were increased by a

factor around 1.5 (for two subjects) or 3 (for one subject) compared to the threshold

at a lead-lag delay of 0.1 ms. In the present study, the discrimination threshold of

the largest lead-lag delay (20 ms) is increased on the average by a factor around 2.

In conclusion, the presence of the lead in both studies leads to similar influences on

the perception of the lag.

Due to only a few presentations of the reference stimulus in Experiment I, adaptation

processes are unlikely to occur. In Experiment II (’3-AFC pre-signal’) between 3

and 5 reference stimuli precede the deviant as the pre-signal contains three reference

stimuli and in Experiment IV between 3 and 35 reference stimuli precede the deviant

as each interval contains 12 double click-pairs. Hence, due to an increasing number

of presented reference stimuli adaptation processes are more likely to appear in

these conditions. As shown in Fig. 2.6 discrimination thresholds obtained in this

study decrease with increasing number of reference stimuli preceding the deviant:

thresholds obtained in the ’3-AFC pre-signal’ condition (Experiment II) were lower

than those of the ’3-AFC’ condition (Experiment I) and thresholds obtained in

the ’3-AFC train’ condition (Experiment IV) were the lowest (see Fig. 2.5 and

Fig. 2.6). Hence, there is a high correlation between the ratio of presented reference

and deviant stimuli and the discrimination threshold. Therefore, it is reasonable to

assume that the discrimination threshold decreases if the accuracy of the internal

representation is increased. The more reference stimuli precede the deviant, the

more precise the internal representation and the easier the discrimination task. This

means that the adaptation process supports the detection of any deviating sound

feature rather than suppresses any information. Noticeably, during the ’pick-out’

experiment such dependencies between the number of presented reference stimuli

before a deviant and the discrimination threshold were not found (see Fig. 2.7).

Percent correct performances are similar for numbers of reference stimuli from 3 to

10 and were only dependent on the lag-ITD. This may be explained by assuming

that during the ’pick-out’ measurement the auditory system remains in the adapted

state throughout the whole sequence without being disrupted from this adaptation
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by a deviant. Hence, the systematically larger thresholds obtained for the ’pick-out’

paradigm are most likely not due to a lack of adaptation to the reference stimulus.

Instead, the difference has to be attributed to cognitive processes associated with

timing uncertainty of the stimulus to be detected.

The finding of decreasing discrimination thresholds with increasing adaptation to

the reference presented so far seems to contradict with findings of an increased

echo threshold with increasing adaptation: Freyman et al. (1991) or more recently

Krumbholz and Nobbe (2002) have shown that the echo threshold is increased as

multiple repetitions of the reference lead-lag click-pair were presented prior to the

test click-pair. Freyman et al. (1991) asked subjects in their study whether they

perceived an echo, Krumbholz and Nobbe (2002) asked their subjects whether they

perceived one or two auditory events. Thus, in both studies subjects were asked to

indicate the number of perceived events. The echo threshold usually is defined as the

lead-lag delay where subjects tend to perceive the second click as a separate event.

Unlike these studies, subjects in the present study had to indicate any difference

between click-pairs with or without lag-ITD.

Taking the results of Freyman et al., Krumbholz and Nobbe and the present ex-

periments into account, it can be concluded that although lead and lag might fuse

to one auditory event, a lag-ITD can still be detected due to subtle changes in the

perceived properties of the auditory event. Therefore, the results of the present

study do not contradict previous findings.

2.4.2 Speed-accuracy trade-off

Procedures of the ’3-AFC continuous’ (Experiment III) and the ’pick-out’ experi-

ment (Experiment V) make use of continuous stimulus presentation. In these two

experiments sequences of more than 200 stimuli were presented without any break

for the subjects. Hence, the perception of double click-pairs during continuous stim-

ulation is determined. Subjects had to respond very quickly while already listening

to the next stimuli. In contrast to that, during the ’3-AFC’ (Experiment I), the ’3-

AFC pre-signal’ (Experiment II) and the ’3-AFC train’ experiment (Experiment IV)
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the stimulus presentation stopped after the third interval and the subjects were not

forced to respond as quickly. The next trial was not presented until the subjects

responded. The resulting break may be used by the subjects to compare the three

intervals with the established internal representation of the reference stimulus. Fur-

thermore, they may compare the three intervals among each other without any

temporal restrictions. This facilitates the detection of the deviant and may there-

fore be the primary reason for the lower discrimination thresholds found here.

The influence of forcing the subjects to respond very quickly, can be derived quan-

titatively by comparing the discrimination threshold values obtained by the ’3-AFC

pre-signal’ experiment (Experiment II) and the ’3-AFC continuous’ experiment (Ex-

periment III). The only difference between these two experiments is that in the ’3-

AFC pre-signal’ experiment the stimulation stops after the third interval whereas

in the ’3-AFC continuous’ experiment it does not. As Fig. 2.5 indicates, discrimina-

tion threshold values of the ’3-AFC continuous’ experiment are larger for all lead-lag

delays than those of the ’3-AFC pre-signal’ experiment. This difference can be ex-

plained by a speed-accuracy trade-off mechanism. However, this does not explain

the even larger differences between both continuous presentation modes, i.e., ’3-AFC

continuous’ and ’pick-out’ paradigm.

2.4.3 3-AFC versus ’pick-out’ paradigm

As described in section 2.2 four different 3-AFC and one ’pick-out’ paradigm were

employed in order to determine discrimination thresholds for a lag-ITD. Although

the subject’s task in each of the five experiments was to discriminate a deviation

from a reference stimulus, the paradigm applied in each experiment plays an impor-

tant role.

In the ’3-AFC’ (Experiment I) and the ’3-AFC train’ (Experiment IV) experiments

an adaptive procedure was used, in the ’3-AFC pre-signal’ (Experiment II) and the

’3-AFC continuous’ (Experiment III) experiments the 70.7 percent correct perfor-

mance was interpolated between several sampling points of a psychometric function.

Both procedures should yield the same results. In order to assure this, a control
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Fig. 2.12: Overview of the various effects that could explain the differences between

the discrimination performances of the five experiments. Plotted are discrimination

performances averaged across five subjects obtained at a lead-lag delay of 5 ms.

experiment was conducted using the 3-AFC paradigm with the fixed lag-ITD pro-

cedure. As expected, the adaptive as well as the non-adaptive procedure yields the

same thresholds.

Although the stimulus presentation of the ’3-AFC continuous’ (Experiment III)

and the ’pick-out’ experiments (Experiment V) were continuous, the discrimina-

tion threshold values obtained by these two experiments differ significantly. The

main difference between both paradigms is the stimulus timing uncertainty: in the

’3-AFC’ paradigm the subjects know exactly when a deviant may occur as the pre-

signal as well as the three intervals are marked. Additionally, the subjects knew that

the pre-signal only consisted of reference stimuli. Therefore, they could establish a

precise internal representation of this stimulus. In contrast to that, in the ’pick-out’

paradigm, the subjects did not know what kind of stimulus will be next because

there is no pre-signal and no marking of any interval. It is likely that while perform-

ing the ’pick-out’ task subjects evaluate each double click-pair more separately. In

contrast to that, while performing the ’3-AFC’ task, it is reasonable to assume that
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subjects compare the established internal representation with the current double

click-pair. Moreover, in the 3-AFC paradigm, intervals that may contain a deviant

are marked and the subject only has to choose between three different intervals.

This is not the case in the ’pick-out’ paradigm. There, no interval is marked which

also makes the ’pick-out’ task more difficult. Hence, the stimulus timing uncertainty

seems to have a considerable effect on the discrimination threshold.

This assumption is supported by previous studies performed by Watson et al. (1975,

1976) and Leek and Watson (1984) which revealed that the uncertainty about the

stimulus has a significant effect on the discrimination performance. Although the

stimulus uncertainty described in these studies refers to the uncertainty about the

change of the stimulus (one of ten tone components is altered), these studies show

that discrimination thresholds depend critically on the subjects’ expectation of the

presented stimuli. Furthermore, terms like ’Temporal Uncertainty’ and ’Interval of

Time Uncertainty’ as described by Green and Swets (1988) and Egan et al. (1961),

respectively, refer to the same effect as found in the present study because they de-

scribe the influence of the uncertainty about the occurrence of the target stimulus.

Egan et al. (1961) performed detection experiments in which a noise was presented

continuously and, in certain time intervals which were marked by a light, a target

signal (1 kHz sinusoid which is 500 ms in duration) may be presented. Results re-

veal that even a small increase of the timing uncertainty, i.e., a small extension of

the interval in which the signal may appear, exerts a significant influence on the

detectability of the target signal. Moreover, a further increase of the timing uncer-

tainty leads to a steady decrease of the detectability. It is reasonable to assume that

a similar effect appears in the present study by applying the ’pick-out’ paradigm in

which no information is provided to the subjects about when a deviant is likely to

occur.

2.4.4 Theoretical approach

Several researchers have already noted that the overall spectrum of a lead-lag click-

pair changes as a function of the lead-lag delay and the lag-ITD (see, e.g., Tollin
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and Henning, 1999). These considerations mostly cover lead-lag delays up to 1 ms

or 2 ms. In section 2.3 of the present study, a spectral dissimilarity approach was

introduced that shows the influence of the lag on the lead for larger lead-lag delays.

Furthermore, a perception model was employed in order to calculate differences of

the internal representations of the stimuli. According to both of these approaches

the behavior of the discrimination threshold in the range from 0 ms to 5 ms can

be explained as follows: as illustrated in Fig.2.9 the differences between the spectra

of the reference and the deviant stimulus can be described as the differences of the

notch frequencies that result from comb filter effects. These differences ∆fc which

are displayed as a function of the applied lag-ITD and the cancelled frequency of

the reference stimulus are shown for four different lead-lag delays (1, 2, 3 and 5 ms).

Obviously, the inserted lag-ITD leads to a much larger difference if the lead-lag delay

is short. This means that for short lead-lag delays a small change of the lag-ITD

leads to a large difference in the spectral domain at certain frequencies, whereas for

larger lead-lag delays a change of the lag-ITD does not lead to such big differences.

Therefore, if compared at the same discrimination performance level, lag-ITDs for

smaller lead-lag delays may be much smaller than those for larger lead-lag delays.

However, in this analytical approach only the shift of corresponding frequency

notches is considered. The perceptual relevance of such a criterion is not clear

at all: for example, a frequency notch of the 14. order in the reference spectrum

may be closer to the frequency notch of the 13. order of the deviant spectrum. In

addition, the auditory system is expected to evaluate the energy and the envelope

fluctuations in certain frequency bands rather than to detect shifts in correspond-

ing frequency notches. In order to better assess the perceptual relevance of the

monaural cues available to the subjects to discriminate between the reference and

the deviant stimulus, a perception model was employed. The comparison of the in-

ternal representations according to the perception model yields a dependence on the

lead-lag delay similar to the simple analytical approach. Specifically, for a constant

lag-ITD, differences between the reference and the deviant spectrum increase with

increasing lead-lag delay. This finding is in partial agreement with the discrimina-

tion thresholds obtained from the psychoacoustical measurements, i.e., only for the
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initial portion of the discrimination performance (i.e., for lead-lag delays up to 5 ms)

monaural cues seem to dominate performance as a function of the lead-lag delay.

As the lead-lag delay increases above 5 ms, the observed performance stays stable

and improves again which cannot be predicted from monaural cues. Since binaural

cues are available in this configuration, the observed decrease in threshold reflects

the usage of the binaural cues. This is comparable with echo thresholds as, e.g.,

listed in the review paper by Litovsky et al. (1999).

2.5 Conclusions

In the present study five experiments were performed in order to evaluate adapta-

tion processes in discrimination tasks of lag-ITDs in dependence of prior stimulus

presentation and the applied paradigm. The following conclusions can be drawn

from the results:

• In non-continuous presentation modes adaptation processes during the presen-

tation of multiple references increase the accuracy of the internal representa-

tion and yield lower discrimination thresholds of a lag-ITD.

• Due to a speed-accuracy trade-off mechanism, a continuous presentation mode

leads to higher discrimination thresholds than those obtained from a non-

continuous presentation mode.

• In continuous presentation modes, the stimulus timing uncertainty has a con-

siderable effect on the discrimination thresholds. In the ’pick-out’ paradigm

stimulus timing uncertainty is very high which makes the buildup of an in-

ternal representation of the reference stimulus more difficult. In contrast, in

the 3-AFC paradigm having a low stimulus timing uncertainty the buildup of

the internal representation is considerably easier which leads to much lower

discrimination thresholds.

• The the decrease of the discrimination performance for lead-lag delays from

0 ms to 5 ms could be explained by comparing the spectra of both stimuli (an-
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alytical approach) as well as by the comparison of the internal representations

of the stimuli (perception model). As these models evaluate monaural cues

this finding suggests that monaural cues dominate the discrimination thresh-

olds for lead-lag delays up to 5 ms whereas binaural cues seem to be suppressed

due to the precedence effect. For larger lead-lag delays the predictions of both

the analytical and the perception model do not agree with the discrimination

performances of the psychoacoustical measurements which suggests that for

these delays binaural cues are not suppressed and therefore available for the

auditory system yielding lower thresholds than predicted by the models.
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Chapter 3

Lateralization and discrimination

of precedence-effect-type stimuli

and the role of adaptation

ABSTRACT

Experiments performed in this chapter investigate the suppression of directional in-

formation provided by an interaural time difference (ITD) of a lagging click (lag)

which is preceded by a leading click (lead) as a function of the lead-lag delay. Addi-

tionally, adaptation effects of multiple reference presentations and continuous stim-

ulation were evaluated. Three experiments were performed that differ in the number

of presented reference stimuli (lag-ITD = 0 µs) per trial as well as with respect to

the stimulus timing uncertainty. Subjects were asked to indicate any deviant (lag-

ITD 6= 0 µs) and, in addition, to assign it to the left or right hand side. Results of

the present study are compared with previously collected discrimination thresholds

obtained from the same group of subjects. The comparison reveals that directional

information is suppressed to a larger extent than other cues, i.e., suppression of

direction occurs for a larger range of lead-lag delays than the suppression of dis-

crimination. Moreover, multiple reference presentations and continuous stimulation

exert similar influences on both discrimination and lateralization thresholds, i.e., if

the reference stimulus is presented repeatedly its internal representation becomes

39
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more distinct yielding lower thresholds than using solitary presented reference sti-

muli. In contrast, a continuous presentation mode yields higher thresholds than

in the case of solitary stimulation due to speed-accuracy trade-off and stimulus

timing uncertainty effects. In the non-adaptive continuous presentation mode, sig-

nificant ’anomalous’ lateralizations where observed, i.e., subjects lateralized stimuli

consistently on the opposite side as expected. Hence, directional information was

consistently misinterpreted by the auditory system.

