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Abstract

Headphones and loudspeakers sound notably different from each other and music is often mixed on
loudspeakers. The headphone listener therefore doesn’t hear what the engineer intended. A fix for
this problem is introducing crosstalk to headphone listening and several ways of introducing said
crosstalk  have  been  implemented  in  the  past.  This  study  aims  to  find  out  why  some  stereo
enhancement systems are preferred over others and how this could be used in the future. Attributes
were ranked and rated to find possible correlations between what the listener hears and what he
pays attention to when hearing music processed by different algorithms. Results show that clarity is
the most important attribute while mid-frequencies seem to be the least important.
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1. Introduction

1.1 Background

Even  if  a  lot  of  people  today  listen  to  music  through  headphones,  mixing  is  still  done  on
loudspeakers  and mostly  intended  for  loudspeaker  listening.  This  becomes  a  problem as  the
people who listen on headphones will hear music in a distinctively different way than what was
intended during production of the music. Studies have been conducted to alleviate the problem by
making headphones sound more like loudspeakers by reducing qualities typical for headphones.

The main difference between headphone and loudspeaker listening is cross-talk, meaning that the
listener's left ear will hear the right loudspeaker, which doesn't occur in headphone listening. This
can feel rather odd to the listener as a similar experience doesn't exist anywhere in nature. Other
notable problems with headphone listening are the lack of natural reverberation and acoustical
difficulties  in  reproducing  the  very  low-end  of  the  frequency  spectrum.  Listening  through
headphones can also make the sound feel like it's playing inside of the listener's head rather than
being played for the listener.

Some mixing engineers suggest taking an active role in regarding the headphone listener  while
mixing  (Walker,  2007).  No  really  good  solution  for  how  to  take  headphone  listening  into
consideration while mixing is presented however. The only concrete example would be not using
the pan function to its full extent, but rather using a sound panned to about 90 % out to either side
as the maximum pan. While this would technically work to make hard panned sounds seem less
odd, it's also not using the tools available for a stereophonic mix to their full potential. Another
issue with this approach is that it only helps for upcoming mixes, whereas already existing mixes
will still sound off. Walker does however bring up an existing freeware plugin, Crossfeed EQ,
that has not been scientifically tested to the knowledge of the author of the current paper.

Marui and Martens (2006) coined the term 'biphonic' to describe the stereo image resulting from
listening to material intended for loudspeaker listening through headphones when no cross-talk is
present. It should be noted that the sound source itself is not biphonic, but rather the resulting
sound image when listening on headphones. This is of course assuming that no adjustments have
been made to reduce the perceived biphonic qualities of the audio. The difference between a
stereophonic and a biphonic listening situation is shown in figure 1 below.
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Fig.  1.1 An illustration  of  the  effect  of  cross-talk  versus  none.  To the  left  is  a  loudspeaker
listening setup, with the dotted lines showing the path of a direct signal to the ears of a listener.
To  the  right  is  a  headphone  listening  situation  where  no  cross-talk  occurs,  or  a  biphonic
listening situation. Based on “Figure 1” by Manor, Martens and Cabrera (2016).

A multitude of methods to feed the sound from the left  channel into the right ear have  been
proposed to reduce the biphonic feeling of listening through headphones. These can be sorted into
three  distinct  categories  based  on  how  the  stereo  enhancement  is  done  (Lorho,  Isherwood,
Zacharov  and  Huopaniemi,  2002).  These  categories  include  simple  or  light  processing
algorithms, HRTF-related algorithms and virtual room simulation algorithms.

1.2 Algorithms

The  first  attempts  at  creating  a  more  natural  listening  experience  through  headphones  were
simple cross-talk approaches using hardware (Bauer, 1961). In these approaches the left and right
channels are fed to each other at a lower level and the cross-talk signals are slightly delayed.
Usually simple equalization is introduced to the cross-talk signals as well. Later similar cross-talk
algorithms have been created mainly in the software realm.

Marui and Martens (2006) suggest that simple cross-talk algorithms won't enhance the listener's
experience  as  a  by-product  of  the  cross-talk  is  a  narrower  stereo  image.  Therefore  a  stereo
widening algorithm might be needed in addition to the cross-talk. The specific stereo widening
used by Marui and Martens was called decorrelation stretching and relies on a Mid/Side matrix.

Based on the findings of Marui and Martens (2006), Manor et al. (2012) theorized that rather than
widening a stimuli with cross-talk, the cross-talk itself should be adjusted to reduce the narrowing
of the stereo image. To do this they created a near-field cross-talk algorithm where the speakers
are both brought closer to the listener and spaced further apart.

As  software  solutions  became more  feasible  HRTF (Head  Related  Transfer  Function)  based
stereo  enhancement  systems  using  became  possible.  These  algorithms  are  based  on
measurements from real human heads or dummy heads to more exactly calculate what happens
with sound as it travels from the source to the ears of a listener. The main advantage to doing
these measurements is the ability to use far more detailed equalization of the cross-talk signals.
Some simple reverberation might be included in HRTF algorithms to create a more natural sound.
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The main difference between simple and HRTF algorithms is that the simple algorithms only take
into consideration part of what a full HRTF is. A head related transfer function consists of not
only  head  shadowing,  but  also  includes  reflections  from  the  shoulders  as  well  as  pinnae
reflections (Rochesso, 2002). It is seen then that only one out of three of the effects that cause an
HRTF to exist  are  taken into consideration in the simple algorithms,  as including the others
would make the creating of such algorithms extremely complicated.

