vt s L

Importance of pitch and spatial separation
for the Cocktall party effect

Jon Allan

Master program
Sound Engineering

Luled University of Technology
Department of Art, Communication and Learning

LLLLLL
UNIVERSITY
OF TECHNOLOGY



MASTERS THESIS

IMPORTANCE OF PITCH AND SPATIAL
SEPARATION FOR THE COCKTAIL PARTY
EFFECT

Jon Allan

Lulea University of Technology

Masters thesis
Audio Technology
Department of Music and media
Division of Media and adventure management



ABSTRACT

This study examines two important factors for the conception Auditory Streaming
defined by Bregman, pitch and localization. By removing one or two of these factors as
possible identifiers to separate sound sources, the importance of each of them and the
combined effect of reducing both of them will be studied. Stimuli with combinations of
two-syllable words were presented simultaneously in speakers to subjects and the
number of correct identifications was measured. In one category of stimuli speech
melody was removed and replaced with a monotonous pitch, equal for all words. One
category had all words presented from one speaker only. Significant effect regarding the
success of identification was found for both investigated factors as well as for
interaction them in between. The study shows that removal of differences in pitch or
spatial origin between voices lessens our ability to identify the word content. The results
go well in line with earlier studies and common theories, the Cocktail party effect
among others.
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1. INTRODUCTION

1.1 In the realm of the cocktail party effect

The cocktail party problem was defined by Cherry as “How do we recognize what a
person is saying when others are speaking at the same time” [1]. The problem is still
intriguing researchers in the psychoacoustic field and there is still no complete model
that describes the complex auditory process behind this human ability in a satisfactory
way [2]. Machines (i.e. computer software) are still far behind and may not solve the
complex auditory scenes' that humans do everyday without effort. Research on the
cocktail party effect (hereafter denoted CE) could perhaps lead to a better
comprehension on how the brain processes auditory sensory information, and it might
be possible that this knowledge will answer questions on how the brain functions in
other domains, like for example other senses. It may also be helpful for designing better
algorithms for sound source separation’. In the long term, research in the area may be
helpful for the design of hearing aids or improvement of environments that deliver
much information to the auditory sense.

This thesis will in particular investigate two factors known to be important for the CE,
pitch and spatial separation. An experimental design has been developed to complement
earlier studies in the area. The aim is to investigate each individual factor and to
compare the results with earlier studies. If the results coincide, the study will strengthen
the evidence of those factors importance for the CE. There is also hope that the method
has the strength to detect a possible interaction between the two factors. The recruitment
of subjects has been balanced according to gender to open up the possibility of finding
any effects depending on gender. The method itself will also be evaluated. If significant
effects are found, that also correspond to the results of other earlier studies, the method
has proved itself useful and might be further developed or be used in a larger scaled
version of this study.

1.2 Two experimental approaches

When reviewing former experiments, one may see two different experimental
approaches to close in on the CE. They will be described as “Bottom — Top” and “Top —
Bottom”.

1.2.1 Top — Bottom

The Top — Bottom approach is characterized by using methods that simulate situations
that are close to real cocktail party situations, 1.e. situations where several people speak
at the same time. Real voices longer texts are often used as stimuli. The task for the
subject could either be to retell the content of a text, or to fill in appropriate words to
give the text a proper meaning. The methods often measure the limits of our ability to
understand a message under different circumstances. Questions answered with this
approach are for example: the effect of the number of voices that speak simultaneously
in a room, the importance of gender of the persons speaking, and the effect of pitch or

' Auditory Scene is defined by Bregman in [3]. Also, the concept will be explained below in the section
“Top — Bottom™.
% A description of sound source separation will be found in [4].



spatial cues. The strength of these methods lies in the results being valid to a high extent
to real life situations. Because of the vast amount of factors though, it’s hard with this
method to draw any conclusions about the importance of each individual factor or to tell
anything about the processes in the auditory system; how the auditory system deals with
the incoming information. Also interaction between factors may be difficult to measure.

Bregman defines the concept Auditory Scene Analysis as an analogy to the established
Gestalt theory for vision [3]. Gestalt theorists claim that for vision, different properties
like shape, color and texture, together make up evidence for what parts should belong
together as the same object. It’s necessary to interpret the visual stimuli as objects to be
able to interact with the world around us; ”Unless we put the right combination of
sensory evidence together, we will not be able to recognize what is going on”. In a
similar manner, Bregman means that we need to analyze the auditory stimuli and
interpret those as separate objects, each with inherent properties like pitch, timbre and
spatial origin. Stream segregation or streaming is further defined as the process of
assigning properties or parsing input to their respective perceived objects. The latter
conception also explains how separate sound events, like for example footsteps, will be
linked to one and the same sound source; a human in this case. In this essay the word
segregation will throughout be preferred to the word separation to indicate the
underlying concept proposed by Bregman.

The Top - Bottom aspect of Bregman’s approach lies in his perspective on how to deal
with questions regarding the auditory sense. His starting-point is the usefulness of the
system, what it’s designed to accomplish and for what reasons the different properties
have evolved. He means that the system have evolved to accomplish different tasks, and
the solution it has come up with could be anything that just does the job. For that
reason, he means that it’s not necessary that we will find neurological structures in the
auditory system that reflect the relationship between stimuli and the perceived auditory
scene. We might very well do, but that is not his field of interest. His main interest lies
in how different properties of sound input have importance for the perceptual outcome.

Bregman refers to experiments made with real voices to support his arguments. But he
also refers to a lot of experiments with synthetic stimuli with few and easy controllable
parameters, characteristics that will be prominent for the other, Bottom — Top
approach, described in the next section. The reason for mentioning them in this section
as well is that, in the light of Bregman’s perspective, they will answer other questions
and support other hypothesis than many of the experiments were originally made to do.

1.2.2 Bottom — Top

The Bottom — Top approach emanates from investigating how the auditory system
reacts to very simple stimuli. Pure sinusoids are often considered as the “atoms” of
sound, and by using those as a starting point and then successively creating more
complex stimuli, a deeper understanding on how the auditory system works will be
gained. Often the research is inspired by medical studies on the neurological structure of
the brain. The strength with this approach lies in the full control over the stimuli, which
are made synthetically. It’s possible to measure the effect of factors in isolation and also
interaction between factors. However, it’s a bit more difficult to draw conclusions from
the results that will be valid for the CE. In real life CE situations, factors probably don’t
affect our ability in isolation. Since there are a vast number of factors implied, it’s hard



to account for all possible interactions. Also some properties are hard to synthesize, like
for example the natural differences in timbre of different voices.

One question that has been subject to research is the matter of spatial resolution in the
auditory system. The term in this case refers to the idea that there is a limit in our
auditory neurological system to discriminate two positions as being different. Divenyi
and Olivier suggested spatial resolution as one of the factors that is important for the CE
[4]. Their own experiment evolved from a series of earlier experiments that tried to
determine our auditory spatial resolution (Stevens and Newman [5]; Hughes [6];
Klumpp and Eady [7]; Zwislocki and Feldman [8]; Mills [9]; Perrott [10]). However,
what was new with Divenyi’s and Olivier’s approach was their suggestion that it’s not
possible to talk about or to examine this entity without taken the properties of the
stimuli into account. When playing different sound sources simultaneously, there are in
fact two difficulties implied; the localization of each of the two component sounds and
also the correct association of each sound with a particular locus. Those two issues were
by the authors referred to as “the question of where and what”. They further state that
those two components could constitute competing processes. Pure sinusoids, for
example, are easy to identify but are hard to localize with accuracy. Broadband filtered
noises on the other hand have high accuracy in localization, but are at the same time
hard to differentiate from each other. The results from their experiment showed that
among the best separable sound sources were frequency-modulated sinusoids, which
contain a spectrum similar to a harmonic spectrum. It seems that the harmonic spectrum
is a good compromise or combination of a broadband stimuli with a distinct location
and a stimuli that is easy to identify [4]. What is interesting about this is that vowels in
speech are also built out of a harmonic spectrum. So it’s an encouraging thought, which
also is ecologically motivated, that speech and the auditory sense may have evolved
qualities that facilitates segregation.

The above section is an example of a Bottom — Top approach where a line of
experiments successively builds up from the easiest stimuli consisting of pure sinusoids,
as was the case in the experiment by Stevens and Newman, to more complex stimuli
that eventually will become relevant for the CE.