3.1 Introduction

The ability of the auditory system to sort out the direction of the direct sound and

to ignore the directional information that is provided by the reflections has been

termed the precedence effect (Wallach et al., 1949). It is defined as the suppression

of directional information provided by the lag in presence of the lead (see chapter 2).

Many researchers performed experiments in the scope of the precedence effect where

mostly two pairs of clicks are used to simplify the studies. The first click-pair is com-

monly referred to as the lead and the second click-pair is referred to as the lag. An

important parameter of this stimulus arrangement is the lead-lag delay. In most

studies, an interaural time difference (ITD) in either the lead and/or the lag is em-

bedded and subjects are asked to describe the perceived location of the compound

stimulus.

Researchers determined several thresholds related to the precedence effect depending

on the experimental setup and the task assigned to the subjects. For example, la-

teralization1 thresholds were determined by Tollin and Henning (1998) who applied

a two interval paradigm where the lag-ITD of the first interval was either positive

or negative and the second interval contained the same lag-ITD but with opposite

sign. They asked their subjects which of the two intervals they perceived farthest

to the left. Lateralization thresholds were also obtained by Gaskell (1983) or Saberi

1Unlike the localization of a sound at an external position of the head which occurs in a free field

arrangement, hearing via headphones leads to a perception of a position within the head which is

commonly called lateralization.
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and Perrott (1990). Saberi and Perrott applied a two interval paradigm where the

first interval contained a diotic double click-pair and the second interval contained a

double click-pair with an inserted lag-ITD. Their subjects had to indicate whether

they perceived the second interval to the left or right side of the first interval. Echo

thresholds (see, e.g., Freyman et al., 1991; Litovsky et al., 1999; Krumbholz and

Nobbe, 2002) usually determine the lead-lag delay where subjects tend to perceive

lead and lag as two separate auditory events rather than a single fused auditory

object.

Generally, if one inserts an ITD in the lag click-pair not only directional features

(binaural cues) of the compound stimulus are changed but also features like tim-

bre (monaural cues) and spaciousness of the auditory object. Hence, in order to

determine the influence of the precedence effect, i.e., the suppression of directional

information, one has to distinguish carefully between changes of different stimuli

features that are affected by a lag-ITD. It is unclear whether the directional infor-

mation of the lag is suppressed or contributes its information to the total spectrum

of lead and lag. The change of spectral features due to the change of the lag-ITD has

so far been described theoretically by experimenters like Gaskell (1983) or Tollin and

Henning (1999) but was not separated yet from directional features in psychophy-

sical tasks. Indeed, in non of the before mentioned studies perceived lateralizations

provided by a lag-ITD were related to the discrimination performances, i.e., asking

subjects not to lateralize stimuli with lag-ITD (deviants), but ’only’ to discriminate

them from stimuli without lag-ITD (reference).

In chapter 2 discrimination thresholds were determined for the same group of sub-

jects for a lag-ITD in a lead lag stimulus arrangement as a function of the the lead-lag

delay using several stimulation modes. Different stimulus presentation modes were

applied in order to investigate adaptation processes that occur if the stimulation

is adapted to real-life conditions, i.e., continuous stimulation was applied and the

stimulus timing uncertainty was varied. Thereby, in all experiments of chapter 2,

subjects had the chance to use any sound feature (monaural and binaural) to discrim-

inate deviant from reference stimuli. Results of chapter 2 show, that discrimination

thresholds depend on both the lead-lag delay and the presentation mode, i.e., a
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repeated reference stimulus leads to lower thresholds (compared to those obtained

by solitary stimulation of the reference) as its internal representation becomes more

distinct. In contrast, continuous stimulation exerts an opposite effect, i.e., due to

speed-accuracy trade-off and stimulus timing uncertainty effects higher thresholds

are obtained compared to gated stimulation (stimulation is stopped after one trial).

Similar effects are expected to be found for the lateralization threshold which is

addressed in this chapter.

Additionally, discrimination thresholds for lead-lag delays up to about 5 ms as ob-

tained in chapter 2 could be simulated using both an analytical and a perception

model that evaluate monaural stimulus parameters. This suggests, that mainly

monaural cues are used to perform the discrimination task for these lead-lag delays

while binaural cues were suppressed due to the precedence effect. For lead-lag delays

larger than about 5 ms both models fail at predicting the discrimination performance

which indicates that the precedence effect does not operate for these lead-lag delays

and binaural cues help to improve discrimination performance significantly.

The aim of the current study is to separate the detectability of directional cues from

other detected changes by comparing lateralization thresholds for a lag-ITD with the

previously obtained discrimination thresholds. As in the current experiments several

presentation modes similar to those of chapter 2 were employed, i.e., stimulations

which were also adapted to real-life conditions, thresholds of both chapters can be

compared in order to determine whether the adaption of the stimulation to real-life

conditions exerts similar influences on both the discrimination and the lateralization

thresholds. Furthermore, the determination of the lateralization thresholds allows

to test the assumption which arose from the comparison of the simulated and the

behavioral data of chapter 2, i.e., binaural cues help to improve the discrimination

performance. If this is the case, lateralization thresholds are expected to be similar

to discrimination thresholds for lead-lag delays larger than about 5 ms. For lead-lag

delays smaller than 5 ms lateralization performance is expected to be worse than

the discrimination performance because of the suppression of directional information

due to the precedence effect.
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3.2 Methods

3.2.1 Apparatus

All psychophysical experiments took place in a double-walled sound proof booth

(IAC 1203A). Signal generation and presentation were controlled by a personal com-

puter using a software package for matlab which was developed at the University of

Oldenburg. Stimuli were generated digitally with the matlab software at a sampling

rate of 96 kHz, transformed by an D/A converter (type SEK’D 2496 DSP) amplified

by a preamplifier (type Behringer HA 4400) and presented via headphones (type

AKG K 501) at a level of 40 dB HL (hearing level). The subjects sat in front of the

monitor of the personal computer and gave their responses pressing predetermined

buttons on the keyboard.

3.2.2 Subjects

Eight subjects (all male) participated in this study. All subjects are members of

the research group ’Medizinische Physik’ of the University of Oldenburg. They

were aged between 23 and 38 and all normal hearing according to their audiogram

(hearing loss < 20 dB between 0.125 kHz and 8 kHz). Three of the subjects had

intensive experience in psychophysical measurement tasks, three subjects had little

experience and two of them were rather inexperienced. All subjects that took part

in experiments of the present chapter also participated in experiments of chapter 2.

3.2.3 Paradigms and stimuli

In all experiments double click-pairs were used where the first click is referred to as

the lead and the second click is referred to as the lag. The time interval between the

two clicks is called the lead-lag delay. Lead-lag click-pairs split up into two types:

reference stimuli and deviants (see Fig. 3.1). Reference stimuli consist of two diotic

clicks, i.e., no ITD is embedded neither in the lead nor in the lag click. In contrast

to that, an ITD was embedded in the lag click of a deviant stimulus. This ITD was
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right channel

amplitude

lead lag
time

left channel

right channel

reference deviant

Fig. 3.1: Illustration of a reference stimulus (left panel) and a deviant (right panel)

lead-lag click-pair. Stimuli with an inserted ITD in the lag click were deviants

whereas reference stimuli had no lag-ITD. The lead-ITD of both stimuli was zero.

either positive or negative yielding lateralizations to the either the left or right hand

side, respectively (a positive ITD delayed the lag click of the right channel which

yielded a lateralization to the left side).

The lateralization threshold was determined in three different experiments which

can be described in short as follows:

Experiment I: Adaptive 3-interval 6-alternative-forced-choice 1-up-2-down exper-

iment where each interval contains one lead-lag click-pair (’3-I 6-AFC single’).

Experiment II: Adaptive 3-interval 6-alternative-forced-choice 1-up-2-down exper-

iment where each interval contains twelve lead-lag click-pairs (’3-I 6-AFC train’).

Experiment III: ’Pick-out’ experiment where a two minute lasting sequence is

presented continuously (’pick-out’).

All experiments are described in detail in the following:
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3.2.4 Experiment I and II, the adaptive 1-up-2-down 3-I 6-

AFC procedure

In Experiment I and II, in each trial three intervals were presented whereof one

contained the deviant. Subjects were asked to identify the interval containing the

deviant and, in addition, to assign the lag click to either the left or right hand

side. Therefore, six response buttons, two for each interval, were available for the

interval 1

(deviant)

interval 1

(deviant)

interval 2

(standard

interval 2

(reference)

interval 3

(reference)

interval 3

interstimulus interval: 500 msinterstimulus interval: 500 ms
lead lag delay:
0 to 20 ms
lead-lag delay:
0 to 20 ms

left

channel

right

channel

time

amplitude

ITD: adaptivITD: adaptiv

Fig. 3.2: Sketch of the time signal as used in Experiment I (’3-I 6-AFC single’).

Three intervals were presented whereof one was a deviant (in this example interval 1)

and two were reference stimuli, each consisting of one lead-lag double click-pair. The

deviant differs from the reference as a lag-ITD was embedded in either the left or

right channel. There was no lag-ITD in the lag of the reference stimuli. Lead-ITDs of

both the deviant and the reference were zero. The interstimulus interval was 500 ms

yielding a stimulus repetition rate of 2 Hz. The lead-lag delay was kept constant

within a single measurement and randomly chosen out of eight different values (0, 1,

2, 3, 5, 7, 10 and 20 ms), the lag-ITD was varied adaptively. In Experiment II (’3-I

6-AFC train’) each interval consisted of twelve double click-pairs (not shown). In

this case the deviant interval consisted of eleven reference stimuli and one deviant

at a random position of the interval and had an embedded lag-ITD.
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subject. The respective buttons were enlightened when the corresponding interval

was presented (e.g., button one and two were enlightened during the presentation

of the first interval). Each button represents two decisions. For example, the first

button stands for the decision that the deviant appeared in the first interval and

was perceived on the left side. The second button stands for the decision that the

deviant appeared in the first interval and was perceived on the right side and so

on. As the subjects had to press one of the six buttons after the third interval this

procedure is called a 3-I 6-AFC procedure.

A sketch of the time signal as used in the ’3-I 6-AFC single’ experiment (Exper-

iment I) is shown in Fig. 3.2. In this experiment each interval consisted of one

double click-pair, in the ’3-I 6-AFC train’ experiment (Experiment II) each interval

consisted of twelve double click-pairs. Both the time interval between two double

click-pairs and the time interval between two intervals of the trial were 500 ms yield-

ing a stimulus repetition rate of 2 Hz.

In the ’3-I 6-AFC single’ experiment the lead-lag delay was varied as a parameter

with values of 0, 1, 2, 3, 5, 7, 10 to 20 ms (presented in randomized order). As

the measuring time was twelve times longer in the ’3-I 6-AFC train’ experiment the

lateralization threshold was only determined for lead-lag delays of 1, 5 and 20 ms

(presented in randomized order).

The procedure of Experiments I and II is called adaptive because the lag-ITD was

increased after each incorrect response and decreased after two successive correct

responses (1-up 2-down). Additionally, the step-size was varied during one mea-

surement. The initial lag-ITD was ± 430 µs (this corresponds to a lateralization of

approximately half the way between the center of the head and the respective ear).

The initial step-size was 42 µs (8 samples) which was reduced to 21 µs (4 samples)

after the first upper reversal and reduced to the final step-size of 10 µs (1 sample)

after the second one. All lead-ITDs were zero.
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3.2.5 Experiment III, the ’pick-out’ procedure

In the ’pick-out’ experiment stimulus sequences as shown in Fig. 3.3 were presented

to the subjects. Each sequence consisted of about 210 stimuli (lead-lag click-pairs)

and had durations close to two minutes. The stimuli were presented at a repetition

rate of 2 Hz (the same repetition rate as in Experiments I and II).

At randomly chosen positions of the sequence the lag click had positive or negative

interaural time differences of 150, 300, 450, 600, 750 or 900 µs, respectively. These

time shifts were inserted in the lag click in such a way that the lead-lag delay in the

right channel was either enlarged (positive ITD) or shortened (negative ITD) which

leads to a lateralization to the left or right hand side, respectively.

Each of the 12 deviants was embedded 3 times in each sequence on condition that

ISI: 500 ms

delay: 0 to 20 ms

ITD: 150 to 900 µs

left

right

left

right

time

amplitude

Fig. 3.3: Sketch of the stimulus sequence as used in the ’pick-out’ experiment (Ex-

periment III). Overall, the sequence consisted of about 210 lead-lag click-pairs. The

interaural time difference of the lag click of the deviant, see enlarged cut-out, was

varied from 0 µs up to ± 900 µs in steps of ± 150 µs. The lead-lag delay was varied

from 0 ms up to 20 ms. Within one sequence the lead-lag delay was kept constant.
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at least three and at most ten reference stimuli followed a deviant. Overall, there

were 36 deviants and about 200 reference stimuli in each sequence.

The lead-lag delay was also varied as a parameter over the sequences but was con-

stant within one sequence. As eight different lead-lag delays were applied, a total of

40 different sequences (5 sequences per lead-lag delay) were presented.

Subjects were asked to hit either the left or right predetermined button on the key-

board as soon as possible after they detected a deviant stimulus. Thus, the attention

was turned strongly to the stimulus sequence. The subjects received no feedback

during the measurement.

Before data were collected, all subjects were introduced to their task and went

through a training session consisting of three sequences. No subject reported

any problems with the task although some mentioned that high concentration was

needed.