The most advanced stereo enhancement systems simulate a full listening environment rather than
only add some reverberation to HRTF-processed signals. This means that not only is the cross-
talk done by using a head related transfer function, but the reverberation simulates a virtual room.
Using an impulse response of a real room that's considered a good listening environment might
be useful here. The option to only use a virtual room simulation without an HRTF based function
is also available, therefore adding the cross-talk by sending the reverberation from each channel
to the other ear as well.

Algorithms featuring the use of an HRTF have a clear disadvantage to the ones that don't. The
HRTF for each listener is different, therefore an algorithm that works for some listeners might
not work for others. This is because the reasoning behind using such an algorithm is trying to
simulate the hearing of the listener, so even seemingly small differences between the provided
HRTF and the listener's actual HRTF might cause the audio to sound like it’s coming from the
wrong direction (Ganesh, 2014). Of course if the difference to the provided HRTF is too large it
will just sound wrong, or even straight up bad, to the listener. The only way to get around the
problem of individuality for anything HRTF related is to create individualized HRTF:s for every
listener, but doing so would not be very practical.

Gilchrest (2016) brought up an interesting method of adding cross-talk to hard panned music of
the past which ended up working really well based on the listening tests conducted. However, it
is  stated  that  this  enhancement  system is  not  suitable  for  music  where  too much correlation
between the left and right signals exist, therefore making it useful almost exclusively to the hard
panned music from the early days of stereo.

1.3 Previous research

Almost every study has featured at least a variation of the simple cross-talk approaches. The
common denominators for these are delaying and attenuating the cross-talk signal, as well  as
attenuating high frequencies from the cross-talk signals either with a high-cut or -shelving filter.
This is based on the head shadowing model shown by Rochesso (2002). Some of the experiments
directly used the matlab-code suggested by Rochesso for cross-talk (Manor et al., 2012; Marui &
Martens 2006). The head shadowing model is not an HRTF function, but rather a simplification
of what happens specifically to sound that has to travel around the head of a listener to reach the
ear contralateral to the loudspeaker.

The near-field cross-talk algorithm (Manor et al. 2012) brings the virtual loudspeakers closer to
the listener by two simple changes to the cross-talk algorithm by Marui and Martens (2002). The
speakers are pulled apart so they are angled 45 degrees in relation to the median plane, rather
than  the  standardized  30  degrees.  The  other  change  is  boosting  the  ipsilateral  signal  and
attenuating the contralateral one by 3 dB.

The stereo widening algorithm called decorrelation stretching (Marui & Martens, 2006) uses an
M-S Decoder to convert the Left/Right channels into Mid/Side channels. The side channel is then
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boosted so that it's maximum level correlates to that of the mid channel. After that the channels
are  coded  back  to  the  standard  Left/Right  configuration.  This  method  was  used  both  as  a
standalone  widening  algorithm  and  in  conjunction  with  the  cross-talk  algorithm.  This
decorrelation stretching was also used by Manor et  al.  (2012) in conjunction with both their
cross-talk algorithms. Manor et al. (2012) also compensated for changes in tonal characteristic
found in the algorithms where decorrelation stretching was used.

Notably few studies have been interested in anything else than preference, however some have
theorized a correlation between ensemble stage width (ESW) and preference (Marui & Martens,
2006).  The term ensemble stage width tries to  describe the perceived width of the ensemble
playing. ESW was rated by listeners in the same way as preference, on a graphical slider with the
original stereo recording hidden as a stimuli.

A study by Lorho (2005) tried to find a correlation between different attributes and preference by
having listeners rate spatial attributes in a separate test from the preference test. The attributes
rated  were  based  on  a  pilot  study rather  than  based  on  established  attributes  from previous
research. These attributes were then rated for each enhancement system for two different stimuli.
The  amount  of  algorithms  used were  greatly  reduced  for  the  attribute  test  compared  to  the
preference test. It should also be noted that this study did consider not only stereo enhancements,
but also mono to 3D algorithms. For the attribute test one stereo and one mono algorithm were
compared to their respective unprocessed versions.
Stimuli used in conducted experiments span a wide variety of music styles from hard rock and
pop music to classical and jazz. Some of the songs selected featured fast panning and going from
mono to stereo, while other were more conservative in their approaches to panning (Lorho et al.,
2002).  The variety  of  stimuli  varies  depending on test  with some using stimuli  representing
different genres (Lorho et al, 2002), while others regard mostly a single genre (Marui & Martens,
2006).

1.4 Results of previous research

Only the most recent studies managed to find a stereo enhancement system that notably improved
the  listening  experience.  It  took researchers  more  than  50 years  to  finally  come up with  an
algorithm that was preferred over the unenhanced original stereo recording (Manor et al., 2012).
The algorithm suggested by Gilchrest (2016) is also loosely based on the successful algorithm by
Manor et al. and was successful, although for a limited number of applications. The main thing
setting these successful algorithms apart from the rest is that they were emulating speakers in the
extreme near-field,  rather than speakers 2 meters or more away from the listener  like earlier
attempts.