1.3 Two important factors for streaming

Several factors were suggested by Cherry and Bregman as important for the CE. Cherry
proposed: different originating locations, visual cues, mean pitches and speeds, gender,
different accents and voice dynamics as important cues [1]. Bregman’s suggestion of
important factors rather concerns stream segregation, but since this concept is closely
related to the CE, they may be relevant for the CE as well. Among those one finds:
pitch, timbre, spatial cues, time separation, rhythm, onsets/offsets, frequency
modulation and amplitude modulation [3].

In a former essay by the author, similarities between two kinds of perception were
investigated: pitch perception and localization [11]. These perceptions are the
equivalence to pitch and spatial cues mentioned above. The review part and
experimental results suggests that there may be a relationship and that this relationship
could be that they are partly derived from the same neurological information. Below a



short introduction to the two percepts will be listed, followed by a section on the
similarities between them.

1.3.1 Pitch

Pitch is defined as a perceptual characteristic of a sound, which may be described as
high or low and among other things determines its position in a musical scale [3][12].
Global pitch and virtual pitch are two common terms to describe the pitch perception of
one entity created by several harmonic partials. For the purposes of this essay the
expression pitch will always refer to this unified percept of a harmonic tone complex.
The perception of the pitch approximately corresponds to the fundamental frequency,
the common frequency to which all partials are multiples.

There are mainly two different models that describe how the auditory sense may extract
frequency content from the cochlea [12]. For lower frequencies (<4000 Hz), there has
been shown that nerve cells fire in sync with the stimulating frequency [13]. This phase
information seems to be the most important property when it comes to identifying
frequencies below 3000 Hz [13]. For higher frequencies, the place on the cochlea where
the hair cells are excited will instead have the most importance [13]. The two different
methods, referred to as frequency theory and place theory seem to cooperate, and will
have an overlapping frequency region where both methods will be effective.

Pattern recognition is a model that suggests that the extracted frequencies are compared
to a pattern map to see if a set of frequencies shares a common fundamental [3]. The
more partials and the better they fit the pattern map, the stronger the sensation of a
pitch. Experiments where the fundamental frequency is not represented in the harmonic
spectra (i.e. an analysis show no energy at this frequency) show that the perception of
pitch may still arise.

Pitch contour will be the term for describing the movement of pitch in the melody of
speech.

1.3.2 Spatial cues

Spatial cues are often divided into level and time differences that may be derived from
our two ears. Depending on the angle of arrival of a sound, level and time differences
occur as a result of the distance between the ears. Also filtering properties of our head,
chest and outer ears affect level and phase for specific frequency regions, which also
will act as spatial cues. For localization in the horizontal plane it has been shown that
for frequencies below 1400-1500 Hz time differences is the most important factor,
whilst for higher frequencies level differences is the most effective one [9][13]. For the
purpose of this essay, only the horizontal plane will be regarded. Thus, when using the
term localization this will refer to localization in this dimension only.

There are two models that describe how time difference is calculated between the ears
and both of them seem to be valid for recounting what happens [3]. One model suggests
that each frequency band is analyzed for amplitude variations. The amplitude envelope
could then be compared between the ears and if there is conformity, the time difference
could be extracted. If this is done by only attending the peaks of high amplitude or to
the whole amplitude envelope have not been possible to establish at this point. The
onset and offset of a sound are regarded as important cues for localization. Both these



could be regarded as special cases of amplitude analysis. The other model accounts for
continuous sounds. This model means that the phase information, mentioned in the
pitch section is compared between the ears, resulting in a time difference that evokes a
perceived location.

An interesting special case when investigating localization is the use of stimuli made of
noises. If a stimulus consists of pink noise that is presented in two speakers using a
standard stereophonic setup and one channel is delayed, the apparent source is moving
towards the preceding speaker. This special case of the precedence effect (i.e. where
only small time differences are used) could be described by either of the two models.
The first model uses the time differences between the ears of analyzed amplitude
fluctuations within each frequency band. The second model uses the time differences
between individual nerve firings for different frequency regions. It might be deceptive
say that this latter case uses phase information since there are no phases to talk about
within a noise. But it is really the same kind of information that is suggested here.

1.3.3 Similarities between pitch and spatial cues

From Bregman’s perspective, both these percepts, pitch and spatial cues, are regarded as
properties that may be useful for segregation of sounds [3]. This will also be supported
by the experiments referred to in the chapter “Earlier related studies”. Both pitch and
location seem to be valuable percepts for determining which partials belong to one
object or another. In the case of pattern recognition this is, as described above, being
done by finding those frequencies that share a common fundamental by comparing
those to a pattern map. Localization on the other hand may do this by comparing onset
and offset times between the ears for each resolved frequency, or in the case of
continuous sounds, use the time differences between the ears that may be derived from
phase information.

It also interesting that both percepts deal with time information. For localization, time
information is the most important factor for localization in the horizontal plane for
frequencies below 1500 Hz. For pitch perception, time information is the most
important factor for frequencies below 3000 Hz.

For these two reasons it would be interesting to investigate if there is an interaction
between the pitch percept and localization. If the pitch percept and localization are two
ways to parse the auditory information, and the solution to interpret an auditory scene is
based on combining the evidence from several properties, then it should be expected
that interaction could occur.



1.4 Hypothesis and purpose of experiment

1.4.1 Hypothesis

Three research hypotheses will be of main interest for the experiment. They are listed
below together with their respective null-hypothesis:

Ho.1: Pitch contour is not facilitating segregation of speech
H,: Pitch contour is facilitating segregation of speech

Ho: Spatial cues is not facilitating segregation of speech
Hay: Spatial cues is facilitating segregation of speech

H, s: There is no interaction between pitch contour and spatial cues
Hs: There is an interaction between pitch contour and spatial cues

A fourth, not equally important hypothesis for the experiment reads as follows:

H4: There is no difference in ability between men and women in segregating speech
Hy4: Men and women have different ability in segregating speech

This assumption both includes the possibility of difference in overall ability, as well as
the possibility of different ability in segregating a particular version of stimuli. Also
differences in interaction between subjects according to gender might exist.

Since it was found by Divenyi and Olivier that harmonic tone complexes met the
criteria of both being easy to identify and easy to localize, the following thought will be
of inspiration for creating the experiment and will also be discussed with regards of the
results:

The pitch percept is facilitating the identification process of a harmonic
spectrum, as many partials will be collectively perceived as one perceptual

property
Also this line of thought will be discussed with regards of the results:

Differences in pitch contour of two individuals have the effect, among
others, that the risk that two talkers in a cocktail party situation will have
the same pitch at the same time is minimized

1.4.2 Purpose of experiment

The idea is to develop a method that may measure the effects of pitch contour and
spatial cues for the segregation of speech and the possible interaction between them.

The approach that will be used here lies somewhere between the Top — Bottom and the
Bottom — Top approach. Hopefully it will constitute a complement to earlier methods
filling in a gap between the two described approaches. The goal is to try to take charge



of benefits from both. Real voices will be used to be able to draw conclusions that will
have validity for real CE situations. The results will have higher validity for
investigating the cocktail party problem than synthetic stimuli used in the Bottom — Top
approach may achieve. At the same time stimuli are simplified as much as possible, and
also processed, to be able to more clearly see the effects of the investigated factors. The
simplified and processed stimuli will yield more control over the factors than the
reviewed Top — Bottom category of methods that uses whole sentences or texts.

A question of secondary importance for the experiment is whether gender may have
importance for identifying words in different conditions. There is no drawback in
designing the experiment so that this matter could be tested.

Before we look at the method we will look at some of the earlier performed experiments
that are closely related.

2. BACKGROUND

2.1 Pitch as a factor for segregation

Treisman [14], inspired by the work of Cherry, investigated how different properties in
a distracting voice affected the intelligibility of a simultaneously played female target
voice. Among factors like different language, reversed speech and different kinds of
content in the messages, she found that the use of a male voice distracter induced the
least degradation of the intelligibility of the target voice. Also, when using a male voice,
the other factors did not seem to be significant, as many of them were, using the same
voice. When asking questions about the distracter (which was not announced in
beforehand), the subjects did to a greater extent perceive if the language was different
when the distracter was the same female voice. When the male voice was used there
were no reports of accidentally reported words from the distracter. Using the same voice
however yielded several such intrusions. Through a line of arguments Treisman draws
the conclusion that there probably exists an early stage in the perceptual analysis of
inputs that helps rejecting the irrelevant message, before a higher stage that uses
properties like context and language takes on. She does not claim, however, that it is the
difference in mean pitch that is responsible for this early stage of segregation. Bregman,
however, takes this as an example of segregation based on pitch [3], and together with
evidence from other research, this turns out to be the most likely cause.