In Experiment III (’pick-out’) six sampling points of the psychometric function were

determined for each side. A subjects’ response was treated as a ’hit’ if the correct

button on the keyboard was pressed within one second after the presentation of the

deviant. No response or a delayed response was treated as a miss or false alarm,

respectively. This yields percent correct performances for the fixed lag-ITDs for

each subject. A psychometric function according to equation

f(x) =
1

1 + e(a+bx)
(3.1)

was fitted to the six sampling points where a determines the horizontal shift and b

the slope of the function. From this function the 70.7 percent correct performance

value was interpolated.

During all experiments particular attention was paid to the subjects’ vigilance. Most

subjects performed about five measurements in a row until they reported getting

tired, i.e., they listened and responded to five sequences which lasted about 15 to

20 minutes.

All statistical tests that were performed were Wilcoxon tests using an α-value of

0.05.
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3.3 Results

Figure 3.4 shows lateralization thresholds as obtained by all three experiments.

Shown are lag-ITDs that led to 70.7 percent correct performances. Thresholds deter-

mined by the ’3-I 6-AFC single’ experiment (Experiment I) were plotted as circles,

thresholds determined by the ’3-I 6-AFC train’ experiment (Experiment II) were

plotted as triangles and thresholds of the ’pick-out’ experiment (Experiment III)

were plotted as diamonds. Open symbols represent data averaged across those five

subjects that participated in all experiments, closed symbols represent data aver-

aged across eight subjects (only five subjects participated in the ’3-I 6-AFC train’

experiment). Upward-pointing errorbars show the interindividual standard devia-

tion calculated across eight subjects, downward-pointing errorbars those calculated
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Fig. 3.4: Lateralization thresholds obtained by Experiment I (’3-I 6-AFC single’,

circles), Experiment II (’3-I 6-AFC train’, triangles) and Experiment III (’pick-out’,

diamonds). Lag-ITDs that yield 70.7 percent correct performances were plotted as

a function of the lead-lag delay. Open symbols show data averaged across those five

subjects that participated in all experiments, closed symbols show data averaged

across eight subjects. Errorbars indicate interindividual standard deviations.
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across five subjects. For a better representation of the errorbars of different experi-

ments, values of the same lead-lag delays were slightly shifted.

Lateralization thresholds for lead-lag delays of 1,2 and 3 ms could not be determined

in the ’pick-out’ experiment as none of the pre-selected lag-ITDs between 150 µs and

900 µs yielded a higher performance than 70.7 percent correct (see also Fig. 3.7).

All lag-ITD values averaged across all eight subjects do not differ significantly from

those averaged across the subset of five subjects (Wilcoxon tests, p < 0.05). Over-

all, the ’pick-out’ experiment yielded the highest lag-ITD values with the highest

value of about 900 µs at a lead-lag delay of 5 ms. Thresholds obtained by the ’3-I

6-AFC train’ experiment are much lower with a lag-ITD value below 300 µs for a

lead-lag delay of 5 ms. The ’3-I 6-AFC single’ experiment yielded lag-ITD values

that assume intermediate values with a maximum of about 520 µs at a lead-lag

delay of 2 ms. The lag-ITD threshold value at a lead-lag delay of 5 ms is about

440 µs. Threshold characteristics for all experiments are similar, i.e., for lead-lag

delays from 2 ms to 7 ms lag-ITD values are higher than those obtained by lead-lag

delays of 0, 10 or 20 ms.

Except for a lead-lag delay of 0 ms, lag-ITD values obtained by the ’pick-out’ ex-

periment (Experiment III) differ significantly from those obtained by the ’3-I 6-AFC

single’ experiment (Experiment I).

Figure 3.5 and 3.6 show the distribution of the depressed keys of the ’3-I 6-AFC

single’ experiment (Experiment I). Each of the eight panels in Fig. 3.5 represents

one of the lead-lag delays of 0, 1, 2, 3, 5, 7, 10 and 20 ms, respectively. Each panel

contains four bars that show the number of correct/false interval and correct/false

direction identifications which were accumulated across all eight subjects. For this

analysis only those key presses were evaluated with respective lag-ITD values be-

tween 300 µs and 500 µs, respectively, i.e., lag-ITDs near the threshold. The upper

left panel shows the response key distribution for a lead-lag delay of 0 ms. For this

lead-lag delay almost all responses were correct and only a few direction confusions

and false interval identifications occurred.

Figure 3.6 shows the number of correct responses (first bars in panels of Fig. 3.5) as

black down-pointing triangles, direction confusions (second bars in panels of Fig. 3.5)
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as gray up-pointing triangles and the number of false interval identifications (sum

of third and forth bars in panels of Fig. 3.5) as gray diamonds as a function of the

lead-lag delay. Additionally, the relation between the number of correct responses

and direction confusions is shown as open squares as a function of the lead-lag de-

lay. Noticeably, all curves are highly dependent on the lead-lag delay. The largest

number of correct responses was obtained for a lead-lag delay of 1 ms. It decreases

with increasing lead-lag delay and reaches its minimum at a lead-lag delay of 3 ms.

It increases again close to the maximum value for a lead-lag delay of 20 ms. The

number of direction confusions shows the opposite characteristic: for lead-lag delays
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Fig. 3.5: Plot of the distributions of the number of key presses for lead-lag delays

of 0, 1, 2, 3, 5, 7, 10 and 20 ms of Experiment I. The number of key presses

were accumulated across eight subjects and normalized by the total number of key

presses (33.600). Different bars show the distribution among the correct and false

identifications of the interval (’cI’, ’fI’) and direction (’cD’,’fD’), respectively.
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of 0 ms and 20 ms the number of direction confusions is small and the maximum

is reached for a lead-lag delay of 2 ms. Hence, the relation between the number of

direction confusions (open squares) and the number of correct responses show the

same general characteristic as the direction confusions, i.e., the maximum is reached

at lead-lag delays of 2 ms and 3 ms whereas smaller and larger lead-lag delays yielded

considerably lower values.

The number of false interval identifications also seems to depend on the lead-lag de-

lay. It reaches the smallest value for a lead-lag delay of 3 ms. For smaller and larger

lead-lag delays greater numbers of false interval identifications occur at a lead-lag

delay of 7 ms.
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Fig. 3.6: The relative frequency of correct responses (black down-pointing triangles),

direction confusions (gray up-pointing triangles) and false interval identifications

(gray diamonds) as obtained by the ’3-I 6-AFC single’ experiment (Experiment I) as

a function of the lead-lag delay (left scale, i.e., the number of key presses normalized

by the total number of key presses in Experiment I that is 33.600). Additionally,

open squares show the relation between the number of direction confusions and

correct responses (right scale).
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Fig. 3.7: Percent correct performances averaged across eight subjects as obtained in

Experiment III (’pick-out’) were plotted in dependence on the lag-ITD. Each of the

eight insets represents one of the eight different lead-lag delays in ascending order

(from left to right). Psychometric functions were fitted to both the percent correct

performances of the discrimination threshold (filled symbols) and the lateraliza-

tion thresholds (open symbols). Percent correct performances of the discrimination

threshold were obtained by only considering the choice of the correct interval. Sim-

ilar performances for the lateralization thresholds were obtained by considering the

choice of the correct side within the correct interval, additionally.

Figure 3.7 shows mean results of the ’pick-out’ experiment (Experiment III). As the

task of the subjects was both to identify the deviants and, additionally, to assign

them to either the left or right side, responses were analyzed as correct interval

identifiers (filled symbols) as well as correct interval and correct direction identifiers

(open symbols). Note that responses represented by the open diamonds are a subset

of those shown by the filled diamonds. Additionally, psychometric functions were

fitted to either data sets. For lead-lag delays of 0, 10 and 20 ms, respectively, both

psychometric functions are similar. In contrast to that, for lead-lag delays from

1 ms to 7 ms both psychometric functions show considerable differences, especially

for lead-lag delays from 1 ms to 3 ms. In the latter cases even for lag-ITDs of 900 µs

percent correct performances do not exceed values of 60 percent.

A striking result is that for lead-lag delays of 1 ms and 2 ms the lateralization
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thresholds even decrease with increasing lag-ITDs (see Fig. 3.7). This effect is

analyzed in more detail in Fig. 3.8 where hits and direction confusions of the ’pick-

out’ experiments are plotted. As described in section 3.2 in this experiment deviants

with positive and negative lag-ITDs were presented. Mean values of the results of

both sides are plotted. Each panel of Fig. 3.8 shows the number of hits and direction

confusions accumulated across eight subjects as a function of the six fixed lag-ITDs.

As the total number of deviant identifications is expected to increase with increasing

lag-ITD both the number of direction confusions and the number of hits are expected

to increase, too. In fact, the number of direction confusions increases with increasing

lag-ITDs (see open bars in Fig. 3.8). However, at least for lead-lag delays of 1 ms

and 2 ms the number of hits only increases for lag-ITDs up to 450 µs and 600 µs,

respectively. Unexpectedly, for these lead-lag delays, decreasing number of hits were

obtained for increasing lag-ITDs. For some lead-lag delays and lag-ITDs the number

Fig. 3.8: Illustration of hits (filled bars) and direction confusions (open bars) that

occurred in the ’pick-out’ experiment in dependence on the lag-ITDs and lead-lag

delays. Data were accumulated across eight subjects. Mean hits and mean direction

confusions of lateralizations to the left and right hand side are shown. Arrows

indicate those number of direction confusion values that are significantly larger than

the corresponding number of hit values.
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of direction confusions is significantly larger than the corresponding number of hits

(Wilcoxon tests, p < 0.05, marked by an arrow in Fig. 3.8).

Figure 3.9 shows the percent correct performances of the ’pick-out’ experiment as

a function of the number of reference stimuli that preceded the deviant. As men-

tioned in section 3.2 the sequences of the ’pick-out’ procedure were designed with

the constraint that between three and ten reference stimuli preceded (followed) a

deviant. Not all combinations of numbers of reference stimuli presented before the

deviant and lag-ITD values are covered.

The solid lines represent percent correct performances for the deviants from the

left, the dashed lines percent correct performances for the deviants from the right,
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Fig. 3.9: Percent correct performances for all deviants of the ’pick-out’ procedure as

a function of the number of reference stimuli presented before the deviant averaged

across all subjects and lead-lag delays. Dashed lines indicate percent correct values

for the deviants that were lateralized to the right hand side and the solid lines

indicate the percent correct values for the deviants that were lateralized to the left

hand side. Not each number of reference stimuli was presented before each deviant

so that some values are missing.
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respectively. Performance values were averaged across all subjects and all lead-lag

delays.

As Fig. 3.9 shows, no consistent asymmetry between performances for deviants from

either side can be observed. Additionally, for all deviants of each side the percent

correct performance is nearly independent of the number of reference stimuli pre-

ceding the deviant.

Figure 3.10 compares lateralization thresholds (filled symbols) as obtained in the

present chapter with the discrimination thresholds (open symbols) obtained in chap-

Fig. 3.10: Comparison of discrimination thresholds (open symbols) as obtained in

chapter 2 (see also Fig. 2.6) and lateralization thresholds (filled symbols) as obtained

in this chapter (see also Fig. 3.4). For a better view errorbars were omitted. Encir-

cled pairs of discrimination and lateralization threshold values indicate significant

differences according to Wilcoxon tests (p < 0.05). As the lateralization thresholds

for lead-lag delays of 1, 2 and 3 ms are infinite because subjects in these cases did

not reach percent correct rates exceeding 70.7 percent, the difference between the

discrimination and the lateralization thresholds was interpreted as being significant

which is displayed as open ellipses with an arrow pointing to infinite lag-ITD values.
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ter 2. The same symbols as in Fig. 3.4 represent thresholds obtained by Experiment I

to III. Significant differences between both types of tasks are encircled. They occur

for the ’AFC single’ experiments for lead-lag delays of 1, 2 and 3 ms and for the

’pick-out’ procedure for lead-lag delays from 1 ms to 7 ms. For lead-lag delays at

0 ms and from 10 ms to 20 ms the difference between the discrimination thresh-

old values and the lateralization threshold values is not significant. However, all

lateralization threshold values lie about 50 µs above the discrimination threshold

values.

3.4 Discussion

In this chapter the amount of directional information suppression in several

precedence-effect-type conditions was determined as a function of the lead-lag delay

in order to separate the detectability of directional cues from other detected changes

in a lead-lag click-pair. Additionally, the influence of adapting the stimulation to-

wards real-life conditions is studied, i.e., increasing the stimulus timing uncertainty,

varying the number of reference stimuli that precede the deviant and applying con-

tinuous stimulation.

Experiments performed in this chapter differ from those from chapter 2 because

those experiments did not determine which cue actually led to the discrimination

judgement and therefore did not determine to what extent discrimination judge-

ments are based on directional cues. Rather, performance might as well be based

on spectral cues or the number of perceived images.

Additionally, by combining both the results of chapter 2 and chapter 3 it is possible

to analyze whether lateralization performance exhibits a different dependency on

the lead-lag delay and adaptation behavior than the discrimination performance.

Relating the lateralization thresholds as obtained in this chapter to those deter-

mined in previous studies shows that similar results were received although different

paradigms were applied. For example, lateralization thresholds obtained with the

6-AFC paradigm of the present study are in agreement with lateralization thresholds



58 CHAPTER 3. LATERALIZATION AND DISCRIMINATION

determined by Saberi and Perrott (1990) and Tollin and Henning (1998). However,

thresholds determined by Saberi and Perrott are somewhat lower and their stan-

dard deviations are smaller, but, in line with results of the present study, highest

lateralization thresholds were obtained for a lead-lag delay of 2 ms. Lateralization

thresholds obtained by Tollin and Henning also agree with those obtained in this

study: in both studies lateralization thresholds are rather individual and vary con-

siderably across subjects. In addition, the range of lead-lag delays where thresholds

are increased is similar in both studies (1 ms to 10 ms). Furthermore, lateralization

thresholds obtained with lead-lag delays around 20 ms are increased compared to

those obtained with lead-lag delays close to 0 ms.

3.4.1 The relation between discrimination and lateralization

thresholds

Comparing both the lateralization thresholds as obtained in this chapter and the

discrimination thresholds as obtained in chapter 2 reveals that both thresholds differ

significantly in their dependency on the lead-lag delay: the strongest suppression of

directional information (lateralization thresholds) was found for a lead-lag delay of

2 ms, while the strongest overall information suppression (discrimination thresholds)

was found for a lead-lag delay of 5 ms, i.e., increase and decrease of the suppression

of directional information is obtained for smaller lead-lag delays than for the sup-

pression of other information.

