Introduction

Purpose- 

The purpose of this experiment is to determine whether there is any correlation between the physics of musical beats, or dissonant sounds, and the way in which the brain deals with them, using an oscilloscope to study the physics of the beats and EEG to measure the brain’s responses.

Hypothesis- 

It is already known that the beats, the physical phenomenon which occurs when two notes of similar frequency are played simultaneously, will be visible through readings made by the oscilloscope.  Also, it is generally acknowledged that they “sound bad.”  Therefore, the human brain must have some measurable reaction to dissonant sounds, specifically musical beats.  This reaction will be visible through EEG readings and analysis, when consonant sounds and dissonant sounds of different beat frequencies are played.  The control will be an octave, in which one note is a multiple of the fundamental frequency of the other and thus no dissonant sound should arise.  The variables are the chord and its beat frequency and properties observed by an oscilloscope and the different subjects.

Chapter One: Background

Consonance and Dissonance

People naturally react to sounds they hear.  Some sounds can be termed pleasant, and others unpleasant.  Sounds exist, in a physical sense, as compressions and rarefactions of air molecules; however, they also exist as they are interpreted by the brain.  When two tones of similar frequency are played at the same time, such as a half step chord, the sound perceived is typically described as unpleasant and wobbly.
  This phenomenon, called the beat phenomenon, can be described in terms of physics, as well as how it is perceived by the ear and mind.  These sounds are often referred to as dissonant sounds, meaning, essentially, unpleasant sounds.  The opposite of dissonance is consonance, meaning “to sound together.”  These sounds occur when notes at particular intervals, such as major thirds and fifths, are played together.
  Consonance may also be defined as “the result of the synchronization of the partials of two or more different musical tones.”
  Ultimately, consonant and dissonant sounds are both physical and physiological.  Consonance and dissonance are by definition subjective, but music from all cultures indicates that people prefer certain intervals, such as the octave and the fifth.

The Physics of Beats

The superposition of two pure tones of equal amplitudes but different frequencies may be illustrated mathematically.  First of all, the beat frequency, or how fast the amplitude of the chord oscillates, is given by the formula fb=abs(f1-f2).  Beats may also be shown graphically.  The horizontal displacement x of an air molecule in a sound wave may be illustrated by the formula x=a sin ( t, in which a is the amplitude, ( is the angular frequency which is equal to two ( times the linear velocity, and t is the time.
  When two such functions are added, the solution gives the function x= x1+x2 =2a sin (((1+(2)t/2) cos (((1+(2)t/2).  This is a representation of a sinusoidal oscillation at the average frequency ((1+(2)/2 and an amplitude of 2a.  The sine and cosine terms envelop the function, 
 as shown by Figure 1.
  This forms beats.  Beats are audible when two tones of a similar frequency are played.  They sound at a frequency halfway between the frequencies of the individual tones, and the amplitude of the sound oscillates at a frequency equal to the difference between the two original frequencies.  If, however, the difference between the tones is too great, then there is no discernable beat phenomenon and two separate notes of two separate frequencies are heard.  Beats are a form of the linear superposition of tones.
  When two pure tones undergo linear superposition, the two separate components do not affect each other, so the medium through which they both are traveling follows the instructions of both waves simultaneously.
  When they are illustrated, the curve for beats looks similar to the curve for harmonic motion.   In comparing the two component waves to the resultant wave, the fact that the “top of an upward displacement in the resultant lies between the tops of upward displacements in the components” becomes apparent.
 