Another experiment, referred to by Bregman [3], was performed by Brokx and
Nooteboom. They used a method of analyzing the pitch and formants in spoken
sentences to then synthesize the speech with full control over the pitch. They played an
interfering story together with test sentences. All speech material was processed to
conform to a monotonous pitch. When the test sentences were of the same pitch as the
interfering story, the messages were hard to perceive, whilst when a pitch difference of
three semitones was used, the number of errors decreased from the former 60% to 40%.
The experimenters described that when no difference in pitch existed, one perceives a
garble of speech like sounds, whereas when as little as one half semitone of pitch
difference is induced, one hears very clearly two voices.



Scheffers [15] performed an experiment with synthesized vowels. He was impressed of
our ability to separate two vowels, even if played in the same speaker. He also got
significant results supporting that difference in pitch enhances segregation. The main
improvement in the correct identifications of vowels occurred when increasing the
difference up to a half tone. For larger pitch differences the effect was not as important.

As a last example of interest is perhaps not that as much about segregation as it is about
attention. In a chapter by Nooteboom et al. [16], an experiment performed by Darwin is
described. In the experiment, different versions were created based on two simultaneous
speakers presented to separate ears in headphones. In the different versions Darwin
succeeded in creating stimuli where two kinds of information were separated, the
semantic content on one hand, and pitch contour (referred to as infonation by Darwin)
on the other. In the middle of a sentence he could switch either of these two kinds of
information or both between the left and right channel. Thus, in one of his test
conditions, he switched the semantic contents of the messages, letting the left channel
continue the sentence from the right channel and vice versa. The pitch contour on the
other hand proceeded continuously in each respective ear. The subjects task was to
report only the message heard in one of his ears. At the position of the switching, the
subjects often missed some words due to the illogical structure of the sentence and the
lack of meaningful message the switching created. Words from the left ear were in this
case seldom reported. When instead the pitch contour was switched between channels
whilst keeping the two messages intact for each ear, there were many reports of words
coming from the unattended ear. It seems that the pitch contour helps us to keep our
attention to a particular voice and further that this urge may override the instruction to
attend to one ear only [16].

2.2 Spatial cues as a factor for segregation

In one of his own experiments, Cherry investigated the role of spatial cues for
segregation. He discovered a clear advantage in segregating two messages if they were
presented to separate ears in headphones, instead of being mixed and presented together
to both ears [1]. Bregman described that this experiment could be tried by anyone in a
situation with many talkers. By covering one of the ears, one may perceive the
increased difficulty in following a particular voice [3].

The experiment performed by Divenyi and Olivier described in the introductory part,
may also be regarded as an example of the role of spatial cues for segregation. In their
experiment, real words were not used, but if one makes the assumption that vowels will
follow the same primitive inherent rules for segregation [4] as a generic harmonic
spectrum, their experiment will have relevance for separation of vowels and probably
also for the tonal part of voiced consonants.

As for pitch, continuity seems to be important for spatial cues as well. Bregman
described an experiment where successive elements of speech were presented to
alternate ears. This breakdown in spatial continuity decreased the intelligibility.
Bregman draws the conclusion that if discontinuities in spatial location act to disrupt the
integration of speech, then the spatial continuity that is found in normal circumstances
must be holding it together.



There seem to be far fewer experiments dealing with spatial cues for segregation of real
voices than experiments on the role of pitch for the same purpose. In many of the early
experiments the signals are presented in headphones and are thus totally isolated
between the ears. This fact is not the case when several voices are speaking in a natural
environment. In the latter case there will also exist phase information and as regards the
level differences they will be far less prominent. There are different views on the
importance of spatial cues for segregation. Some mean that they only have a minor role
compared to other stronger factors. Bregman [3] however poses the interesting thought
that it is possible that the differences in location and in fundamental frequency act in
combination to produce segregation that is stronger than the individual effects.
However, no research is referenced to support this.

3. METHOD

In the experiment, subjects listened to simultaneously presented words read by different
voices that were subjected to different means of manipulation: changes in spatial origin
and pitch contour. The subject’s task in each trial was to identify one of the words. For
each experimental condition and subject, the output variable was the number of
correctly identified words. The experiment also comprised a number of interview
questions aimed to validate the results and to evaluate the method.

A pilot study was performed followed by an extended study after some minor changes
in the method had been applied. Since the methods for both studies were similar they
will be here described together and where appropriate, the deviations in the pilot study
will be noted.

3.1 Stimuli

3.1.1 Selection of words and voices

The experiment relies to a great extent on the chosen words. As simple words as
possible was looked for. However, too short words would not contain much of a speech
melody, so some length were required to be able to get a greater variety of speech
melodies among the words. Two-syllable words, each consisting of four letters, seemed
to be a good compromise between simplicity and variety. The same structure,
consonant-vowel-consonant-vowel, were used and all words were verbs. The last three
phonemes were always sounding, i.e. the consonant between the two vowels were
sounding, which resulted in a non-interrupted speech melody and a closer similarity in
character of the words. The first consonant was allowed not to be sounding due to the
limited amount of available words. From all possible words following these criteria,
common and easy understandable words were chosen. All criteria as well as the
Swedish words (along with their respective English translation) are listed in Appendix.

3.1.2 Recording of words

Each word was recorded before the experiment using the voice of a unique person. This
yielded natural differences in timbre and pitch of the voices. It also allowed
combinations of the words for simultaneous presentation avoiding the real-world
impossibility that two words were simultaneously spoken by the same voice. All
Swedish accents were welcome, but no control was incorporated regarding this premise.



Variation in this case was considered a good thing for the experiment because it
enhances the validity for the experiment.

When preparing the stimuli, the person reading a word was asked to read three different
natural versions of that word. Of these, the most clean and natural read version was
chosen. The words were not read in beforehand to the persons, avoiding the risk that
they should be affected and loose their own way to pronounce the word. A particular
tempo was not given either. This approach was employed in order to avoid that they
would articulate the syllables unnaturally, whilst trying to conform to the tempo. If their
tempo was too fast or too slow, they were instead directed with the instructions “please
read the word a bit slower” or the contrary. All words were in this way close enough to
a common tempo to be able to be trimmed later without audible artifacts. The chosen
tempo and the processing will be attended below. These natural read words will further
on be referred to as words containing variable pitch.

Due to the planned test of removal of speech melody, a forth version of the word was
recorded. A triangular wave of 233 Hz (a#) was played, and the person was asked to
read the word at that constant pitch. In most cases this approach turned out to work
well. However, some persons did not perceive the pitch and those versions were in most
cases discarded. It was tested in preliminary experiments to put the natural read words
directly through a tune algorithm'. However, the quality was too affected by the
process, so therefore the special version of the word had to be recorded that was closer
to the demanded final result. This approach succeeded in getting a good quality
processing later on. For the same reason, and because all words needed to have the same
pitch, it was necessary to restrict the choice of voices to one gender only. A preliminary
test was performed to look for differences in the task of segregating words depending
on the use of male or female voices. No such difference could however be found. In
lack of stronger arguments, the female voices were chosen in the belief that they
consisted of somewhat cleaner spectrum, but this fact was not tested scientifically. An
assumption based on the authors own experience was made that a voice with a cleaner
spectrum would gain fewer artifacts when pitch processing is applied (more described
in the section below).

The equipment used was a small membrane, omnidirectional condenser microphone’
through a high quality microphone preamplifier’. The words were recorded to hard disk
using a computer based digital interface* for the analog to digital conversion. The
resolution was set to 24 bit, 48kHz sampling frequency. The line input was high pass
filtered at 75 Hz, 12 dB/octave. The room was dampened in all directions to avoid any
audible interference from the room acoustics. The distance to the microphone was 14
cm and the membrane was approximately 1 cm below the mouth. A windscreen was
used.

' Waves Tune plugin

2 DPA 4003

’ Milennia HD-3

* Pro Tools Digi 002-R

> Time stretch from Audio Suite Collection in Pro Tools software by Digidesign



3.1.3 Processing of recorded words

All words were aligned in time to be able to overlap each other. The cue point for this
alignment was decided to be the start of the first vowel. This in turn was defined as the
zero crossing of first cycle belonging to the vowel when the cycle of the waveform had
stabilized, i.e. when an inspection of the time-domain signal showed that the shape of
one cycle clearly recognized the shape of the following cycle.