The  study by Marui  and  Martens  (2006)  that  introduced  the  attribute  ensemble  stage  width
seemed to show a direct correlation between ESW and preference among the listeners. This was
however  disproved  later  in  the  study  by  Manor  et  al.  (2012),  although  similarities  between
preference  and  ESW  can  definitely  be  found  in  their  research  too.  The  only  preference
significantly  differing  to  the  ESW  of  the  sound  is  the  near-field  cross-talk  with  added
decorrelation  stretching.  It's  interesting  to  note  that  the  compensated  decorrelation  stretching
(Manor  et  al.  2012)  seemed  to  perform significantly  worse  than  the  original  uncompensated
version (Marui & Martens, 2006). Even if these data are from different experiments, both were
compared in a similar manner to the original unprocessed sound. The compensation also seems to
have affected ESW and preference in the same way.
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1.5 The current study

So far it's been established that only a few stereo enhancement algorithms actually  enhance the
listening experience, even if a multitude of options have been tested. There are little to no studies
showing why most enhancements fail or why the few that actually work do just that. This study
attempts  to  find what  influences  the preference  of a listener  by means of a few quite  broad
attributes. These attributes will be loosely based on ones that have been presented earlier

A few of the aforementioned algorithms will therefore be tested in a more qualitative manner to
find out why one algorithm might be preferred over the other. The decision to not add any new
algorithms for this study was made because there are so many existing ones already that adding
more would be redundant and outside the scope of the study.

The goal of the study is to find out what attributes are of special importance for listeners. This
can be used as a basis for creating future enhancement algorithms for headphones, while taking
into  account  what  changes  the  listener  is  likely  to  prefer.  By basing  ones  algorithm on the
findings in this study, a more goal-oriented approach could hopefully be used in creating said
algorithm rather than theorizing what a general listener might like.
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2. Method

A listening test was conducted where subjects were asked to select a preference from a pair of
stimuli and rank a few attributes in order of importance in their selection of preference. Subjects
were also asked to rate the difference in each attribute to see whether this correlates with the
difference in rank.

2.1 Algorithms

Two different algorithms were chosen for the experiment and compared to both each other and
the original unprocessed stereo recordings. The algorithms chosen were the cross-talk simulation
algorithm by Marui and Martens (2006) and the near-field cross-talk simulation algorithm by
Manor et  al.  (2012).  Both  were used without  the  addition  of  decorrelation  stretching.  These
algorithms were chosen because they work in a very similar way as both are based on the head-
shadowing model by Rochesso (2002). Another factor that led to the choice of these algorithms is
that in previous studies one was preferred over the original stereo recording and the other one
wasn't.

In figures and tables these algorithms will be referred to as 30, 45 and orig. 30 represents the
cross-talk algorithm and 45 the near-field algorithm, while orig stands for the unprocessed stereo
file. The numbers were chosen as they represent the angle from the median plane to the position
of the virtual speakers in the algorithm.

2.2 Stimuli

Short excerpts from three professionally recorded songs were used for the experiment. Each song
represents different genres of music and features specific attributes that make them interesting for
the experiment. The songs are presented in table 2.1 below. The 10 to 15 first seconds of the
chorus from each song was used in the experiment.

Table 2.1: The songs featured in the experiment, and what genre each song represents.
Artist Song Genre

Mokoma Ei Kahta Sanaa (Ilman Kolmatta) Modern Metal (Finnish lyrics)

Huey Lewis & The News The Heart of Rock and Roll 80's Rock

Ed Sheeran Shape of You Modern Pop

The song by Mokoma was selected for the experiment because it features hard-panned guitars
and  the  author  has  found  the  sound  of  the  song  to  change  drastically  in  mono.  Mono-
compatibility  was  theorized  to  be  an  interesting  factor  because  the  enhancement  algorithms
selected should reduce the stereo width of the material, therefore bringing them closer to mono.
In this study, the term mono-compatibility is defined as significant audible level reductions for
certain tracks in the mix.  For this song mainly the rhythm guitars are affected.

The Heart of Rock and Roll was selected for this study as it has been used in previous studies in
the same field, including both studies where the enhancement algorithms used in this study were
presented.  The  song  also  features  a  lot  of  hard-panned  elements  and  also  isn't  very  mono-
compatible. Mainly the level of the organ is lowered a lot in mono.
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Shape of You was selected as it too features hard-panned elements. In this case the choir in the
chorus  is  very  wide,  and mono-compatibility  doesn't  come into  play  as  much.  However  the
extremely wide panning of the choir  might seem odd and unnatural,  so it was theorized that
reducing the stereo width might actually improve the listening experience for this song.

All stimuli were adjusted to the same loudness level after applying the algorithms. This was done
manually using the built in loudness meter in StudioOne v3 and adjusting each clip to the same
level as the most quiet one. This meant that every clip had a loudness level of -13.5 LUFS. 

2.3 Attributes

A pre-study was conducted to find attributes to use in the final study. Three trained and non-naive
listeners participated in the pre-study where they listened to each pair of stimuli to be featured in
the test. They were then asked to describe the differences for each pair of stimuli they heard. The
pre-study was conducted using the same hardware as the final test. The attributes found in the
pre-study could be summed up into three categories: clarity, stereo image and frequency content.
Frequency content was split into low frequencies, mid frequencies and high frequencies. This
resulted in five attributes to be used in the study, including the three aforementioned frequency
ranges, clarity and stereo width.

2.4 Equipment

The test was conducted using Sennheiser HD-518 headphones. These headphones were selected
as they are consumer grade high quality headphones with a fairly neutral frequency response. A
PreSonus StudioLive 16.4.2 was used so the subjects could freely choose between the two stimuli
they  were  comparing  using  the  solo  buttons.  The  solo  bus  on  the  mixer  was  routed  to  the
headphones in PFL mode so accidentally touching the faders wouldn't  change the predefined
listening level.  The listening level was the same for all  subjects.  PreSonus Universal Control
software was used to ensure that subjects listened to each pair of stimuli in the correct order,
which meant always hearing version A first. A pair of Genelec Triamp 1022A’s were used as
monitors.