The increase of the lateralization threshold of the present study is due to two effects

that both contribute to the precedence effect: first, the increase of the discrimina-

tion threshold for all lead-lag delays as already shown in chapter 2. Second, the

additional increase of the lateralization threshold in excess of the discrimination

threshold (Fig. 3.10). This difference between both thresholds is dependent on both

the lead-lag delay and the paradigm: for the ’AFC single’ experiments lateralization

thresholds are significantly increased compared with the discrimination thresholds

for lead-lag delays from 1 ms to 3 ms. For the ’pick-out’ procedure differences be-

tween both thresholds are significant for lead-lag delays from 1 ms to 7 ms. The
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differences between discrimination and lateralization thresholds may be due to a

stronger suppression of directional information than other information (e.g., spec-

tral information) that help to discriminate deviants from reference stimuli. For

lead-lag delays where both thresholds are rather similar additional cues do not help

in the discrimination task significantly, but were suppressed similarly to directional

cues. However, for all lead-lag delays discrimination thresholds tend to be lower

than corresponding lateralization thresholds, albeit these differences are not signifi-

cant.

Another reason for the difference between both thresholds may be an incorrect inter-

pretation of the available cues by the auditory system for certain stimulus configu-

rations: as described in chapter 3.3 in the ’pick-out’ experiment subjects perceived

deviants consistently on the opposite side at least for lead-lag delays from 1 ms to

3 ms. This hypothesis is based on the increasing number of directional confusions

arising in the ’pick-out’ experiment even if the discrimination performance increases,

too. This is a striking result as intuitively the number of direction confusions is not

expected to exceed the number of correct direction identifications. However, the lat-

ter even decreases with increasing lag-ITD. Hence, for lag-ITDs of 750 µs and 900 µs

the number of direction confusions is partly significantly larger than the number of

hits. This is observable for deviants of both sides which shows that subjects did not

always press the same button when they were insecure about their lateralization of

the deviant. If this would be the case, hits and direction confusions would occur with

equal frequency. As the number of confusions is partly significantly larger than the

number of hits, it is more likely that subjects lateralized consistently the deviants

on the opposite side. This suggests that directional information was not suppressed

but was misinterpreted by the auditory system.

According to this explanation, the reason that lateralization thresholds could not be

determined in the ’pick-out’ measurement for lead-lag delays from 1 ms to 3 ms was

not that lag-ITD values were too small, but the cues caused by the lag-ITDs were

misinterpreted consistently by the subjects. This ’anomalous lateralization’ was

previously described by Tollin and Henning (1999) who also used ITDs (anomalous

lateralization using interaural intensity differences were, e.g., described by Gaskell,
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1976, 1983). In their study Tollin and Henning determined lateralization thresholds

using a three click arrangement and varying the inter click interval (ICI) from 0.2 ms

up to 5 ms. Their results show nearly 100 percent correct lateralization performances

for ICIs of 0.1 ms and ICIs larger than 1 ms. For ICIs in-between lateralization per-

formances decreased considerably. Values of about ten percent which is far below

the chance level of 50 percent were obtained for ICIs around 0.5 ms indicating a

consistent lateralization on the opposite side as expected. In several subsequent

experiments Tollin and Henning investigated the spectral influence of the lag click

on the compound stimulus. They found a ’dominant region around 750 Hz’ and

they concluded that the information provided by the lag click is not suppressed at

all but contributes to the overall acoustical information provided by the compound

stimulus. The anomalous lateralizations found in the ’pick-out’ experiment of the

present study may be explained similarly, although they were obtained at larger

lead-lag delays.

Another important fact arises from the comparison of discrimination and laterali-

zation thresholds: namely, for all paradigms that were applied in both studies, for

lead-lag delays from 1 ms to 20 ms, not only the directional information of the lag is

suppressed but, in addition, even non-directional cues provided by the stimuli (such

as, e.g., spectral changes) are suppressed. Previous studies that determined late-

ralization thresholds could not assess the suppression of other than the directional

information as they did not determine the corresponding discrimination thresholds.

In combination with results of chapter 2 the present study reveals the difference

between the suppression of directional and other information that is affected by the

change of the lag-ITD.

3.4.2 The usage of monaural and binaural cues in the dis-

crimination task of chapter 2

As shown in chapter 2, the gradual decrease of the discrimination performance for

lead-lag delays up to 5 ms can be predicted satisfyingly by both an analytical and

a perception model that evaluate monaural stimulus parameters. In contrast, for
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larger lead-lag delays both models predict a further decrease of the discrimina-

tion performance whereas an increasing performance was obtained in the behavioral

tasks. This failure of the monaural models at predicting discrimination performances

for lead-lag delays larger than 5 ms suggests that binaural cues, which were sup-

pressed due to the precedence effect for smaller lead-lag delays, help to improve the

discrimination performance.

Lateralization thresholds as obtained in this chapter support this assumption of

chapter 2: namely, discrimination performance is improved by the usage of binaural

cues for lead-lag delays larger than 5 ms. As can be seen in Fig. 3.10, depending on

the applied paradigm, discrimination and lateralization thresholds do not differ sig-

nificantly for lead-lag delays larger than 3 ms (AFC paradigm) and 7 ms (’pick-out’

paradigm). This indicates that for these lead-lag delays the discrimination perfor-

mance is dominated by the usage of binaural cues, i.e., lateralization performance.

As monaural cues were not suppressed as strong by the precedence effect as binau-

ral cues for lead-lag delays up to 5 ms and 10 ms, respectively, the discrimination

performances for these lead-lag delays is dominated by the monaural cues.

3.4.3 Adaptation effects

Multiple presentation of the reference stimulus within one trial as well as contin-

uous stimulation exert similar influences on the lateralization threshold as on the

discrimination thresholds (see chapter 2), i.e., lateralization thresholds as obtained

in the ’3-I 6-AFC train’ experiment (Experiment II) are substantially decreased

compared with the lateralization thresholds as obtained in the ’3-I 6-AFC single’

(Experiment I) experiment. The difference between both thresholds is assumed to

result from a more distinct internal representation of the reference stimulus as it

is presented repeatedly which facilitates the discrimination task. In contrast, late-

ralization thresholds as determined by the ’pick-out’ procedure (Experiment III),

where also multiple reference stimuli were presented, are increased compared with

the lateralization thresholds as determined in the ’3-I 6-AFC single’ experiment.

This considerable difference is assumed to result from at least two effects: first, a
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speed-accuracy trade-off mechanism produced by the continuous presentation mode

in which subjects are forced to respond very quickly and second, the larger stimulus

timing uncertainty arising due to the design of the ’pick-out’ procedure. In the ’3-I

6-AFC train’ experiment subjects are aware that only one deviant will be presented

among 35 reference stimuli, i.e., the stimulus timing uncertainty is very low as only

one deviant is expected to occur. Therefore, the internal representation of the refer-

ence stimulus can be established very well and becomes more distinct - considerably

better than in the ’3-I 6-AFC single’ experiment. Thus, the inserted lag-ITD is

perceived more easily which leads to decreased thresholds. In contrast to that, in

the ’pick-out’ experiment, subjects do not know what type of stimulus (deviant or

reference stimulus) will be next. For this reason, the internal representation cannot

be established as well as in the ’3-I 6-AFC train’ experiment. Instead, each new

stimulus is evaluated separately, i.e., subjects changed their strategy to perform the

task. Influences of the different types of procedures that were applied are discussed

in more detail in chapter 2.

Generally, it can be concluded that the adaptation processes observed in this study

are not similar to the buildup effect described in the literature: previous studies

as performed by Freyman et al. (1991) or more recently by Krumbholz and Nobbe

(2002) that address the buildup effect, have shown that the echo threshold is in-

creased as multiple repetitions of the lead-lag click-pair (reference) were preceding

the test click-pair (deviant). Freyman et al. (1991) asked their subjects whether

they perceived an echo, Krumbholz and Nobbe (2002) asked their subjects whether

they perceived one or two auditory events. Thus, in both studies subjects were

asked to indicate the number of perceived events. On the other hand, subjects that

performed lateralization threshold measurements as described in this study had to

assign the deviant to either the left or right hand side, i.e., to assign the stimulus to

a direction. Hence, the determination of the lateralization and the echo thresholds

are basically two different tasks. Results of the analysis concerning within-sequence

adaptation effects in the ’pick-out’ experiments were shown in Fig. 3.9. Obviously,

lateralization performance is not dependent on the number of reference stimuli pre-

ceding the deviant in this procedure. This might not surprise as studies performed
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by Djelani (2001) showed that the buildup effect does not break down after a single

stimulus being presented from a deviating direction. Therefore, a single deviant

within a sequence of reference stimuli is not expected to break down the buildup

effect and thus the buildup effect, if operating at all in lateralization tasks, would

be expected to operate at a saturated level throughout the whole sequence.

3.5 Conclusions

Results of this chapter can be summarized as follows:

• A significant difference exists in the dependency on the lead-lag delay between

the discrimination and lateralization thresholds: the maximum suppression

of directional information was found for a lead-lag delay of 2 ms, while the

maximum overall information suppression was found for a lead-lag delay of

5 ms, i.e., increase and decrease of the suppression of directional information

is obtained for smaller lead-lag delays than for the suppression of other in-

formation. In addition, lateralization performance in the ’3-I 6-AFC single’

experiments for lead-lag delays from 1 ms to 3 ms and in the ’pick-out’ ex-

periment for lead-lag delays from 1 ms to 7 ms is significantly worse than the

discrimination performance. These differences can be explained by an addi-

tional suppression of directional information as well as by a misinterpretation

of the lateralization cues by the auditory system, i.e., consistent ’anomalous’

lateralizations were observed in the ’pick-out’ paradigm for certain stimulus

configurations.

• The difference between lateralization and discrimination thresholds observed

here also indicates that monaural cues dominate performance for lead-lag de-

lays smaller than 5 ms, whereas binaural cues can be utilized for larger lead-lag

delays.

• Adaptation effects produced by a repetitive stimulation exert similar influences

on the lateralization thresholds as on the discrimination thresholds obtained
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in chapter 2: probably, due to a more distinct internal representation of the

reference stimulus both the discrimination thresholds and the lateralization

thresholds are decreased if twelve double clicks (’3-I 6-AFC train’ experiment)

are presented within one interval instead of a single double click (’3-I 6-AFC

single’ experiment). If a continuous stimulus presentation mode is employed

(’pick-out’ procedure), however, discrimination thresholds as well as laterali-

zation thresholds are increased in comparison to those thresholds obtained by

3-I 6-AFC procedures which can be explained by a speed-accuracy trade-off

mechanism and a larger stimulus timing uncertainty (see also chapter 2).

• The adaptation processes observed here are unlike the ’buildup effect’ of the

echo threshold which occurs if multiple references are presented and the num-

ber of perceived auditory events is reported.

• Overall, the results observed here show that the precedence effect produces

a larger suppression of directional information if the stimulus presentation is

adapted to real-life conditions, i.e., employing a continuous stimulation as well

as a higher stimulus timing uncertainty, than under more artificial conditions

using solitary stimulus presentation, i.e., the precedence effect may operate in

everyday life even more effectively as so far found in artificial environments.



Chapter 4

Neural correlates of the

precedence effect in auditory

evoked potentials

ABSTRACT

The precedence effect in subjective localization tasks reflects the dominance of di-

rectional information of a direct sound (lead) over the information provided by one

or several reflections (lags) for short delays. The current study aims at neurophysio-

logical correlates for the precedence effect in humans by recording auditory evoked

potentials. In order to investigate whether the stimulus features or the perception

of the stimulus is reflected on the ascending stages of the human auditory pathway,

auditory brainstem responses (ABRs) as well as cortical auditory evoked potentials

(CAEP) using double click-pairs were recorded. Potentials were related to results

of previously obtained psychoacoustical data.

In ABR measurements double click-pairs with lead-lag delays from 0 ms to 20 ms

and interaural time differences (ITDs) in the lag click of 0 µs and 300 µs were ap-

plied. Corresponding potentials show an emerging second wave V for lead-lag delays

larger than 2 ms which increases gradually in amplitude and latency. In potentials

obtained from non-zero ITD stimuli, the embedded ITD could be found. However,

the amplitudes of the second wave V were not decreased for a lead-lag delay around

65
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5 ms as could be expected from previous psychoacoustical measurements. Hence,

ABRs are assumed to reflect stimulus features rather than the perception of the

stimulus.

The mismatch negativity component of the CAEP for double click-pairs was de-

termined using a deviant with an ITD of 800 µs in the lag click. The comparison

between the obtained MMN components and the psychoacoustical data shows that

the MMN is related to the perception of the stimulus, i.e., the precedence effect.

Generally, findings of the present study suggest that the precedence effect is not a re-

sult of an insufficient sensitivity of the peripheral processing (bottom-up). Rather,

the precedence effect seems to reflect cognitive processes on higher stages of the

auditory pathway which may lead to top-down processes.

4.1 Introduction

If a sound is emitted in a reverberant environment, a complex mixture of acous-

tic signals comprising the direct sound (lead) and several reflections (lags) reaches

the two ears. Although lead and lag sounds may carry contradictory directional

information, the human auditory system manages well to resolve the location of the

sound source. It is commonly believed that this ability is assisted by the precedence

effect, a term that pools several phenomena which describe the dominance of di-

rectional information of a leading sound over directional information provided by

lagging sounds for short delays.

The precedence effect was first described by Wallach et al. (1949). Since then, many

researchers have shed light on the relationship between the information which is

provided by the lead and the lag, respectively. For a comprehensive review see, e.g.,

Zurek (1980), Blauert (1997) and Litovsky et al. (1999).