The words were stretched in time by means of an algorithm® to match each other in
tempo. To measure the tempo a second cue point was looked up, namely the start of the
last vowel. Then, the time was calculated between these two cue points. A template of
165 bpm was set up. The time between two beats will thus be 364 ms and will be
addressed as the template time. The ratio between the template time and the measured
time was calculated. The whole waveform of the word from the starting cue and
forwards was then time stretched according to this ratio. The time stretch algorithm
settings used were 40 ms crossfade time; 40 Hz minimum pitch; maximum sound
quality. In some cases a flam effect occurred due to this process. In those cases, a
setting of 10 ms crossfade time was alternatively used, which avoided this side effect.
The ratios for the transformations were between 0.841 and 1.335.

The monotonous read words were processed with the tuning software'. A straight line at
a# (233 Hz) was drawn to replace the original curve of detected pitch variation
throughout the word. All harmonic content of the words was thus processed to conform
to this pitch. The setting “Formant correction” was activated. According to the software
manufacturer’s information, this function allows pitch shifting without changing the
original shape of the formants. Thus the original voice timbre and information about
vowels will be preserved.

All words were level matched. This was done subjectively by three students in sound
engineering, who bears experience in level setting for music mixing purposes. One of
the persons was the author. A mean of all estimates were then calculated. The criterion
to follow was that all words should sound equally loud, and that they would sound
natural when played successively. After the next caption, describing the pairing process
of words, additional trimming of levels was made to the individual words to make the
two words in a pair being equally competitive about the listener’s attention.

3.1.4 Design of word pairs

The words were combined into pairs, words containing variable pitch going with each
other and monotonous words going with each other. A rule was put up that no two
phonemes would be the same at the same position in two combined words. An
exception to this was the last phoneme which was chosen to always be an “a”. This was
a prerequisite to be able to use words from the same word class. It has been showed that
different vowels have different abilities to mask each other [15]. Therefore, and also
because of other possible factors, the difficulty in segregation would probably be
dependent on the combination of the two words. The primary goal for this investigation
was not to decide which combinations were harder than others and the possible reasons
for these differences, but to see the share of identified words in an array of word
combinations. In this case, there is a strength in the existence of differences in
difficulty. For this reason, the process of combining the words was not controlled in
more ways than stated above. Out of twelve words, six word pairs were created.



Each pair of words was made in four versions, labeled m/, m2, viI and v2. Each version
corresponds to a unique set of properties that will be the result of the different
manipulations applied to the words in the pair. The letters m and v denotes variations of
speech melody: m corresponds to monotonous speech melody, whereas v refers to
variable speech melody. The figures / and 2 denote the spatial presentation of the
words: [ refers to when both words in a pair were reproduced through one loudspeaker
only, whereas 2 indicate that each word in a pair was reproduced through a separate
loudspeaker. The loudspeaker positions are described in a subsequent section. Hence,
the four versions constitute the combinations of the two factors with two levels each
that will be investigated in the experiment. In Table 1 an overview over the factors,
levels and their respective connection to the label of the different versions of stimuli is
shown.

The word combinations were put into series, each series containing a randomized order
of the six word combinations. Each series were made in four versions, each version
corresponding to one of the possible combinations of the experimental factors, m/, m2,
vl and v2. A total of ten times four series were created.

The Swedish word for “ready” (“redo”) was added before the first stimuli in each series.
This was to ensure that the first word in a presented series was treated with the same
attention as the rest of the words. The time between the start of two successive words
was 2.5 seconds. In the pilot study the offset between two successive words was 2
seconds, but feedback from the pilot subjects indicated that this period was too short
and stressful. The time was adjusted accordingly.

Table 1: Experimental factors and their combinations. An overview of the factors
investigated in the experiment together their respective levels.

Spatial presentation
1 speaker 2 speakers
Monotonous ] 2
Pitch pitch " "
contour Variable
. vi v2
pitch

3.2 Subjects

Twenty subjects participated in the experiment, ten females and ten males. They were
between 21 to 45 years old, most of them under the age of 26. They were all students at
Lulea University of Technology and participated on a voluntarily basis.

In the pilot study four subjects participated, one female and three males. None of those
participated in the extended study.



All subjects were asked about hearing disabilities, but perfect hearing was not set as a
criterion for choosing the subjects.

3.3 Playback conditions

Two loudspeakers were used with a traditional stereophonic setup of 60° angle
separation from the listening position. The distance to the speakers was 2.3 meters. The
stimuli were played from a computer using Digidesign Mbox DA-interface through a
Rotel RSP-1098 preamplifier and Rotel RB-1090 output stage. The speakers were
custom-built reference monitors, with documented good frequency response and
distortion values. The room was an anechoic chamber.

The measured SPL range was between 62 and 68 dBA' depending on the different
stimuli.

3.4 Interview

The purpose of the interview was to get an input on the perceived difficulty of
identifying the different versions of stimuli. This was done to be able to validate the
results from the listening test. Also it was of interest to know how the subjects
perceived the processed stimuli since they may have lost natural characteristics during
the processing. The interview started with an open question:

“How did you perceive the difficulty in the test?”

The purpose of the question was to get an answer regarding pitch contour or spatial
presentation without preceding the subject. Also the question opens up for other issues
like if the test got easier with time or other aspects that not might been thought of when
planning the test. If the answer missed the issue of interest, the following questions
were planned:

“How did you perceive the difficulty was affected by presentation in one or
two speakers?”

“How did you perceive difficulty was affected by differences in pitch contour?
The monotonous versions of words versus the variable versions of words?”

To verify how the tuning process might have affected quality, the following question
was asked:

“How did you perceive the quality of the words in the last round?”
If they misunderstood the question, the following clarifying question was posed:

“Did you perceive the words in the last round as natural or synthetic?”

! Measured with Clio7 acoustic measuring system, fast reading setting



If they hadn’t made a comment already on the intelligibility of the words in the last
round, the following question was posed:

“Were the words in the last round easy or hard to perceive?”

To enhance the reliability of the test, a check for known hearing disabilities was made:

“Do you have any known hearing disability?”

This was posed as a last question:

“Are there anything else you would like to add, about thoughts on the test
or anything?”

The purpose of the question was to catch any other thoughts the subject might have
regarding the design of the test or thoughts about segregation of speech in general.

3.5 Procedure

Each subject completed a session of the experiment individually. An instruction was
first given verbally. The instruction was also written on a paper. The instructions were
to listen for words coming from the right speaker, and immediately after each word to
write that word on a paper with preformatted lines for the answers. If the subject had a
clue to what word he/she perceived he/she was asked to write that word down. If the
subject had no clue whatsoever, he/she was asked to not make a wild guess but instead
leave that particular line empty and continue with the rest of the words. In those cases
where two words were presented in the same speaker (i.e. both words in the right
speaker) the subjects were asked to write down only one of the words, if he/she
perceived a word. The purpose of the cue word, “ready”, that indicated the start of a
series was explained and that this word should not be written down.

The complete experimental session commenced by a training session, which purpose
was to familiarize the subject to the environment, the listening conditions and the
somewhat peculiar experience in listening to monotonous voices. The words in the
training session were created the same way as the stimuli included in the subsequent
test, but other words were used. These series included only three words plus the starting
cue word. In the training session, one short series comprising the different versions of
the experimental factors was presented, and this training session was identical to all
subjects regarding randomization (i.e. the order of the stimuli was not randomized for
each subject). The subjects were not aware of that this was a training session only. The
training session was not included in the later data analysis.

Following the training session, the data acquisition started by running two rounds with
four series each (referred to as Round 1 and Round 2). Each series in a round included
one of the four versions of stimuli, and the order of versions was randomized. Also the
series for each version of stimulus was randomized from the ten generated series. In the
second round the left and right channel of the two-speaker versions of stimuli were



switched. This was made so that the subject would try to identify the other word as well
in the two-word combinations, when presented in different speakers.

Last, the twelve monotonous words were presented as singles in the right speaker. This
was done to ensure that the tuning process didn’t degrade the intelligibility of the word
when played in isolation.

After the listening test, an interview was performed. The questions will be clear in the
results and discussion part.

The listening part of the experiment for one subject took about nine minutes and the
interview about three to four minutes.



4. RESULTS

The data used for the analysis are made up of the number of correct answers for each
presented series. A two-factor Anova analysis was performed on all data points. The
results will first be presented graphically for an easy overview. In Figure 1, the means
for the two factors are plotted together with 95% Tukey HSD intervals. Also interaction
plots are shown in two graphs with each of the factors on the X-axis respectively. The
graphs are followed by descriptive statistics (Table 2) and the Anova table (Table 3).