2.5 The experiment

Fifteen  subjects  took  part  in  the  experiment.  Each  subject  was  either  a  music  or  sound
engineering student at  Luleå Tekniska Universitet.  Others were welcome to participate  in the
experiment, but all the volunteers happened to be musicians or engineers. Before the experiment
started each song was played to the subjects using loudspeakers, so they would have an idea of
what the songs would sound like normally. After the brief introduction to the songs, subjects
were instructed to put on the headphones so the experiment could start.

Subjects were played a pair of stimuli that they were asked to compare by first rating a preference
between the two. The preference was mainly used as a basis for followup questions, but it also
helps in verifying the previous studies by Marui and Martens (2006) and Manor et. Al (2012).
After  stating  a  preference  subjects  were  asked  to  specify  what  influenced  their  choice  of
preference by ranking the attributes presented. A rank of 1 meant that a specific attribute was the
most important in selecting a preference and a rank of 5 meant that the attribute was deemed the
least important.
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Finally the subjects were asked to specify the difference between the two stimuli they heard by
moving a slider on a scale of 0 to 100. On this scale a 0 meant that stimuli version A featured
significantly more of said attribute and 100 meant that version B featured significantly more of it.
Subsequently,  a  rating  of  50  on  this  scale  meant  that  no  difference  was  found between  the
presented pair of stimuli. The test took between 20 and 40 minutes to complete.

The order of the stimuli was randomized so that a total of three different orders of pairs were
played. As a total of nine pairs were played, with three pairs per stimuli, each song was played
once in each position. The order in which the subjects got to hear the stimuli was also changed
back and forth for each listener so in the end a total of six different orders of stimuli were played.
The order of the songs is shown visually way in figure 2.1 below. Based on the figure the first
listener got to hear order A, the second got order B, and so on. After order F was played, the next
one got order A again.

Fig. 2.1  The orders in which the stimuli were played to participants. Shape, Kaksi and Heart
stands for the different songs, while 30, 45 and Orig stands for the differently coded versions of
the stimuli. The color coding is added for easier reading where each song has it’s own color and
each pair of stimuli has a different shade of said color.
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A
Shape Kaksi Heart Kaksi Heart Shape Heart Shape Kaksi

30 45 Orig 30 45 Orig 30 45 Orig
45 Orig 30 45 Orig 30 45 Orig 30

B
Heart Shape Kaksi Shape Kaksi Heart Kaksi Heart Shape
Orig 30 45 Orig 30 45 Orig 30 45
45 Orig 30 45 Orig 30 45 Orig 30

C
Kaksi Heart Shape Heart Shape Kaksi Shape Kaksi Heart
Orig 30 45 Orig 30 45 Orig 30 45
30 45 Orig 30 45 Orig 30 45 Orig

D
Shape Kaksi Heart Kaksi Heart Shape Heart Shape Kaksi

45 Orig 30 45 Orig 30 45 Orig 30
30 45 Orig 30 45 Orig 30 45 Orig

E
Heart Shape Kaksi Shape Kaksi Heart Kaksi Heart Shape

45 Orig 30 45 Orig 30 45 Orig 30
Orig 30 45 Orig 30 45 Orig 30 45

F
Kaksi Heart Shape Heart Shape Kaksi Shape Kaksi Heart

30 45 Orig 30 45 Orig 30 45 45
Orig 30 45 Orig 30 45 Orig 30 Orig



3. Results and Analysis

3.1 Preference

The results for the preference test were analyzed using binomial distribution because subjects
were forced to choose one version of the stimuli. This test was done both for the individual pairs
of stimuli and for the entire group featuring the same pair of algorithms while disregarding the
song.

Results  for the specific pairs of stimuli  were quite clear with at  most a third of the listeners
disagreeing with the others. This led to confidences of near 100 % for most stimuli pairs, while a
few didn’t net significant results. The results can be viewed in table 3.1 below.

Table  3.1  The  results  of  the  preference  test  for  individual  pairs  of  stimuli.  Note  that  the
confidence is rounded to two decimals and the actual confidence is not 100 %. # of A and # of B
states how many subjects preferred A or B. A always stands for the algorithm mentioned first, for
example no-one preferred the cross-talk algorithm for shape over the near-field version.

Algorithms 30 - 45 Orig - 30 45 - Orig

Song Shape Kaksi Heart Shape Kaksi Heart Shape Kaksi Heart

# of A 0 2 3 12 10 10 12 14 10

# of B 15 13 12 3 5 5 3 1 5

Confidence 1.00 1.00 1.00 1.00 0.94 0.94 1.00 1.00 0.94

Comparing the algorithms to each other gives similar results, but with a much clearer preference
towards one or the other. As can be seen in table 3.2 below, the confidences rise compared to the
single pair test because of the much larger sample size.

Table 3.2 The results of preference for each algorithm. The table is read in the same way as the
previous one.

Algorithms 30 - 45 Orig - 30 45 - Orig

# of A 5 32 36

# of B 40 13 9

Confidence 1.00000 0.99877 0.99999

While each song didn’t net a significance of 5 % in their individual results, a clear majority still
chose  the  same  preference  for  each  pair.  A  larger  sample  size  could  have  showed  higher
significance for the few stimuli pairs that didn’t net a significant result. However as a whole, it
can be seen that the near-field cross-talk algorithm is by far the superior algorithm and is widely
preferred even over the original stereo file.