Single cell neurophysiological findings in several animals indicate that correlates of

the precedence effect exist already at the level of the colliculus inferior, i.e., re-

sponse rates of single neurons depend similarly on the direction of lead and lag

sources and the lead-lag delay like the perceived location of the compound stimu-
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lus (lead and lag) in corresponding behavioral tasks performed by humans or cats

(see, e.g., Tollin and Yin, 2003). Examinations were made in different species,

e.g., in the external colliculus of the colliculus inferior (IC) of the barn owl (Keller

and Takahashi, 1996), the IC of the rabbit (Fitzpatrick et al., 1995) and the IC of

the cat (Litovsky, 1998; Litovsky and Yin, 1998; Litovsky and Delgutte, 2002; Yin,

1994). Thereby, researchers found evidences that suggest a progressive increase of

the suppressive effect of the leading stimulus along the ascending auditory pathway

(Fitzpatrick et al., 1995). Furthermore, results indicate that the precedence effect

is not only based on binaural cues but is also observable in the elevational plane

(Litovsky et al., 1997).

Commonly, researchers used double click-pairs providing directional information and

recorded responses from single neurons. Yin (1994) recorded response patterns of

single neurons in the IC of the cat for click stimuli that were presented to the cats

either via headphones or loudspeakers. Using short lead-lag delays response pat-

terns of the lagging click were suppressed. Recovery curves (response to the lag

as a function of the lead-lag delay) show a huge variability for different cells. The

median lead-lag delay for a 50 percent recovery was 20 ms, including values from

1 ms to 100 ms.

Similar results were obtained by Litovsky et al. (2001) and Litovsky and Delgutte

(2002) who recorded response patterns from single neurons of the IC of anesthetized

cats as a function of the azimuth and the lead-lag delay using virtual acoustics.

For similar directions of lead and lag source the response to the lag was suppressed

whereas for different directions only the lag elicited a response. This relationship

between responses to lead and lag was found in many neurons for delays up to 35 ms.

Hence, for these lead-lag delays the response to the lag is predictable from the re-

sponse to the lead. For larger lead-lag delays the response to the lag recovered, i.e.,

a response to either lead and lag is elicited. Recovery curves obtained by Litovsky

and Delgutte (2002) are similar to those of Yin (1994). A 50 percent recovery was

found for a lead-lag delay of 32 ms.

Fitzpatrick et al. (1999) found increasing recovery times in neurons along the as-

cending auditory pathway. They determined recovery curves, i.e., the increasing
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response to the lag which is suppressed due to the presence of the lead as a function

of the lead-lag delay, for different structures of the auditory pathway of cats and rab-

bits from the auditory nerve up to the cortex. They obtained short recovery times

(50 percent recovery) around 2 ms for the early stages like the auditory nerve (cat),

the anteroventral cochlear nucleus (cat) and the superior olivary complex (rabbit).

In neurons of the IC (rabbit) recovery times average around 7 ms and for neurons

of the auditory cortex (rabbit) recovery times around 20 ms were determined.

Noticeably, results of all the before mentioned studies do not reveal whether the

suppressive influence of the lead on the response to the lag is specific to location

information as non of these researchers found systematic differences between the

recovery times obtained from monaural and binaural stimulation. However, in these

studies researchers also found many neurons whose responses to the lag were not

suppressed due to the presence of the lead and whose characteristic is uncorrelated

and therefore unpredictable from the response to the lead. This argues against a

complete monaural suppression effect like forward masking because not all responses

from all neurons were suppressed. This may be interpreted as a specific information

suppression, i.e., some information is suppressed and other information is passed to

higher levels of the auditory pathway.

Although many researchers investigated the precedence effect in humans it is still

unknown whether it is a result of peripheral or central processes. Blauert (1997, p.

420) describes the precedence effect as ’the result of evaluation and decision pro-

cesses in higher stages of the nervous system during which, in addition to auditory

cues, cues from other sensory modalities and prior knowledge are taken into consid-

eration.’. The precedence effect is in his point of view a top-down process, where

peripheral processes play an important role. He points out that the central nervous

system decides whether a cue is enhanced or suppressed and therefore controls in

this sense the peripheral processing.

In contrast, Hartung and Trahiotis (2001) emphasize the importance of peripheral

processes. They show that the precedence effect can to a great amount be explained

by peripheral processes without any top-down processes. In short, they propose

peripheral auditory filters where within-filter interactions occur which argues for
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bottom-up processes in the precedence effect.

As known to the author, so far no neurophysiological correlate of the precedence ef-

fect was found in humans. The current study therefore uses electroencephalography

(EEG) in order to gain knowledge about how the precedence effect is reflected in the

successive auditory processing stages in the human brain. Especially, the question

is addressed whether the precedence effect results from an insufficient sensitivity of

peripheral processing (bottom-up effect) or from specific cognitive processes (top-

down effect).

In order to investigate several levels of the auditory pathway, both auditory

brainstem responses (ABRs) and cortical auditory evoked potentials (CAEPs) are

recorded.

The representation of stimulus features in the ABRs would argue for a sufficient

sensitivity of the peripheral processing and support the hypothesis of a top-down

process in generating the precedence effect. On the contrary side, the representation

of the perceived auditory image in the ABR would argue for a bottom-up process.

In addition to the ABRs MMN components of the CAEP were determined using sti-

muli that are known to evoke the precedence effect in behavioral tasks. The MMN

component is believed to be produced by a process that compares the neuronal trace

elicited by a frequent reference stimulus (’standard’) with any new incoming audi-

tory event (’deviant’) that produces its own neuronal trace, i.e., an MMN component

is produced if a significant difference between standard and deviant is perceived by

the auditory system. Hence, MMN components can only be elicited if information

related to the altered stimulus feature has at least partly been processed before.

The results of psychophysical measurements reported before (chapter 2 and chap-

ter 3) are compared with the amplitudes and latencies of the MMN components

obtained in this chapter. As the generation of the MMN components is assumed

to be dependent on the perception of the stimulus, MMN components recorded

here are expected to reflect the results of the psychoacoustical measurements, i.e.,

a small MMN amplitude is expected for lead-lag delays where a high discrimination

threshold was obtained and vice versa. An agreement between psychoacoustical and

physiological data would indicate that information related to the precedence effect
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is at least partially processed prior to the stage of the generation of the MMN. Ad-

ditionally, this would show that the precedence effect is still effective on the level of

the MMN.

4.2 Methods

4.2.1 Apparatus

A sketch of the setup for the EEG recordings is plotted in Fig. 4.1. Basically, both

the setup for the acquisition of ABRs and that for the CAEPs are identical. Stimuli

were generated digitally on a DSP32C card and were DA-converted at a sampling

frequency of 50 kHz. Signals were presented to the subjects by insert-ear-phones

(Etymotic Research ER-2).

The EEG was recorded from 3 (ABR) or 31 (CAEP) positions of the scalp, respec-

tively. All electrodes were referenced to CZ. Additionally, in the CAEP experiments

the HEOG and VEOG were recorded by bipolar electrodes.

Recorded signals were pre-amplified inside the electrically and acoustically shielded

booth by a factor of 150. Outside the booth the signals passed a DC-coupled dif-

ferential amplifier where they were further amplified by a factor of 33 1/3 yielding

acoustically and electrically shielded booth

pre-

amplifier

insert-ear phones

stimulation unitdata aquisition unit

trigger

audiometry

amplifier
measuring

amplifier

Fig. 4.1: Sketch of the EEG recording setup.

Stimuli were presented via insert-ear phones.

The EEG was recorded from 31 or 3 elec-

trodes, respectively.
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a total amplification of 74 dB. Raw data were stored continuously to disc with a

sampling frequency of 10 kHz for the ABR recordings. For the CAEP recordings

a sampling frequency of 1 kHz was used. The artifact level for all recordings was

set to ± 500 µV. Epoching, filtering, artefact rejection, sorting and averaging of the

data was done offline.

4.2.2 Subjects

All subjects that took part in either the ABR or CAEP recordings were normal

hearing according to their audiogram (hearing loss < 20 dB between 0.125 kHz

and 8 kHz). They all participated in previous EEG experiments and were therefore

familiar with the recording procedure.

Overall, six subjects took part in the ABR recording experiments. During the

recordings they lay in a darkened booth and were asked to relax. Some of them

even managed to sleep as the stimuli were presented at a level of 40 dB SL (sensa-

tion level). A total of eight subjects participated in the CAEP recordings. During

these recordings subjects sat in a reclining chair and watched a self-selected subti-

tled movie. All except one subject that participated in the CAEP recordings also

participated in at least one of the ABR recordings.

4.2.3 Paradigm and stimuli

ABR recordings

Auditory brainstem responses were recorded in two different experiments:

• Experiment I: Recording of ABRs using diotic double click-pairs with lead-

lag delays from 0 ms to 5 ms in steps of 1 ms.

• Experiment II: Recording of ABRs using diotic (lag-ITD = 0 µs) as well as

dichotic (lag-ITD = 300 µs) double click-pairs for lead-lag delays of 0, 5 and

20 ms.
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Sketches of the stimuli are shown in Fig. 4.4 and Fig. 4.6, respectively. Each single

click had a duration of 60 µs (3 samples). In Experiment I diotic stimuli were used

and the lead-lag delay was varied. In Experiment II both the lead-lag delay and

the interaural time difference of the lag were varied. In both experiments stimuli

were presented within sequences in random order. Each sequence contained 10.000

stimuli. On average, the interstimulus interval was 70 ms (a jitter of 10 ms was

employed) each sequence had a duration of about 12 minutes.

CAEP recordings

Cortical auditory evoked potentials were collected according to the paradigm of

the mismatch negativity. Two types of stimuli, reference and deviant stimuli, were

applied (see Fig. 4.2). Reference stimuli (left panel) consisted of a lead and a lag

stimulus. Both stimuli had an ITD of zero. Deviants also contained a lead and a lag

stimulus. In contrast to the reference stimuli, deviants had an interaural time delay

of 800 µs in the right channel of the lag. This yields a lateralized perception to the

left hand side. Like in the ABR recordings each single click had a duration of 60 µs

lag ITD = 800 µs

amplitude

lead lag
time

left channel

right channel

amplitude

lead lag
time

left channel

right channel

reference deviant

Fig. 4.2: Sketch of reference and deviant stimuli that were used for the CAEP

recordings. Each stimulus consists of two double click-pairs, lead and lag. The

reference stimulus on the left was a diotic stimulus. In contrast to that, the deviant

stimulus on the right side was a dichotic stimulus which had a lag-ITD of 800 µs.
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Fig. 4.3: Overview of the stimulus parameters that were applied for the CAEP

recordings. Lead-lag delays of 1, 5 and 20 ms were used. Within a stimulus sequence

the lead-lag delay was fixed. For each lead-lag delay the reference stimuli had a lag-

ITD of 0 µs and the deviants had a lag-ITD of 800 µs.

(3 samples). Lead-lag delay values of 1, 5 and 20 ms were applied (see Fig. 4.3).

Throughout the CAEP recordings stimuli were presented within sequences with a

stimulus repetition rate of 2 Hz. All stimuli within one sequence had the same lead-

lag delay. Each sequence contained frequent (about 88 percent) reference and rare

(about 12 percent) deviant stimuli which appeared at randomly chosen positions

of the sequence. Each sequence contained 2.100 stimuli (1850 reference and 250

deviant stimuli) and had a duration of 17.5 minutes. Overall, responses to 1.000

deviants and 7.400 references were collected for each subject and each lead-lag delay

yielding a net measuring time of 3.5 hours which was distributed over two sessions.

4.2.4 Data analysis

Data analysis for ABR and CAEP recordings were nearly identical. Recorded po-

tentials of all experiments were cut into epochs with durations of 70 ms (ABRs) or

500 ms (CAEP), respectively. Epochs were filtered with a recursive bandpass filter

of second order and corner frequencies of 100 Hz and 1.500 Hz (ABRs) or 1 Hz and

20 Hz (CAEP), respectively. As a ’forward-backward’ filter design was applied no
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dispersion due to different group delays occured. After filtering, epochs obtained

by identical stimuli were sorted and averaged. Artifacts were accounted for by an

iterated weighted averaging technique, i.e., epochs were weighted with their inverse

power (for details see Riedel, 2003).

For both ABR experiments amplitudes and latencies of the first prominent wave V

(Va) for each lead-lag delay were obtained by determining the maximum voltage

values in the time interval from 6.5 to 7.5 ms after stimulus onset. This was a

simple and adequate method as all peaks fell within this time interval.

For the second wave V (Vb) the lookup interval was shifted in latency according to

the lead-lag delay. In order to gain accuracy, data of Experiment II were upsampled

by a factor of 10, i.e., the sampling frequency was changed from 10 kHz to 100 kHz.

For CAEP experiments difference waveforms were obtained by subtracting the mean

response to reference stimuli from the mean response to deviant stimuli. The stan-

dard error of the difference curves was determined according to equation

σdiff =
√

σ2
std + σ2

dev (4.1)

Additionally, data was rereferenced to NZ (nose) in order to facilitate comparisons

with data of other studies. Latencies of the MMN components were detected by

determining the largest peak of each difference waveform. Peak-to-peak values were

determined by detecting the following minimum that matches the criterium that

the peak-to-peak value exceeds the value of at least 2
√

2 ·σ where σ is the standard

error.

4.3 Results

4.3.1 Results of ABR recordings

Figure 4.4 shows ABRs of Experiment I for subject S1. In the leftmost column

sketches of the stimulus signals are shown. They differ due to their lead-lag delay.

In the right column corresponding ABRs of Experiment I of three channels (A1, A2
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and IZ) are depicted. Errorbars at a latency of 1 ms mark intraindividual standard

errors. For a lead-lag delay of 0 ms the typical characteristics of an ABR for a

transient stimulus are observable. Its most prominent component is wave V (Va) at

a latency around 7 ms. For lead-lag delays larger than 1 ms a second wave V (Vb)

emerges.

Fig. 4.4: Left panel: Sketch of the time signals used for the ABR recordings in

Experiment I (diotic stimulation) with increasing lead-lag delay (0 ms to 5 ms).

Right panel: Corresponding ABRs of subject S1. Potentials of three channels

(A1, A2 and IZ) are shown for each lead-lag delay. Errorbars at a latency of 1 ms

indicate the intraindividual standard error.
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Fig. 4.5: Left panel: Plot of the latency differences between the second and first

wave V (lat. Vb − lat. Va) of the ABRs obtained in Experiment I as a function of

the lead-lag delay. Right panel: Plot of the amplitude ratio between the second

and first wave V (amp. Vb/amp. Va) as a function of the lead-lag delay. Both

the amplitude and the latency of the second wave Vb can be determined for lead-lag

delays larger than 1 ms. Both plots show mean values averaged over all subjects and

channels and interindividual standard deviations. A line was fitted to the amplitude

ratio values in order to obtain the 50 and 100 percent recovery values.