4.1 Results

4.1.1 Means and interaction plots

Figure 1. Means and interaction plots based on all data points from the two main
rounds. 95 % Tukey HSD intervals are also plotted in the graphs.
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4.1.2 Descriptive statistics

Table 2. Table of Least Squares Means for Identification. The table shows descriptive
statistics for each level of the two factors as well as for the combination of levels. As may
be seen, the v2 version of stimuli reaches the highest mean of 5.35 whereas the m/ version
of stimuli has the lowest mean. Table is generated in Centurion Statgraphics software.

Table of Least Squares Means for Identification

Stnd.
Level Count Mean Error
GRAND MEAN 160 4.68125
Pitch contour
m 80 4.225 0.127697
v 80 5.1375 0.127697
Speakers
1 80 4.3875 0.127697
2 80 4.975 0.127697
Gender
f 80 4.8 0.127697
m 80 4.5625 0.127697
Testround
1 80 4.6625 0.127697
2 80 4.7 0.127697
Pitch contour by
Speakers
m, 1 40 3.85 0.180591
m,2 40 4.6 0.180591
v, 1 40 4.925 0.180591
v,2 40 5.35 0.180591
Pitch contour by
Gender
m,f 40 43 0.180591
m,m 40 4.15 0.180591
v,f 40 53 0.180591
v,m 40 4.975 0.180591
Pitch contour by
Testround
m, 1 40 4.05 0.180591
m,2 40 4.4 0.180591
v, 1 40 5.275 0.180591
v,2 40 5.0 0.180591
Speakers by
Gender
Lf 40 4.475 0.180591
I,m 40 43 0.180591
2f 40 5.125 0.180591
2,m 40 4.825 0.180591
Speakers by
Testround
1,1 40 4.325 0.180591
1,2 40 445 0.180591
2,1 40 5.0 0.180591
2,2 40 4.95 0.180591
Gender by
Testround
11 40 4.725 0.180591
1.2 40 4.875 0.180591
m, 1 40 4.6 0.180591

m,2 40 4.525 0.180591



4.1.3 Anova table

Table 3. Analysis of Variance for Identification - Type III Sums of Squares. The
marked values (red), shows the significant effects. As may be seen in the Anova table,
Pitch contour is significant at the p<0.001 significance level and Speakers are
significant at the p<0.01 significance level. Also an interaction can be seen between
Pitch contour, Speakers and Testround. The table is calculated and generated from
Centurion Statgraphics software.

Analysis of Variance for Identification - Type III Sums of Squares

Source Sum of Squares Df Mean Square F-Ratio P-Value
MAIN EFFECTS

A:Pitch contour 33.3063 1 33.3063 25.53 0.0000
B:Speakers 13.8063 1 13.8063 10.58 0.0014
C:Gender 2.25625 1 2.25625 1.73 0.1905
D:Testround 0.05625 1 0.05625 0.04 0.8358
INTERACTIONS

AB 1.05625 1 1.05625 0.81 0.3697
AC 0.30625 1 0.30625 0.23 0.6287
AD 3.90625 1 3.90625 2.99 0.0857
BC 0.15625 1 0.15625 0.12 0.7298
BD 0.30625 1 0.30625 0.23 0.6287
CD 0.50625 1 0.50625 0.39 0.5343
ABC 0.50625 1 0.50625 0.39 0.5343
ABD 5.25625 1 5.25625 4.03 0.0466
ACD 0.15625 1 0.15625 0.12 0.7298
BCD 0.00625 1 0.00625 0.00 0.9449
RESIDUAL 189.156 145 1.30453

TOTAL

(CORRECTED) 250.744 159

All F-ratios are based on the residual mean square error.

4.1.4 Post-hoc tests

Post-hoc tests were made to be able to better draw conclusions about what's causing the
second order interaction between factors Pitch contour, Speakers and Testround. First,
necessary means were calculated (Table 4). Then multiple pairwise comparisons were
made using 95% Tukey HSD confidence intervals. Table 5 shows a crosstab of
compared means with significant differences in means marked in red. The results are
also displayed as a connecting letters report. The data and tables were created with Sas
JMP software for Mac OSX. Precautions were taken to assure that the Post-hoc tests
were based on the same Anova calculation that was previously made in Centurion
Statgraphics.

Table 4. Table of Least Squares Means for Identification.

Pitch contour by Speakers | Count Mean Stnd. error
by Testround

m,1,1 20 345 0,25539493
m, 1,2 20 4,25 0,25539493
m,2,1 20 4,65 0,25539493
m,2,2 20 4,55 0,25539493
v,1,1 20 5,2 0,25539493
v,1,2 20 4,65 0,25539493
v,2,1 20 5,35 0,25539493
v,2,2 20 5,35 0,25539493




Table 5. LSMeans Differences Tukey HSD and connecting letters report.

a=0,050 Q=3,0757

LSMean[i] By LSMean[j]

Mean[i]-Mean[j] m, 1,1 m, 1,2 m,2,1 m,2,2 w11 v1,2 v,2,1 v,2,2
Std Err Dif
Lower CL Dif
Upper CL Dif
m, 1,1 0 -0,8 -1,2 -1,1 -1,75 -1,2 -1,9 -1,9
0l 036118 0,36118 0,36118| 0,36118 0,36118 0,36118 0,36118
0 -1,9109 -2,3109 -2,2109 -2,8609 -2,3109 -3,0109 -3,0109
0] 0,31089 -0,0891 0,01089 -0,6391 -0,0891 -0,7891 -0,7891
m, 1,2 0,8 0 -0,4 -0,3 -0,95 -0,4 -1,1 -1,1
0,36118 0| 036118 0,36118| 0,36118 0,36118 0,36118 0,36118
-0,3109 0 -1,5109 -1,4109 -2,0609 -1,5109 -2,2109 -2,2109
1,91089 0] 0,71089 0,81089| 0,16089 0,71089 0,01089 0,01089
m,2,1 1,2 0,4 0 0,1 -0,55 1,8e-15 -0,7 -0,7
0,36118 0,36118 0l 036118 0,36118 0,36118 0,36118 0,36118
0,08911 -0,7109 0 -1,0109 -1,6609 -1,1109 -1,8109 -1,8109
2,31089 1,51089 0 1,21089| 0,56089 1,11089 0,41089 0,41089
m,2,2 1,1 0,3 -0,1 0 -0,65 -0,1 -0,8 -0,8
0,36118| 0,36118 0,36118 0l 036118 0,36118 0,36118 0,36118
-0,0109 -0,8109 -1,2109 0 -1,7609 -1,2109 -1,9109 -1,9109
2,21089 1,41089 1,01089 0] 0,46089 1,01089 0,31089 0,31089
w11 1,75 0,95 0,55 0,65 0 0,55 -0,15 -0,15
0,36118 0,36118 0,36118 0,36118 0| 036118 0,36118 0,36118
0,63911 -0,1609 -0,5609 -0,4609 0 -0,5609 -1,2609 -1,2609
2,86089|  2,06089 1,66089 1,76089 0 1,66089 0,96089 0,96089
v1,2 1,2 0,4 -2e-15 0,1 -0,55 0 -0,7 -0,7
0,36118 0,36118 0,36118 0,36118| 0,36118 0| 036118 0,36118
0,08911 -0,7109 -1,1109 -1,0109 -1,6609 0 -1,8109 -1,8109
2,31089 1,51089 1,11089 1,21089| 0,56089 0] 0,41089 0,41089
v,2,1 1,9 1,1 0,7 0,8 0,15 0,7 0 0
0,36118 0,36118 0,36118 0,36118| 0,36118 0,36118 0l 036118
0,78911 -0,0109 -0,4109 -0,3109 -0,9609 -0,4109 0 -1,1109
3,01089] 2,21089 1,81089 1,91089 1,26089 1,81089 0 1,11089
v,2,2 1,9 1,1 0,7 0,8 0,15 0,7 0 0
0,36118 0,36118 0,36118 0,36118| 0,36118 0,36118 0,36118 0
0,78911 -0,0109 -0,4109 -0,3109 -0,9609 -0,4109 -1,1109 0
3,01089] 2,21089 1,81089 1,91089 1,26089 1,81089 1,11089 0
Level Least Sq Mean
v,2,1 A 5,3500000
v,2,2 A 5,3500000
v,1,1 A 5,2000000
m,2,1 A 4,6500000
v,1,2 A 4,6500000
m,2,2 A B 4,5500000
m,1,2 A B 4,2500000
m,1,1 B 3,4500000

Levels not connected by same letter are significantly different.