The experiment then shows similar results to the earlier studies by Marui and Martens (2006) and
Manor et.  Al (2012) in which the algorithms used were first  presented.  This of course helps
validate the results of these earlier studies, but also shows that there is a stereo enhancement
algorithm for headphones that works. Essentially then, it’s just a matter of implementing said
algorithm so consumers get to enjoy the end result.
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3.2 Attribute ranking

All the attributes were compared to each other, using the Mann-Whitney U-test, to find whether
one attribute could be deemed more or less important than another one. This analysis tool was
used for each song and for each algorithm. Because the sample size for each of these groups was
45 the value of U was approximately normally distributed so a Z-value was calculated based on
the U. Additionally, the Holm-Bonferroni correction was applied because the same attribute was
used in several different comparisons (a total of 4 comparisons per attribute)

Some subjects did not rate the attributes from 1 to 5 as was supposed, but rather allowed for tied
rankings by ranking several attributes the same. Due to inconsistencies in the instructions given
before  the  test  and a  vaguely  stated  question these answers  could not  be disregarded in  the
analysis. 

Based on table 3.3 below it can be seen that no clearly more important attributes were found
across the board when comparing the different algorithms. While clarity was clearly the most
important  when comparing the cross-talk and near-field algorithms,  the trend didn’t  continue
when comparing the other algorithms.

Table 3.3 This table shows the calculated Z-values while comparing the different algorithms. A
negative value in a column means that the attribute of that column was deemed less important
than the one it’s compared to. Significant results are marked in green.

While no clear winner was found in the attribute ratings, it is also clear that the amount of low
frequency  content  was  deemed  the  least  important  across  the  board.  Even  if  low frequency
content wasn’t always significantly less important, that was mostly very close to being the case.

When testing what attributes were the most important for each song much clearer results can be
found. These results are similar to the previous ones in that clarity and low frequency content
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30-45 Low Mid High Width Clarity
Low 1.45 2.61 1.62 3.55
Mid -1.45 1.56 0.42 2.74

High -2.61 -1.56 -1.21 1.44
Width -1.62 -0.42 1.21 2.53

Clarity -3.55 -2.74 -1.44 -2.53

Orig – 30 Low Mid High Width Clarity
Low 0.81 0.89 1.7 2.03
Mid -0.81 0.1 1.02 1.33

High -0.89 -0.1 0.98 1.35
Width -1.7 -1.02 -0.98 0.24

Clarity -2.03 -1.33 -1.35 -0.24

45 – Orig Low Mid High Width Clarity
Low 2.08 2.28 1.63 2.46
Mid -2.08 0.7 -0.32 0.64

High -2.28 -0.7 -0.96 0.1
Width -1.63 0.32 0.96 0.96

Clarity -2.46 -0.64 -0.1 -0.96



again seem to show the most significant results. Low frequencies are again least important while
clarity seems to be most important.

Some interesting trends can be found between the songs however, as seen in table 3.4. For The
Heart of Rock and Roll, the importance of low frequency content seems to be higher than for the
other two songs, while the least important attribute is the amount of mid-frequency content. This
could  be  because  being  an  older  song,  The  Heart  of  Rock  and  Roll  doesn’t  have  as  much
information in the lowest frequencies compared to the other two.

In a similar fashion to The Heart of Rock and Roll, Clarity seems to be far less important for Ei
Kahta Sanaa. It’s possible that because of the intensity and distortion in this song, subjects found
it to be less clear to begin with, therefore making it difficult to either improve or destroy the
clarity of the song.

Table 3.4  Z-values for rankings of each song. The table is read in the same way as table 3.3
above.

3.3 Attribute rating

A one-sample two-tailed t-test was used to compare the results of the attribute test against an
expected value of 50 (no difference). The answers were visually deemed to be close enough to
normally distributed so the t-test could be used. Histograms can be found in the appendix.

The attribute rating tested only the difference between algorithms, so how different songs were
affected was not accounted for here. This was considered enough as each algorithm should do the
same thing regardless of what the input is. Clarity might be affected in a slightly different manner
for individual songs, but the same frequencies should be boosted equally and the stereo width
should be reduced equally much regardless of input.
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Shape Low Mid High Width Clarity
Low 1.66 1.61 1.78 3.42
Mid -1.66 -0.13 0.23 2.09

High -1.61 0.13 0.33 2.43
Width -1.78 -0.23 -0.33 1.78

Clarity -3.42 -2.09 -2.43 -1.78

Kaksi Low Mid High Width Clarity
Low 2.97 2.94 1.82 2.9
Mid -2.97 0.21 -1.04 0.16

High -2.94 -0.21 -1.26 0.09
Width -1.82 1.04 1.26 1.09

Clarity -2.9 -0.16 -0.09 -1.09

Heart Low Mid High Width Clarity
Low -0.36 1.48 1.19 1.69
Mid 0.36 2.25 1.99 2.38

High -1.48 -2.25 -0.29 0.41
Width -1.19 -1.99 0.29 0.74

Clarity -1.69 -2.38 -0.41 -0.74



As can be seen in the box plots in figure 3.1 on the next page the answers varied quite a lot and a
bunch of outliers were found for several attributes. Where several outliers were found in the same
direction, most of them were from the same subject, or in some cases the same few subjects. The
t-tests show the same result  as the box plots,  with a significance of 5 % or better  for every
attribute for which the box part  of the plot doesn’t  cross the middle value of 50. Again,  the
calculated t-values can be found in the appendix.

A clear pattern can be found in the results when comparing the box plots. The preferred algorithm
was always clearer and featured far more high frequencies. Similarly the preferred version always
featured less content in the lowest frequencies, while the amount of mid-frequency content was
far more difficult for subjects to decide on. This is probably due to the wide range of frequencies
that  can  be  considered  mid-frequencies  and  it  could  have  been  beneficial  to  split  the  mid
frequencies into high and low mid frequencies, rather than just having a general mid-frequency.