In Fig. 4.5 differences in latency (left panel) and amplitude (right panel) between

this emerging wave Vb and the first wave Va averaged across all channels and all

subjects are shown. The latency difference between the first and second wave V

(lat. Vb − lat. Va) increases as linearly as the lead-lag delay of the stimulus. How-

ever, all latency differences are about 0.4 ms larger than the lead-lag delay of the

stimulus. Interindividual standard deviations of the latency differences decrease

with increasing lead-lag delay.

The right panel of Fig. 4.5 shows the amplitude ratio of the second and first wave V ,

(amp. Vb/amp. Va). The amplitudes of wave Vb increase fairly linear with increasing

lead-lag delay. All values were normalized to the mean amplitude value of the first

wave V (mean across all channels and subjects for each lead-lag delay). The ampli-

tude of wave Vb at a lead-lag delay of 5 ms is similar to that of wave Va. A line was

fitted to the increasing amplitudes of wave Vb using a χ2 criterium, i.e., weighting
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the four amplitudes by their corresponding interindividual standard deviation. This

fit allows to determine the 50 and 100 percent recoveries of wave Vb which were

found for lead-lag delays of 3.3 ms and 5.2 ms, respectively.

Results obtained from Experiment II are depicted in Fig. 4.6 and Tab. 4.1. The left

column in Fig. 4.6 displays the stimulus signals that were applied in order to obtain

the respective ABRs shown on the ride hand side. Row 1, 3 and 5 show results of the

lag ITD

300 µs

0 µs

300 µs

0 µs

300 µs

0 µs

stimuluslead-lag

delay

5 ms

20 ms

20 ms

0 ms

0 ms

5 ms

Fig. 4.6: Left panel: Stimuli that were applied in Experiment II. Diotic as well as

dichotic double click-pairs with lead-lag delays of 0, 5 and 20 ms were presented.

Dichotic stimuli had a lag-ITD of 300 µs. Right panel: Auditory brainstem re-

sponses of subject S2 as obtained from Experiment II. Data were collected from three

channels (A1, A2 and IZ). Errorbars at a latency of 1 ms show the intraindividual

standard error.
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lat. Vb − lat. Va lead-lag delay

for Experiment II 5 ms 20 ms

ITD = 0 µs 5.30 ± 0.08 ms 20.11 ± 0.03 ms

ITD = 300 µs 5.41 ± 0.12 ms 20.26 ± 0.03 ms

Tab. 4.1: Latency differences (lat. Vb− lat. Va) between 1st and 2nd wave V obtained

for diotic (ITD = 0 µs) and dichotic (ITD = 300 µs) stimulation as obtained in

Experiment II. Values for lead-lag delays of 5 ms and 20 ms are presented in the left

and right column, respectively.

diotic stimuli, i.e., neither lead nor lag had an ITD. In contrast, in rows 2, 4 and 6, the

right channel of the lag stimulus is delayed by an amount of 300 µs yielding a dichotic

stimulation. Potentials recorded from three channels (A1, A2 and IZ) for subject

S2 are shown. Errorbars at a delay of 1 ms indicate intraindividual standard errors.

Data obtained from Experiment II were upsampled by a factor 10 (from 10 kHz

to 100 kHz) in order to gain accuracy in the amplitude and latency determination.

Amplitudes of all wave V s are nearly identical. According to Wilcoxon tests no

significant differences were found for the amplitudes across different lag-ITDs or the

two lead-lag delays. Overall, for lead-lag delays of 5 ms and 20 ms, latency differences

between the first and second wave V are slightly larger than the lead-lag delay of the

stimulus (see Tab. 4.1). On average, latency differences as obtained from dichotic

stimulation are slightly larger than those obtained from diotic stimulation. Wilcoxon

tests yielded significant differences (p < 0.05) between the latency differences of the

first and second wave V of dichotic and diotic stimulation. This holds for both lead-

lag delays (5 ms and 20 ms) and indicates that the ITD of the stimulus is reflected

in the ABRs (see discussion).
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4.3.2 Results of CAEP recordings

MMN components

Figure 4.7 shows difference curves rereferenced to NZ of a single subject. The 2-D

sketch on the left hand side shows the channel positions of the frontal part of the

head. Corresponding difference curves for lead-lag delays of 1, 5 and 20 ms are shown

on the right hand side. MMN components that are larger than the intraindividual

standard error in each channel for each lead-lag delay peak at a latency around

180 ms.

Difference curves of another subject are shown in Fig. 4.8. The layout of the plot

is the same as in Fig. 4.7. However, differences curves in channels where the MMN

component does not exceed the intraindividual standard error are plotted in thin
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Fig. 4.7: Difference curves of the frontal channels for a single subject rereferenced

to NZ. Left panel: 2-D plot of the electrode positions on the scalp. Right panel:

Difference curves (response to deviant minus response to reference stimulus) for

lead-lag delays of 1, 5 and 20 ms. Errorbars at a latency of -30 ms in each channel

show the intraindividual standard error. MMN components in all channels are larger

than the respective intraindividual standard error.
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Fig. 4.8: Difference curves of the frontal channels for a single subject rereferenced

to NZ. Left panel: 2-D plot of the electrode positions on the scalp. Right panel:

Difference curves (response to deviant minus response to reference stimulus) for

lead-lag delays of 1, 5 and 20 ms. Errorbars at a latency of -30 ms in each channel

show the intraindividual standard error. Thin lines indicate channels in which the

MMN component is smaller than the respective intraindividual standard error.

lines.

Figures 4.7 and 4.8 show that subjects that participated in the CAEP recordings

could be divided into two groups according to their potentials, i.e., if most MMN

components of the frontal channels were larger than the corresponding intraindivid-

ual standard error (for lead-lag delays of 1 ms and 20 ms), subjects were assigned

to group A (see Fig. 4.7). According to this criteria five subjects were assigned to

group A and three subjects were assigned to group B.

Data of both groups will be shown in the following.

In Fig. 4.9 difference waveforms for channels of the frontal scalp referenced to NZ (see

inset of Fig 4.9) averaged across all five subjects of group A are shown. The leftmost

column shows difference curves as obtained with a lead-lag delay of 1 ms. Errorbars

at a latency of -30 ms in each channel indicate mean intraindividual standard errors
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averaged across these five subjects. In each channel and for each lead-lag delay an

MMN component is observable. As positive voltage values are plotted downwards,

all MMN components are directed upwards. Their maximum as well as the following

minimum are marked with triangles. Latencies of the maxima and peak-to-peak

values between maxima and minima were determined. According to Wilcoxon tests

MMN peak-to-peak values for a lead-lag delay of 5 ms are significantly smaller

than those for lead-lag delays of 1 ms and 20 ms, respectively. Additionally, MMN

latencies are significantly smaller for a lead-lag delay of 5 ms in comparison to MMN

latencies for lead-lag delays of 1 ms and 20 ms.

Figure 4.10 shows mean difference waveforms averaged across the three subjects of

group B. For a lead-lag delay of 20 ms, a small MMN component seems to appear
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F3 F4FZ

FC5 FC6FC1 FC2

NZ

Fig. 4.9: Difference curves of the frontal channels averaged across the five subjects

of group A. Left panel: 2-D plot of the electrode positions on the scalp. Right

panel: Difference curves (response to deviant minus response to reference stimulus)

for lead-lag delays of 1, 5 and 20 ms. Errorbars at a latency of -30 ms in each

channel show the mean intraindividual standard error over subjects. Additionally,

for each lead-lag delay mean peak-to-peak amplitude (p2p) and latency (lat) of the

MMN components were determined and depicted on the bottom of each column.
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Fig. 4.10: Difference curves of the frontal channels averaged across the three subjects

of group B. The layout of the figure is the same as in Fig. 4.9. In no channel any

component matched the criterium that the peak-to-peak value between maximum

and the following minimum exceeds 2
√

2 · σm where σm is the mean intraindividual

standard error.

in some channels. However, none of the components in any channel matched the

criterium that the peak-to-peak value of any maximum and any following minimum

exceeds the value of 2
√

2 · σm where σm is the mean intraindividual standard error.

Figure 4.11 shows voltage maps of MMN components averaged across the five sub-

jects of group A for lead-lag delays of 1, 5 and 20 ms, respectively. For this plot

data were rereferenced to average reference. The latencies for the voltage maps were

obtained by averaging the latencies of the maxima of the MMN components over

the frontal channels (see electrode positions in Fig. 4.7 to Fig. 4.10). Figure 4.11

consists of three subplots. Each of them shows four different views on the voltage

map. Absolute voltages are coded by a gray-scale. Additionally, electrode positions

of a single subject that were fitted to a sphere (radius 9.1 ± 0.9 cm) are shown in

each panel.

Voltage maps for all lead-lag delays look similar. A symmetric negative field in the
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frontal part of the scalp and a transition to positive voltages to the back of the head

indicate a typical voltage distribution of an MMN component. However, voltages

obtained for a lead-lag delay of 5 ms are decreased in amplitude compared to those

obtained with a lead-lag delay of 1 ms and 20 ms, respectively (see voltage bar in

lead-lag delay 1 ms
latency: 163 ms

1.20

-1.20
EEG (µV)

nose top

top top

leftleft

nosenose

lead-lag delay 5 ms
1.20

-1.20
EEG (µV)

latency: 136 ms

nose top

top top

leftleft

nosenose

lead-lag delay 20 ms
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latency: 149 ms
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1.20

-1.20
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Fig. 4.11: Voltage maps for MMN com-

ponents averaged across all subjects of

group A obtained with lead-lag delays

of 1 ms (upper left), 5 ms (upper right)

and 20 ms (lower left). The MMN com-

ponents were maximal at latencies of

163, 136 and 149 ms for lead-lag delays

of 1, 5 and 20 ms, respectively. Each

panel shows four perspectives: The top

view (nose on top) is shown in the up-

per left panel, the front view in the up-

per right panel. Left and right views

are shown in the lower left and right

panels, respectively. Dark colors indicate negative voltages. Additionally, electrode

positions were plotted.
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upper left corner in each panel). Additionally, with increasing lead-lag delay the

voltage distribution becomes more asymmetric preferring the right hand side, i.e., a

stronger negativity on the right hand side than on the left hand side of the head is

observable. This is not related to the lateralization of the stimuli presented where

the lag stimuli provided a lateralization to the left hand side.

4.3.3 Relation between MMN components and performance

in discrimination tasks

Cortical auditory evoked potentials were recorded according to the paradigm of

the MMN presenting frequent reference (lag-ITD = 0 µs) and rare deviant stimuli

(lag-ITD = 800 µs) for lead-lag delays of 1, 5 and 20 ms, respectively.

As described above subjects could be separated into two groups according to their

recorded potentials. An MMN component is observable in frontal channels in

subjects of group A whereas hardly any MMN component appears in subjects of

group B. Results of the CAEP recordings of both groups can be related to the

respective performance in the psychoacoustical tasks of chapter 2. There, a psycho-

acoustical procedure, the ’pick-out’ paradigm, was applied. The stimulus sequence of

that procedure was almost identical to the sequences employed in the MMN record-

ings from this study where also a continuous sequence was presented, encompassing

frequent reference (lag-ITD = 0 µs) and rare deviant stimuli (lag-ITD 6= 0 µs).

The lag-ITD of the reference stimulus was zero. In chapter 2, while listening to

the sequence, subjects had to perform a discrimination task, i.e., to pick out the

deviants from the reference stimuli by pressing a button on a keyboard. Thus, a

psychometric function was determined. Lag-ITDs that yielded 70.7 percent correct

discrimination performances were interpolated to estimate the thresholds.

The following comparison can be performed between psychoacoustical and electro-

physiological performance in both groups:

Group A: The MMN components of the five subjects of group A are dependent

on the lead-lag delay. On average (see Fig. 4.9), amplitudes and latencies of the
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lead-lag delay

1 ms 5 ms 20 ms

MMN amplitude 1.46 ± 0.36 µV 0.82 ± 0.18 µV 1.11 ± 0.23 µV

amplitude ratio 100 % 56 % 76 %

discrimination threshold 334 ± 96 µs 549 ± 103 µs 327 ± 58 µs

threshold ratio 100 % 164 % 98 %

Tab. 4.2: Comparison between the psychoacoustical and the electrophysiological

performance of the four subjects in group A that participated in both experiments.

Results show, that the amplitudes of the MMN components decrease to a similar

extent as the discrimination thresholds increase.

MMN components obtained with a lead-lag delay of 5 ms are significantly smaller

compared to those MMN components obtained with lead-lag delays of 1 and 20 ms.

Table 4.2 shows both peak-to-peak amplitudes of the MMN components of the

CAEP recordings and discrimination thresholds obtained from the ’pick-out’ pro-

cedure averaged across those four subjects that participated in either experiment.

Additionally, the ratios between the amplitudes and thresholds is specified, respec-

tively. Results show that peak-to-peak amplitudes of the MMN components decrease

comparatively to the same extent as the discrimination thresholds increase.

Figure 4.12 compares the absolute discrimination threshold values as obtained from

the ’pick-out’ paradigm in chapter 2 with predicted discrimination thresholds ac-

cording to the ratio of the peak-to-peak amplitudes of the MMN components of the

CAEP recordings. Both data sets were obtained by averaging the results of those

four subjects in group A that participated in the CAEP recordings as well as in

the psychoacoustical experiments (same values as in Tab. 4.2). The solid line in

Fig. 4.12 indicates lag-ITDs that yield 70.7 percent correct discrimination perfor-

mances for lead-lag delays from 0 ms to 20 ms in the psychophysical task. Errorbars

indicate interindividual standard deviations across the four subjects. As individual

discrimination performance differs considerably, comparatively large interindividual

standard deviations appear (e.g., about 240 µs at a lead-lag delay of 3 ms). On
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Fig. 4.12: Comparison between the psychoacoustical discrimination performance

and the corresponding relative amplitude of the MMN component. Both data sets

were averaged across the four subjects that participated both in the psychophysical

discrimination study as well as in the EEG measurements. Lag-ITDs that yielded

70.7 percent correct performance in the discrimination task are plotted for lead-lag

delays from 0 ms to 20 ms. Errorbars show interindividual standard deviations.