4.2 Results for factors Pitch and Speakers

The Anova (Table 3) shows significant main effects for both factors, Pitch and
Speakers. No interaction is found between those two factors. However, an interaction
was found for Pitch, Speakers and Testround.

4.3 Comparison of results between rounds

A t-test from the pilot study showed that Round 2 had significantly higher mean for
identification than Round 1. To check that this was not repeated in the main study, the
factor Round was examined in the Anova (Table 3). The Anova shows no significant
difference in means between the two test rounds. The more words that were added from
the pilot study to the full study have at least in part improved the method since there is
no main effect for factor Testround in the main study. However, Testround will still
play a role for the results since interaction between Pitch contour, Speakers and
Testround exists. The possible reason for this is dealt with in section 5.2.4.

4.4 Results as dependent on gender

An equal numbers of males and females were chosen as subjects to be able to analyze
for differences in identification as dependent on gender. The females have the highest
mean, 4.8, versus the mean for the males, 4.5625 (Table 2). The Anova shows that that
this difference is not significant (Table 3).

4.5 Interpretation of Post-hoc tests

The interaction between Pitch, Speakers and Testround was investigated further. Mean
calculations and means comparison chart is found in Table 4 and Table 5. Table 5
shows that m, 1,1 is the only condition that is significant when compared to other
conditions. Significant difference occurs when mean for this condition is compared to
m,2,1;v,1,1;v,1,2;v,2,1 or v,2,2. An important observation is that no combination of
levels in Pitch and Speakers differs significantly between Round 1 and Round 2 (with
the same levels chosen for both testrounds). All comparisons that are significant are
thus occurring within a round and not between the two experimental rounds. For Round
1 the following significances are found: m/ versus m2, mI versus vI and m/ versus v2.
This does not exclude the possibility that interaction occurs between Pitch and Speakers
within this round. On the other hand, for Round 2, none of the following comparisons
are significant: m/ versus m2, ml versus vi, vl versus v2 or ml versus m2. Interaction
between Pitch and Speakers is thus not occurring within Round 2. The conclusion must
be that interaction between Pitch and Speakers is significant in Round 1 and is not
significant in Round 2.

It's noteworthy for the evaluation of the design of the experiment that also the main
effects must be related to the significant differences in mean found in Round 1 (m1
versus m2 and m1 versus v/I). The effect seems to disappear in Round 2.



4.6 Special cases of wrong identification

4.6.1 Reported identification of words from wrong speaker

An interesting category of wrong identifications were when words were correctly
perceived but from the wrong (i.e. left) speaker in two-speaker versions of stimuli. A
total of eight such “mistakes” were made for all presented word pairs in the experiment.
A total of 960 word pairs were played in the main rounds. Seven of these mistakes were
made by men, and seven were made for the m2 version of stimuli. The single mistake
made by a woman did not coincide with the single mistake for the v2 version of stimuli.

4.7 Results from control round

In the control round, half of the words used in the experiment, i.e. twelve words were
played to each subject. This was to check the intelligibility of the monotonous versions
of words. Out of the 20 subjects, there were six errors, and no more than one error per
subject. Three of the errors could be ascribed to similarities between vowels: “y” [y:]
was mistaken for “i” [i:] and “0” [@:] was mistaken for “4” [:].

4.8 Results from Interview

To the open question on how the subjects perceived the test, a majority of the subjects
reported that they perceived the difficulty increase when the stimuli was presented in
one speaker as opposed to two speakers. Only about half as many reported that
difficulty increased when pitch contour was removed. However, when asked more
specifically, most subjects reported that both speaker presentation and pitch contour
affected the difficulty to identify the words (where one speaker and removed pitch
contour were the harder ones). To the follow-up questions two reported that they were
insecure if pitch affected intelligibility. Another two subjects reported that they didn’t
think pitch contour affected the results. Only one reported insecure about the
importance of speaker presentation and none thought speaker presentation had no
mmpact.

Five subjects reported that a higher pitch meant clearer voice or easier to identify.

About 35% of the subjects reported that they thought some of the stimuli had synthetic
character.

Single reports on dialects were: “There are dialects”, “Dialects matters” and “One
dialect was especially hard”.

Other single subject reports were: “There were too short pauses between words”, “It
was harder when the letter was the same”, “Difficulty changes”, “One voice was always
clearer”, “It was easier with eyes open”, “It got easier after a while”, “Words with r, s or
k were easier to identify”, “Letters s, 4, & or 0 were the hardest ones to separate”, “It
was easy to hear”, “It was tricky when the left speaker sounded louder than the right”,

“You could guess what word it might be”.



5. DISCUSSION

5.1 Discussion on results

5.1.1 Results from main rounds

The mean values for each factor, and for each combination of factors are presented in
Table 2. The Anova is presented in Table 3. The higher mean for the variable pitched
version of stimuli as opposed to the monotonous is a real effect, supported by the
significant effect for Pitch contour in the Anova. This goes well in line with results from
earlier research [3][14][15][16]. However, the reason for this result could be explained
in two different ways. Bregman would describe the results as the outcome of a scene
analysis problem. If we use several properties that together create evidence for the
solution to a scene analysis problem, then, if differences in pitch are removed, pitch
could not possible be used as a property for discriminating two entities. Thus there is
one property less that may help us in the process of segregating two sounds, making the
task more difficult.

The effect of pitch contour could also be explained by Sheffers’ model on segregation
of vowels. The vowels will mask each other, depending on the intensities and
frequencies of their respective inherent formants. Even if the model works very well for
describing his own experimental results, it is however a bit shortcoming to describe the
effects of experiments that uses spatial cues. The model only accounts for mixed vowels
presented with no difference in spatial cues.

The significant effect for spatial presentation also goes in line with earlier research
[1][3][4]. The mean for two-speaker presentation is significantly higher than for one
speaker presentation. If one compares the results from Divenyi and Olivier there is a
point to consider. The results showed that the best stimuli for segregation, the harmonic
spectra, needed 60° or more in angular separation for the subjects to be able to segregate
them. They posed that this could have implications for the segregation of vowels in
speech. Since the criteria for the present experimental setup was 60° between speakers,
it fulfills the criterion for segregating harmonic spectra. We will not know however,
what the outcome would be if a smaller angle were to be used instead. Probably other
factors must be effective as well for segregation of speech, since under normal
conditions, we may segregate voices that are narrower than the specified angle.

There is a thing to be said about the difference in importance of the two factors. In the
pilot study pitch contour showed up to be significant (p<0,05) whilst spatial
presentation was not. That significance was achieved with only four subjects show that
pitch must be a quite strong cue for segregation. In the extended study pitch reached
significance at the significance level of p<0,001 whilst spatial presentation reached
significance at the significance level of p<0,01. This outcome together with the
differences from the pilot study suggests that pitch contour is a stronger cue than spatial
presentation. In other words, the difference in pitch is more crucial to us than the
difference in position, when it comes to segregate voices. This thought is also supported
by Kubovy [3].



For the full study, no interaction could be found between Pitch and Speakers. An
interesting and somewhat odd result found in the Anova was however an interaction
between Pitch, Speakers and Testround. The interpretation of the Post-hoc tests (section
4.5) suggests that there exists an interaction between Pitch and Speakers within Round 1
that does not exist within Round 2. The fact that Testround is showing up in an
interaction could imply that there is either a learning effect or an effect of tiredness.
This is further discussed in section 5.2.4. If one accepts the arguments there, that a
learning effect or guessing strategy do exist in this experiment, one may further discuss
the implication of the results from Round 1 taken in isolation.

The interaction between Pitch and Speakers in Round 1 supports the research
hypothesis H;. This is an expected result if Bregman’s theories are valid. However, the
rules of logic do not permit us to draw conclusions about Bregman’s model from the
results. The results could also arise from other factors or be explained by other models.
The method in this experiment does not exclude the possibility that other factors might
be in play. However, the experiment could still make up an indicium that the model is
valid, and also it will not contradict or reject the possibility that the model could be true.
Many experiments that Bregman uses to support his arguments meet the same problem.
They are indices but not proofs. However, the sheer mass of indices together raises the
credibility.

5.1.2 Results from control round

A total of six words out of possible 240 presented words were registered as errors in the
control rounds. Or put in another way: six people made one error each. Even if zero
errors had been ultimate for the reliability of the method, this result is acceptable. The
percentage of correct identifications in the control round is 97.5% as compared to the
other versions of stimuli which reached 64.2%, 76.7%, 82.1% and 89.2% for the ml,
m2, vl, v2 conditions respectively.