Fig. 3.1 Box plot showing the results of the attribute rating part of the experiment. The number 7
in one of the outliers means 7 outliers rated the attribute equally at 100. A lower rating here
means that the algorithm mentioned first features more of the specified attribute. The W stands
for Width and Cl for Clarity.
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An interesting note to make is that even if the near-field algorithm does reduce the stereo width
by  adding  cross-talk,  it  doesn’t  show  a  significant  difference  compared  to  the  unprocessed
version of the song. In the other two comparisons however, stereo width shows clear differences
in favor of the algorithm that was considered better.

3.4 Conclusions

The rankings and ratings of attributes show clear similarities for some attributes, while showing
the  opposite  for  others.  In  general  it  seems like  the  attributes  that  ranked as  important  also
showed  to  be  more  prominently  featured  by  the  preferred  algorithms.  Meanwhile  attributes
ranked less important were not featured as much in the preferred algorithm.

Low frequency content was clearly of least importance for the subjects, while simultaneously
clearly showing less prominence in the preferred version. It’s clear however that the cross-talk
algorithm boosted low frequencies considerably and apparently that was too much. If the low
frequencies were boosted so much that they increased muddiness of the end result this could have
been subconsciously taken into account in the clarity attribute, leaving the low frequencies to be
seemingly of less importance.

Clarity was the attribute where ranking seems to correlate the most with the rating, showing a lot
of  clarity  for  all  the preferred  algorithms,  while  also showing fairly  great  importance  in  the
choice of preference. This is however contradicted when comparing the original to the near-field
algorithm as near-field is rated far clearer while showing a small difference in importance.

The amount of high frequency content isn’t rated very highly in importance, while showing very
similar results to clarity in the ratings. Comparing the original and the near-field algorithms it can
be seen that the rankings between clarity and high frequencies are nearly identical. Even if that
result isn’t echoed as clearly in the other comparisons it can be discerned that clarity is very much
associated with high frequencies.

While it’s hard to say anything about mid frequencies because of the wide spread in ratings, it
seems to generally follow the same trend as the low frequencies. For rankings it’s very much the
same story as for ratings where results vary a lot. Based on this study it could be said that no
generally  acceptable  amount  of  mid  frequencies  could  be  found  as  opinions  vary  too  much
between listeners.

As for stereo width it seems that more stereo width would be better, even if this again was not
deemed important in the rankings. There was also no significant difference in width between the
unprocessed file and the near-field algorithm, but results seem to point towards the near-field
algorithm  being  perceived  as  slightly  wider.  The  cross-talk  algorithm  did  however  clearly
reduced the stereo image too much.
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4. Discussion

4.1 Findings

Based on the findings of the experiment it’s clear that an increase of clarity is always preferred
and of much importance to the listener. While no direct definition of the attribute was given to
subjects  it  seems  like  the  amount  of  high  frequency  content  correlates  highly  with  clarity.
Therefore  it  might  be  a  good  idea  to  let  a  stereo  enhancement  algorithm  add  some  high
frequencies, as this might influence clarity in a positive way. 

While some reduction of stereo width is necessary to get rid of the biphonic qualities encountered
in headphones, going too far is clearly a problem too. Special care should therefore be taken to
not reduce the width so much that the result ends up being worse than the unprocessed file.

Low and mid frequencies are a bit more difficult to state anything about as the results either vary
a lot or contradict each other. A suggestion then would be to make sure not to alter the amount of
low and mid frequencies too much in the creation of future stereo enhancement algorithms for
headphones. If changes are necessary, it would seem better to attenuate these frequencies.

4.2 Critique of the method

An issue that  became clear  while  analyzing results  of  the  experiment  was that  the attributes
should have been more clearly  defined.  The mistake was made of  assuming that  the  chosen
attributes were simple enough to understand that no clarification of these was necessary, which of
course wasn’t the case. Especially the similarities between the results for high frequency content
and clarity can have resulted in listeners confusing the two in the rank test and therefore not
knowing which one to rate.

On the note of more clearly defining meanings for words, more care should have been put into
formulating  the  questions  for  the  questionnaire  too.  As  previously  mentioned  some subjects
answered the ranking question differently from what was intended, which was clearly an effect of
how the question was asked. While this seemingly didn’t alter the results too much, a completely
different result could have been found if everyone ranked the attributes in the same way.

Another issue was the broadness of the attributes. Most notably it could have been beneficial to
divide the mid attribute into at least low mid and high mid frequencies. Clarity is another attribute
that could have been split up into at least muddiness and how muffled the sound was. However
splitting these two attributes up would have resulted in two more attributes for subjects to both
rate and rank. While this would have made little difference for analyzing the results, it would
have considerably increased the time required of each subject to complete the test. As the test
took between 20 and 40 minutes to complete as is, making it longer could have added issues with
listener fatigue.

Looking at the results another possible issue could be the language of the Mokoma song. Notably
little importance was given to clarity for that specific song, which could mean that how well
lyrics could be heard and/or understood was a factor of clarity. This was completely unexpected,
but it would probably have been better to select a song in English with similar qualities instead.
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The attribute ranking was something that, to the knowledge of the author of this study, hasn’t
been used before and as such it’s findings should not be accepted as the absolute truth. The idea
was to find what the listeners consciously listen for and if that correlates to what they actually
heard.  Additionally  some  people  might  listen  for  something  entirely  different  so  specifying
attributes beforehand can have further influenced the results.

4.3 Further research

The  findings  of  this  study can  be  used  as  intended,  to  aid  in  future  creation  of  new stereo
enhancement algorithms for headphones. Of course the results should be taken with a grain of
salt because of the shortcomings discussed above. A suggestion would be to create the intended
algorithm  and  then  carefully  test  how  the  different  attributes  are  affected  by  the  algorithm
created.