Diamonds indicate the predicted discrimination threshold by analyzing the MMN

amplitude. For details see text.

average, subjects achieved 70.7 percent correct performance in the psychoacoustical

tasks for lag-ITDs far below 800 µs, the lag-ITD value of the deviant in the CAEP

recordings for all lead-lag delays employed. This indicates that the conditions for

the CAEP were all above detection threshold. Hence, a comparison between MMN

data and psychophysiological data is achievable in this group of subjects.

The estimate of absolute discrimination thresholds from peak-to-peak amplitudes

of the recorded MMN components was done by scaling the inverted peak-to-peak

amplitude with a factor that provides the best fit to the empirical data as shown in

Fig. 4.12 This scaling factor was determined by a least-squares-fit. Note, however,
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that the current CAEP recordings were made at supra threshold level and therefore

only provide indirect information about absolute discrimination thresholds1.

As a result the estimated lag-ITD thresholds (diamonds in Fig. 4.12) for lead-lag

delays of 1 ms and 5 ms lie slightly below the mean lag-ITD thresholds obtained

in the ’pick-out’ task. However, both of them lie clearly within the interindividual

standard deviation while the value for 20 ms lead-lag delay exceeds the average

behavioral thresholds by a little more than one standard deviation.

Group B: Hardly any MMN component was elicited in any of the three subjects

of group B. Difference curves averaged over these subjects are displayed in Fig. 4.10.

A comparison with psychoacoustic performance was achievable with this group of

subjects because two out of the three subjects of group B showed a poor and very

inconsistent performance in the training sessions of the ’pick-out’ experiments and

other psychoacoustic experiments of chapter 2. Additional measurements performed

by one of these two subjects revealed that the respective discrimination thresholds

lie far beyond 1.000 µs. Probably, at least in the case of the ’pick-out’ paradigm, the

pre-selected lag-ITD values were below or very close to the individual discrimination

threshold. Hence, no consistent MMN recording has to be expected from these sub-

jects. For this reason, they were excluded from these psychophysical measurements

and asked to participate in supplementary tasks, i.e., their individual discrimination

thresholds will be determined in future experiments with larger pre-selected lag-ITD

values. The third subject of group B was not excluded from the psychophysical mea-

surements but showed a very poor performance with a discrimination threshold of

about 900 µs for a lead-lag delay of 5 ms.

Generally, in group A subjects, data sets of psychoacoustical and CAEP measure-

ments show a high correlation, i.e., the relation between the discrimination thresh-

olds obtained in psychophysical experiments of chapter 2 equals the relation of the

1An absolute discrimination threshold may be determined by varying the lag-ITD of the deviant.

As mentioned in section 4.1 the occurrence of an MMN component is correlated with a discriminable

change of the stimulus. Therefore, below the discrimination threshold no MMN is expected to be

elicited whereas above the discrimination threshold an MMN component should be observable.
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MMN amplitudes of the CAEP recordings. It seems that the amplitude of the

MMN component reflects the detectability of the change between reference and tar-

get stimulus rather than any stimulus feature directly.

4.4 Discussion

The general finding of this study is that the ABR recordings performed with double

click-pairs follow closely the properties of the stimuli, i.e., the second click-pair elicits

a second wave V complex which can be predicted quite well from the response to

single click-pairs. The CAEP recordings, on the other hand, seem to follow better

the perceptual impression of double click-pairs that exhibit a reduced response to

the lag stimulus for lead-lag delays in order of 5 ms. The different behavior of

both types of electrophysiological recordings for the stimulus employed here will be

discussed below.

4.4.1 Relation between ABRs and the precedence effect

Diotic stimulation

In the present study diotic double-click pairs were presented with interclick intervals

from 0 ms to 5 ms. For lead-lag delays larger than 1 ms a second wave V emerges

which gradually increases in amplitude with increasing lead-lag delay. For a delay

of 5 ms the amplitudes of the first and the second wave V are almost identical.

To the best knowledge of the author, no ABR recordings were reported before using

stimuli that are known to evoke the precedence effect. However, some researchers

recorded ABRs using maximum length sequences with short interclick intervals (see,

e.g., Eysholdt and Schreiner, 1982; Burkard et al., 1990; Burkard, 1991). These

studies show that with increasing interclick intervals from 1 ms to 10 ms amplitudes

of wave V increase from 0.2 µV to 0.35 µV and latencies decrease from about 7.7 ms

to about 6.4 ms. A similar result was observed in the present study, i.e., an increasing

amplitude of the second wave V with increasing lead-lag delay. For high repetition
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rates (small interclick intervals) the auditory system does not seem to be able to

elicit equal potentials to every stimulus but exhibits a refractory state that extends

to an interval of about 5 ms. Additionally, Hey (2001) determined electrically evoked

ABRs in cochlea implant patients using pulse-trains with inter-pulse intervals from

2 µs to 3.5 ms. In two patients he found a full recovery of the second wave V for an

inter-pulse interval of about 3.5 ms which is 1.5 ms shorter than the lead-lag delay

found for a full recovery in the experiments of the present study. However, for two

other patients the amplitude of the second wave V did not reach a full recovery for

an inter-pulse interval of 3.5 ms (the largest interval applied). Extrapolating the

dependency of the amplitude of the second wave V on the inter-pulse interval as

shown for both of these patients, a full recovery may be achieved for an interval of

4 ms to 5 ms, a value quite similar to that obtained in the acoustically evoked ABRs

of the current study.

Other parallels can be found in results of physiological studies: Parham et al. (1996)

determined spike rates of auditory-nerve-fibers of cats while presenting double-click

pairs with lead-lag delays of 1, 2, 4, 8 and 16 ms. Results show a gradual recovery

of the response to the second click which is comparable to the ABR findings of this

study. A 50 percent recovery was found for a lead-lag delay around 2.5 ms which

corresponds well to the value of 3.3 ms for wave Vb as obtained in Experiment I in

the present study. For a lead-lag delay of 16 ms Parham et al. found nearly identical

responses to lead and lag for a full recovery at a delay of 40 ms. However, ABR data

as obtained from Experiment I in this study suggest a lead-lag delay of only 5.2 ms

for a full recovery which is markedly smaller than predicted from these physiological

results.

Different lead-lag delays for a 50 percent recovery were found by Fitzpatrick et al.

(1999) who determined recovery curves for several structures of the ascending au-

ditory pathway in animals. These structures were the auditory nerve (AN) and the

anteroventral cochlear nucleus (AVCN) of the cat and the superior olivary complex

(SOC), the IC and the auditory cortex (AC) of the rabbit. On early stages of the

auditory pathway (AN, AVCN, SOC) Fitzpatrick et al. found a 50 percent recovery

for a lead-lag delay around 2 ms. Later stages show increased lead-lag delays for
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a 50 percent recovery. In neurons of the IC a 50 percent recovery was found for

lead-lag delays that average around 7 ms, for neurons of the AC they are about

20 ms. Overall, these values are smaller than those found by Parham et al. and are

in better agreement with values predicted by the ABRs recorded in Experiment I

of the present study. However, single neuron behavior can only roughly be trans-

formed into a prediction of EEG recordings that include the average behavior of

whole neuron populations. Hence, a coincidence with the 50 percent recovery rate

is more likely to occur since it describes the behavior of all responding cells to a

certain stimulus, while the complete recovery of the response can also be achieved

by a different subset of neurons that respond to the second respective stimulus.

Hence, the ABR data presented here and the neurophysiological data presented by

Fitzpatrick et al. are not inconsistent.

It is known from psychophysical studies (see, e.g., the experiments in chapter 2 and

chapter 3) that the precedence effect is strongest for lead-lag delays up to 5 ms. If

the precedence effect would appear in ABRs of Experiment I and Experiment II,

one might expect to see decreased amplitudes of the second wave V for a lead-lag

delay of 5 ms compared to the amplitudes of the second wave V for a lead-lag delay

of 20 ms. As described in chapter 4.3.1 this is not the case. All amplitudes of the

second wave V are fairly identical. Therefore, no suppression effect can be observed

in ABRs. Rather, a monotonous recovery of wave V is observed as the lead-lag

delay increases which is consistent with physiological studies at the auditory nerve

at brainstem level (Fitzpatrick et al., 1999). ABRs seem to reflect stimulus features

(limited by recovery mechanisms) rather than the perception of the stimulus. As

Fitzpatrick et al. found an increasing suppression characteristic on later stages of the

ascending auditory pathway one might find suppression effects with longer durations

on later stages. This is investigated by recording CAEP using the MMN paradigm

(see paragraph 4.3.3).

As shown in Fig. 4.5 latency differences between both waves V are slightly larger

than the lead-lag delay of the stimulus. This discrepancy of about 0.4 ms suggests

that for the lead-lag delays employed in Experiment I both the first and the second
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wave V were not elicited complete independently, although their amplitudes were

fairly identical. However, this discrepancy is expected to disappear for larger lead-

lag delays than those employed in this study because for very large lead-lag delays

responses to lead and lag are assumed to be elicited independently. This assumption

is confirmed by the fact that in Experiment II, in the diotic stimulation condition,

where a lead-lag delay of 20 ms was employed (see Fig. 4.1), the difference between

both waves V is only 0.11 ms larger than the lead-lag delay of the stimulus, i.e., the

discrepancy decreased from 0.4 ms to 0.1 ms.

Dichotic stimulation

Latency: In Experiment II of the ABR recordings dichotic stimuli were applied

in order to determine the influence of a lag-ITD of 300 µs on the ABRs. As a

result differences between the first and second wave V using dichotic stimuli (lag-

ITD = 300 µs) were significantly increased by 0.11 ms and 0.15 ms (for lead-lag

delays of 5 ms and 20 ms, respectively) compared with the corresponding differences

using diotic stimuli (lag-ITD = 0 µs). This means that about half of the interaural

delay of the stimulus is reflected in the ABR. This finding is in accordance with the

double delay-line coincidence detection model proposed by Jeffress (1948).

Amplitudes: There are no significant differences of the amplitudes of the sec-

ond wave V between lead-lag delays of 5 ms and 20 ms. Indeed, amplitudes of all

waves V , elicited by lead or lag, are nearly identical for all lead-lag delays. No sup-

pression effect of the second wave V for a lead-lag delay of 5 ms is observable. Am-

plitudes of the second wave V obtained by dichotic stimulation are identical to those

obtained by diotic stimulation. A suppression effect could be presumed as results of

the psychoacoustical tasks of chapter 2 and 3 showed increased discrimination and

lateralization thresholds for a lead-lag delay of 5 ms. Hence, psychoacoustical data

do not correlate with the amplitude characteristics of the second wave V .

As described in section 4.1 Litovsky et al. (2001) and Litovsky and Delgutte (2002)

showed that responses of single neurons of the IC in cats to lead and lag are strongly
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modulated with lead azimuth for short lead-lag delays. Hence, one could argue that

the amplitude of the second wave V as obtained in this study may also depend on

the azimuth, i.e., the lag-ITD. However, ABRs as obtained in the present study do

not contradict these physiological data, because, even if the number of neurons that

respond to lead and lag may be identical for all speaker positions, most responses of

single neurons are dependent on the positions of lead and lag speaker. Since ABRs

as obtained in the present study reflect the summing potential, i.e., the compound

activity of all neurons in the far-field, no amplitude effect may occur.

4.4.2 Relation between CAEP and the precedence effect

Results of the CAEP recordings show that the MMN was elicited by the lag-ITD

of 800 µs in those subjects that are able to discriminate the deviant from reference

stimuli in an appropriate psychophysical task (’pick-out’ paradigm). As discussed in

chapter 2 psychophysical discrimination performances were influenced by the prece-

dence effect which is activated if two sounds are presented in close succession. As the

amplitudes of the MMN components show a high correlation with the discrimina-

tion performances of the behavioral tasks it can be stated that a neurophysiological

correlate for the precedence effect was found on the level of the CAEP.

Similar systematic differences between ’good performers’ (both in MMN tasks and

related psychoacoustical tasks) and ’poor performers’ were reported by Lang et al.

(1990) in a different experiment. MMN amplitudes obtained in the present study

are in agreement with the amplitude characteristics of the results shown by Lang

et al., i.e., subjects with a ’poor’ performance showed significantly smaller MMN

components than those subjects that showed a ’moderate’ or ’good’ discrimination

performance. Additionally, poor and good performers in behavioral tasks are dis-

criminable according to their MMN components. In the psychoacoustical tasks of

both studies discrimination thresholds were determined. However, Lang et al. mea-

sured just noticeable pitch changes whereas in the present study just noticeable

changes of any sound feature were evaluated.

As shown in Fig. 4.9 not only the mean MMN amplitudes but also the mean latencies
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of the MMN for different lead-lag delays differ significantly. Latencies obtained with

lead-lag delays of 1 ms and 20 ms are significantly larger than latencies obtained

with a lead-lag delay of 5 ms. This finding contrasts with the results obtained in the

before mentioned study by Lang et al. (1990). In their study, latencies decreased

with increasing MMN components. It is not clear if this discrepancy between both

studies is due to the different stimuli and tasks employed or due to other factors.

A systematic variation of the lag-ITD and lead-lag delay would show in more detail

how amplitude and latency of the MMN component are connected to these two

parameters.

MMN recordings with lateralized stimuli were, e.g., also performed by Schröger

(1996) who applied a 900 Hz sinusoidal tone as well as a tone complex consisting

of a 600 Hz and a 3.000 Hz component. Among others, deviants with an ITD of

300 µs were employed. The latencies of the MMN components obtained by Schröger

are similar to those latencies of the MMN components obtained for a lead-lag de-

lay of 1 ms in the present study (identical channels and references), although the

stimulus parameters between both studies differ noticeably. This similarity of the

latencies might be surprising as the ITD applied by Schröger is significantly smaller

than the ITD applied in the present study (800 µs). This finding may suggest that

the latencies of the MMN components are not critically dependent on the applied

ITD. However, latencies of the MMN components of the present study vary with

the perceived lateralization of the stimulus. Additionally, Schröger employed a de-

viant whose lateralization was produced by an interaural level difference of 11 dB.