The test was as described earlier made to test that the tuning process did not degrade the
intelligibility of the words. When looking at the mistaken words, three of them could at
least be explained by another means than the effect of this process. As described in the
results section, three words have one vowel that is misinterpreted. Since different
dialects were accepted at the recording session, the distinction in the actual sounds of
these vowels, even the unprocessed variable read versions, are not always very clear.

Another factor that could be responsive for the errors is a learning effect. There were
several cases, where subjects have made an error in one condition, and then repeated the
exact same error for other conditions afterwards, including the control round. It seems
like the subjects, once made an interpretation of a word, have a tendency to stick to a
particular interpretation, even if the conditions would make it easier to hear the correct
word in a later presentation. This could be the effect of a best guess based on what
words they think is included in the test, but it could also be that the subjects actually
hear this word, and that this interpretation is made partly on an unconscious level.

5.1.3 Results from interview

To the open question: “How did you perceive the test?”, most of the subjects expressed
as their first reported comment that the task got more difficult when words were
presented in the same speaker. When a more leading question was posed, regarding how



they thought the different conditions of pitch affected the difficulty, a majority
answered that the monotonous versions of pitch were harder to segregate. Only one
subject stated as his first comment that pitch affected intelligibility. And the very same
person was also hesitating whether spatial impression had any impact, leaving it with a
“maybe”. That most subjects agrees to that both pitch contour and spatial presentation
affects the difficulty goes in line with the measured results of correct identifications.
This strengthens the validity of the method. It is surprising though that most of the
subjects seem to be more aware of the difficulty related to spatial presentation than
pitch contour. This is somewhat contradictory to the measured results. The reason for
this could be explained by that subjects have greater awareness of spatial origin than for
pitch contour. The latter is not maybe equally important to be aware of from an
ecologically point of view. Early in evolution, even before speech had evolved, to
perceive the direction a danger is coming from was probably more important to survival
than appreciating the singing of the birds.

To the question how the subjects perceived the monotonous version of stimuli in the
control round, more than half of the subjects thought they were anything from a bit to
very synthetic. One subject reacted already in the training round to the synthetic
character of the words. About 65% did not perceive the stimuli as synthetic. All subjects
perceived the words as easy to hear and understand. The question of synthetic character
is of importance for the validity of the method. If perceived synthetic, this will most
probably be ascribed to the tuning process of the words. And if this is the case, the
tuning process might also affect other properties than pitch that will affect intelligibility,
like for example timbre. The questions remains open whether the perceived synthetic
character arises from the removal of pitch contour, or if it is effect of some other side
effect due to the processing. An interesting note, the author would like to add, is that
some of the monotonous recorded words, especially those where the subject had very
steady pitch, had synthetic character even before the tuning processing. This would
suggest that pitch contour without variations are perceived as synthetic and that other
possible side effects from the processing only will play a minor role. There is literature
that support the suggestion that small variations in pitch evoke natural character in
otherwise synthetically constructed stimuli [3].

Five subjects reported that a higher voice was clearer or easier to identify out of two
voices. At the time of the interview the investigator interpreted this statement as a
statement about pitch. If this was the case, it could indicate that a higher pitch voice
might draw attention easier or might be easier to identify among other voices. However,
the investigator could have misinterpreted the answer. The subjects could have been
talking about loudness, even if they used the word high, which more correctly should be
a word to describe the pitch property. One more interpretation could be that the subjects
talked about the wvariable pitch stimulus as opposed to the monotonous. These
statements have to be left unattended in the conclusions, due to the many possible
interpretations.

To the question about eventual hearing loss, two subjects reported losses. One of them
had minor tinnitus. Another one a more disturbing tinnitus. It’s not possible to tell
whether this could affect the results and in what way. It was not possible to perform
extended hearing tests, but on the other hand that might not be necessary for this
particular experiment. The issue whether this question should have been posed before



the test and used as criterion for choosing subjects that had no reported hearing loss will
be dealt with in the section of evaluation of method. Since there were only females that
had reported hearing losses, this might have created a bias in the results. The results
showed that women had higher overall mean than males, and if one assumes that a
hearing loss would degrade performance rather than enhance performance, the reported
hearing defects shouldn’t be a problem for the results. However, it is possible that the
results from the two subjects might have obscured a possible significant effect in
identification as dependent on gender.

5.1.4 Effect of gender on identification

The females have a higher overall mean. This difference is not significant in the Anova.
The difference in gender is also noted for the special case of wrong identification, where
the left word was reported instead of the right. This happened seven times to the males
but only one time for the females.

5.2 Evaluation of method

The fact that both factors, Pitch and Speakers, showed up to be significant plus the
found interaction between them in Round 1, proves the method useful for measuring
those properties. Still one has to investigate the reliability and validity of the method.
Those aspects will be covered in the following sections.

5.2.1 Effect of processing

Two kinds of digital processing have been performed on the stimuli, time stretching and
tuning. If a process is applied only on some of the versions of stimuli, the processing
might introduce side artifacts, other than the intended, that will affect the results. This
would lower the validity of the method.

In the case of time stretch, the process was applied to all stimuli, disregarding the
different versions. Even if different ratios for time stretching were used for the different
individual words, the same parameters for a particular word were applied for all
versions of stimuli. Thus, it could be excluded that this process could be responsible for
the measured effects. It could however be argued that aligning the words in time and
tempo, where the vowels will start at the exact same time, will be an extremely unusual
encounter in real life. This argument will not be contradicted here, and the author is
aware that this fact decreases the validity for applying the results to real life cocktail
party situations. This was a conscious choice that was made. The aligning probably
brought two good properties to the experiment. First it made the task more difficult for
the subjects. Time onsets and offsets have shown to have an important role for stream
segregation, according to Bregman, and which also is supported in many experiments.
For this case, the grade of difficulty was just right. An easer task would have put the
mean values closer to the maximum of six identified words per series, and the different
versions of stimuli would thus be harder to differentiate statistically from each other. A
harder task could be effective, but at the same time it might discourage the subjects. If
the time processing was to be removed in the method, the simplified task would have to
be made harder in an alternative way. One suggestion could be to introduce one more
speaker. The other property the time aligning will have for the experiment is that it will
remove or at least diminish the effect of time onsets and offsets. Since this is a strong
effect, it would probably obscure the effect from the factors of interest. Also it’s worth



mentioning that in the pairing process, the words must be aligned in some way, they
cannot just be put together arbitrarily. So rules must simply exist on how to align the
words.

Before leaving the issues of time stretching, it has to be mentioned that even though
perfect alignment was strived for when aligning the starts of the vowels, the starting
points of the vowels are in different degrees subjectively judged. Also the transition
from the first vowel to the second consonant has not been attended to. The first
consonants will also start at different times depending on the difference in the
consonants respective inherent lengths.

In the case of tuning, the process was applied only to the monotonous versions of the
words. It is possible that the artifacts in this process could affect intelligibility, and that
the removal of pitch is not the true cause for the effect. To increase the validity of the
method, the control round was added. As seen in the discussion of the results from the
control round, the possible artifacts seem not to affect intelligibility in a way that would
disturb the results. Also, even if subjects perceived the monotonous versions of words
as synthetic, they declared at the same time that they were easy to comprehend. The
conclusion to make from this is that the artifacts are not responsible for the measured
effect.

One may discuss if the tuning process was really necessary when the words already
were read in a monotonous manner. If this process was skipped, the above discussion
for its implications on the validity would not be an issue. The process was a remnant
from the first design of the experiment. In this design only variable words were
recorded. The monotonous version was then created by processing the variable read
word with the tune algorithm. This way the tempo, articulation etc. was ensured to be
equal for the variable and monotonous versions of words. The results from the tuning
process did however, for many words, introduce to severe side effects to be useful. It
was decided to record variable and monotonous words separately. With this change, the
monotonous words already were monotonous, guided by the same pitch generated by a
tone generator, so why need the process? Well, the people reading the words had
different skills in their perception of the pitch guide, as well as different skills in
speaking with constant pitch. Thus, to ensure full control that pitch was really the same
and equally steady for all monotonous versions of words, they went through the same
process. Because of the small differences the algorithm now had to correct for the side
effects were now significantly lower. The question of processing is still justified, and
the author believes that the significant effect for pitch contour would still show up, even
if the tuning process was not applied. Therefore, it could be an improvement for the
experiment to use unprocessed monotonous words instead. This would raise the validity
for real life situations a bit.