Of course doing a similar but more thorough study could be beneficial. Splitting up the attributes
into more specific and well-defined categories might prove to give completely different results,
so redoing what was done, but doing it better is probably not a bad idea. Some way to prove the
attribute  ranking  to  work  by  maybe  doing  the  same  thing  in  a  different  manner  could  be
immensely useful for further research in the field.

While this study was completely focused on headphone listening, and traditionally research in the
field has been that way too, some of the ideas behind the algorithm could possibly be used for
other purposes too. There are situations where sitting in the sweet spot for stereo isn’t possible,
most notably in the car. When driving a car the right speaker is proportionally way too far to the
right, or the opposite depending on where you live, so maybe adding some artificial cross-talk
could be beneficial in such a situation too.
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7. Appendix

7.1 Questionnaire

The questionnaire filled out by each subject. These questions were answered for each of the nine
pairs of stimuli. The questionnaire was filled in on a windows tablet using LibreOffice Calc.
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7.2 Raw data

The raw data sorted by song and listening order. The gray columns show that said listener had the
order within pairs switched in comparison to the previous colored columns, so A and D heard the
pairs  of stimuli  in the same order,  while the order within the pairs were switched. Note that
because of the opposite orders, preferences and attribute ratings for the gray columns need to be
switched to show the opposite value before calculations can be made.
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A1 A2 A3 D1 D2 E1 E2 B1 B2 B3 C1 C2 C3 F1 F2
Shape 30 – 45
Preferens B b b a a b b a a a b b b a a

Bas 5 1 4 4 4 4 2 5 1 5 3 5 5 4 2
Mid 1 2 5 2 1 2 1 4 1 4 5 4 4 5 3
Diskant 4 3 3 3 3 2 5 4 1 3 4 3 2 2 4
Stereo 2 4 2 5 5 1 3 4 3 1 5 2 3 3 1
Tydlighet 3 5 1 1 2 1 4 3 3 2 3 1 1 1 5

Bas 44 51 35 19 65 81 40 44 49 90 50 30 0 100 68
Mid 34 21 50 30 73 77 50 38 55 50 75 70 0 20 40
Diskant 71 100 70 14 32 79 65 32 50 9 80 87 100 0 40
Stereo 73 100 80 0 47 98 60 38 30 0 86 100 66 100 35
Tydlighet 65 100 90 33 0 96 60 15 30 48 50 100 90 0 42

Shape Orig – 30
Preferens B a a b b a a b a b a a a b a

Bas 5 2 2 2 3 4 1 2 2 3 4 5 5 5 5
Mid 2 1 5 1 5 2 3 4 3 2 5 2 3 4 4
Diskant 3 3 3 3 4 4 4 5 2 5 4 4 2 2 3
Stereo 1 5 4 5 1 1 5 3 4 4 5 1 4 3 1
Tydlighet 4 4 1 4 2 1 2 4 4 1 4 3 1 1 2

Bas 47 60 79 29 28 86 65 70 60 26 23 50 80 0 50
Mid 51 90 50 50 49 1 40 30 80 70 15 0 73 60 64
Diskant 42 20 40 80 70 30 25 51 47 49 12 17 0 100 75
Stereo 26 0 50 75 100 3 15 61 40 86 11 18 33 70 88
Tydlighet 54 0 30 87 92 4 24 53 30 55 12 0 0 100 84

Shape 45 – Orig
Preferens a b a b b a a b a b b a a b b

Bas 5 1 3 1 4 5 5 5 3 5 4 1 5 5 5
Mid 1 4 2 4 2 5 4 5 4 2 4 2 4 3 4
Diskant 3 5 5 2 1 1 3 5 3 4 5 3 1 2 3
Stereo 2 3 4 3 5 2 1 4 3 3 4 5 2 4 1
Tydlighet 4 2 1 5 3 2 2 2 2 1 4 4 3 1 2

Bas 51 50 40 76 50 46 50 47 50 52 28 24 100 0 27
Mid 68 70 30 82 30 49 50 42 30 50 72 74 71 43 27
Diskant 28 20 50 69 71 5 50 50 58 53 29 72 0 100 69
Stereo 71 80 72 37 50 4 35 35 60 50 58 35 0 0 31
Tydlighet 45 50 35 80 69 5 40 54 50 100 71 23 0 100 70
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Kaksi 30 – 45
Preferens B b b a a a a a a a b b b a a

Bas 5 2 2 1 5 4 5 4 2 3 2 5 5 5 4
Mid 3 4 3 2 3 2 4 2 4 1 4 4 4 3 5
Diskant 1 5 4 4 1 2 1 2 2 2 5 2 1 2 1
Stereo 4 1 5 3 4 3 3 3 4 4 5 3 2 4 2
Tydlighet 2 3 1 5 2 3 2 1 4 5 4 1 3 1 3

Bas 45 20 26 45 48 49 50 53 50 95 47 48 50 100 55
Mid 41 0 62 64 64 4 50 33 70 50 69 71 35 33 43
Diskant 88 100 80 7 0 5 100 27 40 10 84 100 100 0 40
Stereo 58 80 50 30 25 64 65 35 20 45 85 100 68 0 37
Tydlighet 51 90 82 3 0 44 0 19 20 0 86 100 100 0 41

Kaksi Orig – 30
Preferens B b b b b a b a b b a a a b b

Bas 5 1 2 2 3 4 5 5 4 4 3 5 5 4 5
Mid 2 3 1 1 1 1 4 2 4 5 2 2 4 5 4
Diskant 4 2 5 4 4 4 2 5 3 3 4 3 3 2 3
Stereo 1 4 3 3 5 1 1 2 3 1 5 4 1 3 2
Tydlighet 3 5 4 5 2 1 3 2 4 2 4 1 2 1 1