Corresponding MMN components differ between the sinusoid and the tone complex.

However, those MMN components obtained from the sinusoid are comparable to

those MMN components obtained with the ITD of 300 µs and therefore similar to

those MMN components recorded in the present study.

The physiological correlate of the precedence effect seen in our MMN recordings

agrees qualitatively with the recovery curves predicted by Fitzpatrick et al. (1999).

In their physiological study they examined, among other neurons of different stages

of the auditory pathway, single neurons of the IC and the auditory cortex of the cat.
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Due to slow recoveries exhibited by neurons of the IC and especially the auditory

cortex, they predict a dominance of information provided by the lead compared to

the information provided by the lag for lead-lag delays up to 300 ms. Latencies of

the MMN components as found in the results of the current study are clearly within

this interval. This confirms the fact that the suppressive influence of the lead is still

observable at these late stages of the auditory pathway like the auditory cortex.

Summarizing, ABRs reflect the stimulus features rather than its perception. Ap-

plying double click-pairs with a lead-lag delay of 5 ms, two waves V that are equal

in amplitude were observed on the early stages of the auditory pathway. Addition-

ally, an embedded ITD in the stimulus can also be observed in the potentials. This

means, that directional information provided by a lag-ITD is not suppressed on the

early stages of the auditory pathway but is reflected in the ABRs and therefore

available to the auditory system on this level. In contrast, on the later stages, the

characteristics of the recorded potentials, i.e., the MMN, reflects the perception of

the stimulus rather than its features as these potentials relate to the performances

obtained from psychoacoustical tasks. These findings suggest that the precedence

effect is not the result of an insufficient accuracy of the peripheral processing.

4.5 Conclusions

From the results of the AEP recordings the following conclusions can be drawn:

• The characteristics of the ABRs as recorded in this study are similar to the

characteristics of neural response patterns on early stages of the auditory path-

way. In both cases the first click of a double-click pair evokes a recovery state

of the neurons. Similar lead-lag delays, around 3.3 ms, were determined for a

50 percent recovery.

• ABRs of this study reflect stimulus features rather than the perception of the

stimulus. Amplitudes and latencies of the ABRs were not influenced by the

precedence effect as a change of the directional information (lag-ITD) was not
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suppressed, i.e., the second wave V was not reduced in amplitude applying a

lead-lag delay of 5 ms and a lag-ITD of 300 µs.

• In the subgroup of four listeners that performed sufficiently well in the cor-

responding psychoacoustical task, a close correlation was found between the

amplitude of the MMN components and the respective discrimination thresh-

old obtained from the ’pick-out’ procedure. This agreement can be interpreted

as a neural correlate of the precedence effect in humans.
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Chapter 5

Summary and outlook

The general goal of this thesis was to find a neurophysiological correlate of the

precedence effect in humans and to shed light on the question on which stage of the

auditory pathway information related to the precedence effect is processed. Inves-

tigations were made by means of psychoacoustics and auditory evoked potentials

(AEPs). Preparative psychoacoustical measurements were performed in order to

investigate the perception of stimuli that evoke the precedence effect under condi-

tions of AEP recordings, i.e., investigating adaptation effects employing continuous

stimulation. Using the same stimuli during psychophysical and neurophysiological

measurements improves the significance of the comparison between both data sets.

The psychoacoustical measurements of chapter 2 mainly examined adaptation ef-

fects exerted by continuous stimulation and influences of the employed paradigm on

the discrimination threshold of an interaural time difference (ITD). This ITD was

inserted in the lag click of a lead-lag click-pair. Lead-lag delays from 0 ms to 20 ms

were applied in continuous and non-continuous presentation modes. Discrimination

thresholds that were obtained from different procedures and stimulation sequences

cover a vast range. All discrimination thresholds that were obtained are highly de-

pendent on the lead-lag delay and the results reflect several effects that influence

discrimination threshold values: firstly, in non-continuous presentation modes adap-

tation effects are assumed to lead to a more distinct internal representation of the

reference stimulus which facilitates the discrimination task and, therefore, yields

97
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lower discrimination thresholds. Secondly, in contrast to this and probably due to a

speed-accuracy trade-off mechanism, higher discrimination thresholds were obtained

in continuous presentation modes. As subjects in this presentation mode are forced

to respond very quickly, their responses lose accuracy. Additionally, discrimination

thresholds obtained from the introduced ’pick-out’ paradigm are even considerably

further increased which is probably due to a higher stimulus timing uncertainty.

Subjects during these measurements are assumed to evaluate each stimulus inde-

pendently from previous repetitions as they could not predict when a deviant may

occur because no intervals are marked like in the AFC paradigm. In the latter case,

subjects could establish a distinct internal representation of the reference stimulus

as they know that two intervals only consists of references.

A simple analytical model introduced in chapter 2 predicts the discrimination thresh-

olds by determining the influence of the lag-ITD on the spectrum of the compound

stimulus (lead and lag) for different lead-lag delays. Predictions of this simple ap-

proach were confirmed by an advanced perception model which evaluates the dif-

ferences between both signals on the bases of their internal representations in the

auditory system. Both models succeed in predicting the increase of the discrimi-

nation threshold for lead-lag delay from 1 ms to 5 ms, but they fail at predicting

discrimination thresholds correctly for lead-lag delays larger than 5 ms because they

only evaluate monaural stimulus features and therefore predict a further increase

of the discrimination thresholds for larger lead-lag delays. However, since discrimi-

nation thresholds as obtained from the behavioral tasks decrease again for lead-lag

delays larger than 5 ms, binaural cues are assumed to improve the discrimination

performance as for these lead-lag delays they are not assumed to be suppressed by

the precedence effect. In short, one important result of this thesis is that the per-

ception of stimuli that evoke the precedence effect differs significantly between the

conditions of common psychoacoustical tasks like AFC procedures and the condi-

tions of AEP recordings that are characterized by continuous stimulation.

In contrast to the measurements of chapter 2 where discrimination thresholds were

determined, measurements of chapter 3 determined lateralization thresholds. There-

fore, the task of the subjects was not only to indicate any deviant but also to assign it
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to either the left or right hand side. The general goal of chapter 3 was to investigate

whether the dependency of lateralization thresholds on the lead-lag delay is similar

to that of the discrimination thresholds as found in chapter 2. Furthermore, the

comparison between both thresholds allows to separate the influence of directional

cues (binaural cues) from other cues, e.g., spectral cues (monaural cues), in measure-

ments of the discrimination and lateralization thresholds. Additionally, experiments

of chapter 3 reveal whether adaptation processes and the change of stimulus timing

uncertainty exert the same influence on the lateralization thresholds as on the dis-

crimination thresholds. Therefore, similar to chapter 2, AFC procedures as well as

the ’pick-out’ procedure were employed.

Results of chapter 3 show that lateralization thresholds are also dependent on the

lead-lag delay and the paradigm. However, their dependency on the lead-lag delay

differs significantly from that of the discrimination thresholds. Maximum suppres-

sion of directional information (lateralization threshold) is obtained for a lead-lag

delay of 2 ms whereas a maximum suppression of other information (discrimination

threshold) is obtained for a lead-lag delay of 5 ms.

Results of chapter 3 support the assumption of chapter 2 that binaural cues help to

improve the discrimination performance for lead-lag delays larger than about 5 ms

because for these lead-lag delays lateralization thresholds were found to be similar to

the discrimination thresholds suggesting that binaural cues dominate discrimination

performance.

Additionally, the comparison between discrimination and lateralization thresholds

of both chapters reveals that adaptation processes exert similar influences on both

thresholds. This finding provides further evidence for the considerable effect of the

stimulus timing uncertainty found in chapter 2. The difference between the low late-

ralization thresholds obtained in the non-continuous multiple reference presentation

mode and the high lateralization thresholds obtained in the continuous ’pick-out’

paradigm is very similar for both types of experiments.

Having investigated the perception of stimuli that evoke the precedence effect under

conditions of AEP recordings in chapter 2 and chapter 3, the acquisition of auditory

brainstem responses (ABRs) and cortical auditory evoked potentials (CAEPs) was
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done as described in chapter 4.

ABRs of diotic click-pairs were recorded with lead-lag delays from 0 ms to 5 ms.

They show a second wave V for lead-lag delays larger than 2 ms. This second

wave V increases gradually in amplitude and reaches an amplitude similar to the

first wave V at a lead-lag delay of 5 ms. Latency differences between the first and

second wave V are slightly but consistently larger than the lead-lag delay of the

stimulus suggesting that both waves were not elicited completely independent yet

for these lead-lag delays, although their amplitudes are similar. In an additional

experiment ABRs of dichotic click-pairs (lag-ITD = 300 µs) were compared with

corresponding diotic click-pairs applying lead-lag delays of 0, 5 and 20 ms. Ampli-

tudes of the second wave V obtained by a lead-lag delay of 5 ms were not increased

compared with the second wave V obtained with a lead-lag delay of 20 ms. A

decreased amplitude of the second wave V could be expected for a lead-lag delay

of 5 ms as the psychoacoustical measurements revealed increased discrimination

thresholds for this lead-lag delay. However, all waves V that were elicited showed

fairly identical amplitudes. Furthermore, latency differences between both waves V

were significantly larger for the dichotic than for the diotic stimulation indicating

that the lag-ITD of the stimulus is reflected by the ABRs.

An important result of the ABR recordings made in this thesis is that ABRs seem

to reflect stimulus features rather than the perception of the stimulus. In addition,

results show that the resolution of the first stages of the auditory pathway is high

enough to follow the applied changes of the stimulus features. Moreover, ABRs

as obtained in this thesis are in agreement with previous physiological studies that

investigated response patterns of single neurons located in the auditory pathway of

several animals.

CAEP were recorded according to the paradigm of the mismatch negativity (MMN)

using double click-pairs with lead-lag delays of 1, 5 and 20 ms and lag-ITDs of 0 µs

for the standards and 800 µs for the deviants. The MMN is assumed to appear

in the difference curves, obtained by subtracting mean responses to standards from

mean responses to deviants, if the auditory system detects a difference between

both stimuli. Due to the appearance of the MMN components subjects could be
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divided into two groups: difference curves obtained from subjects of group A show

significant MMN components in the frontal channels of the scalp (referenced to the

nose electrode) for all lead-lag delays whereas in subjects of group B no significant

MMN was elicited for any lead-lag delay in any frontal channel. MMN components

averaged across all subjects of group A show a significantly decreased amplitude for

a lead-lag delay of 5 ms compared with those MMN components obtained with lead-

lag delays of 1 ms and 20 ms. Hence, the MMN component of the CAEP reflects

the perception of the stimulus rather than stimulus features.

The comparison between the discrimination thresholds obtained in the psycho-

acoustical measurements and the MMN amplitudes obtained in the CAEP record-

ings reveals a remarkable result. Namely, both data sets show a high correlation:

those subjects that on the one hand were assigned to group A due to their MMN

components and on the other hand also participated in the discrimination threshold

measurements were all good performers in this psychoacoustical task. Furthermore,

two subjects that were assigned to group B were excluded from the psychoacoustical

task after the training session due to their poor performances. The third subject of

group B was not excluded but showed a poor performance in the psychoacoustical

task. This correlation between the performances in the MMN experiment and the

psychoacoustical task can be interpreted as a neurophysiological correlate of the

precedence effect.

Future experiments will determine the discrimination thresholds of those two sub-

jects that were excluded after the training session employing a procedure that allows

to determine even very high discrimination thresholds. First supplementary mea-

surements for one of these two subjects revealed discrimination thresholds far beyond

1.000 µs.

Although many researchers investigated the precedence effect it is still unknown

whether it is a result of peripheral or central processes. Blauert (1997, p. 420)

describes the precedence effect as ’the result of evaluation and decision processes in

higher stages of the nervous system during which, in addition to auditory cues, cues

from other sensory modalities and prior knowledge are taken into consideration.’.

The precedence effect is in his point of view a top-down process, where peripheral
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processes play an important role. He points out that the central nervous system

decides whether a cue is enhanced or suppressed and therefore controls in this sense

the peripheral processing.

Hartung and Trahiotis (2001) emphasize the importance of peripheral processes.

They show that the precedence effect can to a great amount be explained by pe-

ripheral processes without top-down processes. In short, they propose peripheral

auditory filters where within-filter interactions occur.

AEPs obtained in this thesis suggest that information related to the precedence

effect is not processed on the early stages of the auditory pathway but is trans-

ferred to higher stages because in ABRs obtained in the present experiments no

precedence-like effect could be observed whereas a neurophysiological correlate of

the precedence effect was found in the CAEP.

Future work could further clarify several results presented in this thesis. As men-

tioned above, discrimination thresholds for those two subjects of group B that

showed only a poor discrimination performance will be determined. Their thresh-

olds are expected to be higher than those obtained from subjects of group A.

Moreover, the analytical approach introduced in chapter 2 which explains an in-

creasing discrimination threshold for lead-lag delays from 1 ms to 5 ms should be

tested in further psychophysical tasks. In these psychoacoustical experiments just

noticeable differences of spectral notches will be determined.

In addition, dipole sources could be analyzed for the AEP in order to investigate the

current data in even more detail. Furthermore, AEP recordings should be extended

to middle latency auditory evoked potentials in order to investigate how the prece-

dence effect is reflected on the level of the primary auditory cortex. Finally, CAEP

could be recorded while subjects perform a discrimination task, i.e., performing

a psychoacoustical and an electroencephalographical measurement simultaneously.

Psychoacoustical and electrophysiological data obtained from this setup would pro-

vide the maximum possible comparability.

Obviously, the results determined in the current thesis could be extended in several

directions. Nonetheless, by combining two means of audiological research the present
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work succeeds in finding a neurophysiological correlate of a cognitive effect - the

precedence effect - in the human auditory system.
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Gesprächen konstruktive Anregungen gaben und mit ihrer Kompetenz wesentlich

zum Gelingen dieser Arbeit beigetragen haben.

Der sympathischen Arbeitsgruppe ’Medizinische Physik’ danke ich für die stets har-
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Hiermit erkläre ich, dass ich die vorliegende Arbeit selbständig verfasst und nur die
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