5.2.2 Different readings

The different readings for the different versions could in itself be a matter for
discussion. Could one really ensure that articulation and rhythm will be the same when
reading the words in a “sing like” manner? Regarding the rhythm, the people reading
often tended to read slower for the monotonous version. Especially the last vowel
tended to be kept long. This issue was attended at the recording, to minimize the
differences. Regarding articulation, no guarantee could be made to insure similar



quality. The only support that this will not affect the results adversely is the results from
the control round. This support will not however exclude the possibility that differences
in articulation might only show up in the more complex tasks of segregating two words,
and may not show up when only attending one word. The issue of different readings
could thus be questioned and this might lower the validity of the method. At the same
time, the choice is far better than the first approach described in the section above.

5.2.3 Effect of removing pitch contour

There are two possible ways in which pitch may have relevance for segregation. First
the very difference in pitch between the two words and then the difference in movement
in pitch, that will be unique for each of two words as spoken by different persons. When
removing pitch contour, both the pitch differences between the words, as well as the
removal of unique movements in pitch within each respective word will be affected.
The question is whether one or both of these cues have importance for segregation and
which one is the most important. To clarify this distinction further, one may ask the
following question: “How would intelligibility be affected when pitch contour is
processed as described in the method section, but different frequencies are used as
templates for the two words?” The words would be monotonous, but differing in pitch.
If this restores the intelligibility as compared to the monotonous versions of stimuli in
the present experiment, then the results should be ascribed to the differences in pitch. If
intelligibility will remain degraded however, the results on the other hand should be
ascribed to the removal of changes in pitch. From the results brought by Brokx and
Nooteboom, one should be able to draw the conclusion that at least some part of the
effect should be ascribed to the very differences in pitch.

5.2.4 Learning effect

The Anova showed that there exists an interaction between factors Pitch, Speakers and
Round. Even if Testround was not significant as a main effect, Round seems to be
important when it interacts with the other factors. The Post-hoc tests examine this
further. The results implicates that both main effects for Pitch and Speakers and
interaction between those factors occurs within Round 1 and are lost in Round 2. One
interpretation, that is plausible is that a learning effect, or guessing strategy, exists after
all. This is supported by the two individual statements in the interview: “You could
guess what word it might be” and "It got easier after a while". It's a logical conclusion
since all word pairs in Round 2 were repeated from Round 1, even if the order of
presentation was different, and even if the left and right channel was switched (i.e. a
new word was to be written down for the two speaker presentations).

A check on Testround as a single factor shows no significant difference between Round
1 and Round 2. So an overall learning effect or tiredness seem not be present. The
reason behind the second order interaction is however somewhat difficult to see. A lead
could be the relatively low p-value of 0.08 found in the interaction between Pitch and
Testround. The mean for the number of identified variable pitched stimuli goes down
from 5.28 in Round 1 to 5.0 in Round 2. At the same time the monotonous versions of
stimuli increases from 4.05 in Round 1 to 4.4 in Round 2. A possible interpretation of
the results could thus be that there exists a learning effect after all, even if this was not
seen in the overall mean between rounds. It could be that the subject recognizes the pool
of existing words from Round 1 to Round 2. In Round 2 this “knowledge” is most
useful for the very hardest words to interpret, the monotonous words pairs. For the



variable pitched words the knowledge is probably not as useful, the words are clearer to
identify anyway. It could not be excluded that there also may exist an effect of
tiredness. If so, this effect could compensate for the learning effect making the overall
mean seem unaffected between rounds.

Another way to explain the interaction between Pitch, Speakers and Testround is by
looking at the interpretation of the Post-hoc tests (section 4.5). This says that there is an
interaction between Pitch and Speakers in Round 1 that does not exist in Round 2. You
could say that the interaction between Pitch and speakers is dependent on the factor
Testround. In fact, all interactions found in Round 1 disappeared in Round 2. The
feasible explanation must be the same as stated above, a learning or guessing strategy.

5.3 Conclusion

The effect for each of the two factors, Pitch and Speakers, turned out to be significant.
Since this fits well with earlier studies it is safe to say that these properties both have
importance for our ability to segregate voices. Both null hypotheses Ho; and Hy, are
rejected, supporting their respective alternative hypotheses. The result from the
interview also supports these results. An interaction between the factors could not be
found for the full experimental data. However, interaction was found for Round 1 taken
in isolation. A significant interaction of the second order between Pitch, Speakers and
Testround together with Post-hoc tests points to that subjects might learn the word
content from Round 1 and use this knowledge in Round 2. If this is the case, the second
round that was intended to increase the data collected to give better foundation for the
analysis, could instead have disguised a possible interaction in the full study. If one
accepts the arguments that a learning effect has occurred, you could quite safely draw
conclusions from Round 1 alone. Ho 3 hypothesis will thus be rejected, supporting its
alternative hypothesis. The factor Gender was not significant. No difference between
women and men could be found. Hy 4 is not rejected.

Regarding the method it makes up a useful complement to earlier methods. It was
strong enough to detect two factors of interest as well as an interaction. Its weakness is
the weakness of a repeated measures design. The added second round where word pairs
are presented once more could preferentially be removed and replaced with added
unique word pairs instead to minimize the learning effect.

5.4 Further work

By using more subjects, differences in identification as dependent on gender might
show up.

More words were created for the extended study. This improved the experiment, by
eliminating the main effect between test rounds. However, there still exists a learning
effect or guessing strategy. Also subjects tend to stick to a interpretation of a word. By
using even more words and take out the second round, the experiment would be
improved further.

It would be interesting to explore the task of identifying words from the left speaker as
opposed to the right speaker. Grammar and vocabulary is laterized to the left
hemisphere of the brain most often [17]. Intonation and accentuation in language are on



the other hand laterized to the right side of the brain [17]. Spatial representation could
perhaps also be a specialized segment of the brain that is asymmetrically situated. This
might lead to different abilities for identifying words coming from the different sides.

To use three speakers and three simultaneously presented voices would make the test
more difficult. It would be interesting to know if the relationship of importance between
pitch contour and spatial presentation will still be the same if more voices are presented
simultaneously. Also as suggested earlier, three speakers could be an alternative
approach combined with less processing of timing of words.

It would be interesting to create a model for segregation of voices that may describe the
interaction between the pitch percept and localization. As far as the author know, this do
not exist. However, it might be the case that an existing model for the auditory
processes in the brain, useful for representing our ability to segregate continuous
sounds, may show this effect. It would be interesting to run a similar experiment in such
a model to see if any interaction will appear.



6. SUMMARY

40 subjects participated in the experiment, investigating how the properties pitch and
spatial origin might affect the difficulty to indentify a word when two words are played
simultaneously. The analysis showed both factors to be significant. For the first
testround, there was also an interaction between the two factors.

A review on the segregation process of speech was performed. From these two factors,
pitch contour and spatial cues turned out to be of interest for further research. A method
was then developed to investigate the factors importance to the ability to segregate
speech. The method complements earlier research methods by using real voice stimuli,
which will make the conditions for the experiment close to real life conditions. At the
same time more control is achieved by using as simple words as possible and then
processing them to minimize the effect of unwanted factors. The method proved to be
useful since an Anova analysis showed significant results for both investigated factors
as well as for the interaction between them. However a learning effect exists that lessens
the strength of the method. More words and no repetitions should be a proper future
improvement. The results go well in line with earlier results. The explanation for the
results could however be explained in several ways. Either as a result of a scene
analysis process, or as the result of masking effects. A conclusion based on both a pilot
experiment and an extended study also suggests that pitch contour may be a stronger
cue for segregation than spatial cues. For the future it’s suggested to test in present
models of the auditory sense if the found interaction from this experiment may show up.
If not, a model could perhaps be created or refined to take this effect into account.
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APPENDIX

Rules

All words in the stimuli conformed to these rules:

* Two-syllable words with four letters

* Last three phonemes are sounding

* The phoneme ‘h’ was not used

* All words are verbs

* All words end with an ‘a’

 All words are common and easy to understand

* In word combinations, two phonemes are always
different at the same position in the two words (except
for the ‘a’ that was used as the last phoneme)

Words

The stimuli were based on the following words:

Swedish English
sova — fila sleep — rasp
kela — tona cuddle — tint
bira — gena wear — short

sOva — mena send to sleep — mean
mala — rena paint — clean
lana — kora lend — drive
lova — kyla promise — chill
kila — leva beetle — live
vila — ruva rest - brood
rana — sola rob - sun
riva — mala tear — mill
lura — viva trick - weave