Bas 53 80 71 7 19 88 50 40 33 8 31 80 100 0 32
Mid 36 100 28 70 37 2 30 42 67 50 83 24 71 55 80
Diskant 51 0 50 77 50 22 0 58 50 56 0 0 0 100 85
Stereo 42 0 25 72 50 6 35 76 50 100 0 23 20 81 77
Tydlighet 56 0 50 81 66 5 80 46 72 100 20 0 30 100 78

Kaksi 45 – Orig
Preferens a a b b b a a b b b a a a b b

Bas 2 2 2 4 4 4 5 5 3 5 2 5 4 5 2
Mid 1 3 3 1 2 1 2 2 4 1 4 4 3 4 3
Diskant 5 4 1 2 3 4 1 2 2 3 5 2 2 2 1
Stereo 3 1 5 3 5 1 3 5 4 2 4 3 5 3 5
Tydlighet 4 5 4 5 1 1 4 2 4 4 4 1 1 1 4

Bas 70 20 85 37 49 94 50 42 40 0 51 50 55 0 35
Mid 40 80 72 69 0 4 65 37 40 20 66 47 68 70 60
Diskant 50 0 16 85 71 7 15 57 49 100 21 0 0 100 79
Stereo 50 40 45 80 48 16 41 46 70 95 24 39 40 59 55
Tydlighet 38 0 34 100 100 21 30 55 70 38 44 21 0 100 61
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A1 A2 A3 D1 D2 E1 E2 B1 B2 B3 C1 C2 C3 F1 F2
Heart 30 – 45
Preferens B b a a a b a a a a b b b b a

Bas 4 1 4 2 4 5 3 3 3 5 2 5 5 1 5
Mid 2 4 5 3 1 4 5 2 4 4 3 4 4 3 4
Diskant 1 5 2 4 3 4 1 2 3 3 4 2 2 5 3
Stereo 5 3 3 1 5 2 4 5 2 2 4 3 3 2 2
Tydlighet 3 2 1 5 2 1 2 2 2 1 4 1 1 4 1

Bas 45 21 20 79 50 46 75 52 60 80 30 0 18 100 57
Mid 46 0 42 51 100 79 50 62 41 55 31 65 20 72 60
Diskant 63 81 83 20 50 57 90 40 40 26 78 80 100 0 27
Stereo 41 80 68 49 31 45 60 42 60 0 78 82 100 69 40
Tydlighet 63 100 81 10 0 100 40 37 40 0 44 100 100 0 38

Heart Orig – 30
Preferens B a a a b a a a b b a b a a b

Bas 3 2 4 5 4 4 1 2 3 5 3 1 5 1 2
Mid 4 4 5 4 2 2 2 3 4 4 5 5 4 4 3
Diskant 5 1 3 2 3 4 4 4 2 1 3 3 1 3 1
Stereo 1 5 2 1 5 1 3 4 4 2 3 2 3 2 4
Tydlighet 2 3 1 3 1 1 5 5 4 3 2 4 2 5 5

Bas 51 70 83 0 50 48 60 43 40 0 71 100 100 0 30
Mid 50 100 70 57 0 3 70 41 30 0 86 90 84 50 40
Diskant 50 20 26 83 50 32 10 54 60 80 22 19 0 100 80
Stereo 85 0 39 80 50 1 45 55 70 80 21 40 29 0 63
Tydlighet 54 20 25 45 92 1 50 55 70 38 62 0 0 100 60

Heart 45 – Orig
Preferens a a a b b a b a a a a a a a b

Bas 5 2 2 2 4 5 5 5 2 1 4 5 5 1 4
Mid 1 3 5 1 3 4 4 5 4 3 5 4 3 3 3
Diskant 2 5 3 4 1 4 1 5 2 5 4 3 1 4 1
Stereo 4 1 4 3 5 1 3 1 4 4 4 2 2 2 5
Tydlighet 3 4 1 5 2 1 2 5 4 2 5 1 4 5 2

Bas 51 55 30 47 50 46 60 0 70 0 23 48 62 0 55
Mid 72 65 69 75 30 59 51 47 10 50 15 69 63 30 50
Diskant 32 0 32 89 83 47 20 0 70 100 14 24 50 100 60
Stereo 42 50 50 58 50 6 36 63 80 47 15 22 50 0 66
Tydlighet 35 10 36 89 88 7 76 0 80 50 4 20 24 100 65



7.3 T-test values

Calculated statistics and t-values for the attribute rating test.
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Orig – 30
Medel 68.71 54.04 26.93 31.67 29.27
Median 71 50 22 25 22
1 Kvartil 51 30 12 14 1
3 Kvartil 86 83 44 42 50

Std.Avvikelse 23.58 30.57 21.34 27.72 29.13

T-värde 5.323 0.888 -7.252 -4.437 -4.775

30 – 45
Medel 36.333 44.689 77.667 68.044 75.267
Median 43 46 80 68 86
1 Kvartil 20 30 65 55 59
3 Kvartil 50 62 95 82 100

Std.Avvikelse 20.901 23.749 21.521 24.124 28.236

T-värde -4.386 -1.5 8.624 5.0177 6.0029

45 – Orig
Medel 56.91 58.29 28.09 44.49 29.62
Median 51 65 24 42 30
1 Kvartil 46 50 7 34 7
3 Kvartil 65 70 42 52 40

Std.Avvikelse 24.6 20.65 25.92 24.21 26.07

T-värde 1.885 2.692 -5.671 -1.527 -5.244