Another way to represent the superposition of pure tones is through the equation x=A1 e^j((1 t+(1)+A2 e^j((2 t+(2), where A is the amplitude, ( is the phase, and ( is the angular frequency.
  Should the ratio of (1 to (2 be a rational number, the motion is periodic and the angular frequency is given by the largest common divisor of (1 and (2.  Otherwise, the motion is nonperiodic and never repeats itself.
  When A1 and A2 are equal and (1 and (2 are both equal to zero, the vibration may be expressed in terms of time-dependent amplitude A(t) where A(t)=A1 (2+2cos ( (1 t)1/2.
  The superposition of pure harmonic vibrations is also used to represent complicated periodic motions, such as the sound produced by an instrument with a variety of overtones.  Determining the components of a complex harmonic motion is called Fourier analysis, and putting the simpler components together to form the more complex wave is Fourier synthesis.
  In addition to beats being made by tones very close together, called first order beats, the beat phenomenon appears with tones which are further apart, specifically a mistuned octave, called second order beats.  These beats are the result of neural processing, rather than the mechanical processing which occurs with first order beats.



Electroencephalogram

EEG works by measuring the electrical impulses in the brain.  It senses the electrical transmission among neurons.  It cannot be too precise, however, because the skull and scalp act as a capacitor and dull the signal.
  EEG has made it possible to relate behavioral states to the electrical activity of the brain, such as being asleep versus being awake and receiving visual and auditory stimuli.
  EEG electrodes are placed on the head in the standard ten-twenty configuration
 (see Figures 2 and 3)
 The majority of available EEG information in humans is “believed to be generated by sources in the neocortex.”  This is where sensory and especially cognitive information is processed.
  One specific noteworthy pattern which can be measured with EEG is the alpha rhythm, which is “a 10-Hz, nearly sinusoidal oscillation that occurs in about 95% of healthy persons” when they are relaxed, but it becomes notably less prominent when the individuals are thinking hard about something.
 
Neuroscience and electroencephalography are fundamentally tied to the physical sciences.  The technology used in EEG comes from physics.  Also, EEG measures the electrical impulses in the brain, and the interpretation of the voltage and frequency of these impulses relies on the principles of physics.

Chapter Two: Methods

Oscilloscope

Materials needed:

1 blank CD

1 Synthesizer, a Kurzweil PC88mx
1
CD program, called Easy CD Creator 4 by Adaptec
1
computer with a microphone and oscilloscope program

Steps:

1) A CD with eight chords was created, consisting of middle C on the bottom and one each of the following second notes: C sharp, D, E flat, E, F, G, B, C5.  One chord was on each track, and chords lasted about twenty five (25) seconds each.

2) The dimensions on the program were set to .05 V/Div and 5 ms/Div.

3) The first track, a chord of C and C sharp, was played.

4) The image of the chord produced by the program was observed and frozen at an opportune time.

5) The image was saved to the hard drive and printed.

6) Steps 3-5 were repeated with each of the remaining chords.

7) The dimensions were set to .02 V/Div and 10 ms/Div.

8) Steps 3-5 were repeated with each track at the new setting.

EEG

Materials

1 blank CD

1
Synthesizer, a Kurzweil PC88mx
1
CD program, called Easy CD Creator 4 by Adaptec
1 EEG machine, Mindset from Aquathought, Inc., with leads, cap, electrodes,
 and computer

4
human participants

1) First, a CD was made with different combinations of pure tones.  There are eight tracks, and eight chords per track.  All of the tracks are composed of five seconds of sound, five of silence, and then five of the next sound.  Each chord is formed by middle C and a second note.  The order of the second notes is as follows: Track 1- E flat, G, E, B, C sharp, D, C5, F; Track 2- C5, B, C sharp, E, F, G, E flat, D; Track 3- G, C5, D, F, E flat, D, B, C sharp; Track 4- C sharp, B, G, D, C5, E flat, E, F; Track 5- F, E flat, E, D, B, G, C5, C sharp; Track 6- E, C sharp, C5, E flat, G, F, D, B; Track 7- D, E, G, C5, E flat, C sharp, B, F; Track 8- B, F, E flat, C sharp, D, C5, G, E.

2) Four subjects who were willing to participate in the experiment were found.  Of the participants, two were female, one sixteen and one forty three years old, and two were male, both seventeen.  All of the participants had average musical experience and expertise, that is some degree of training and practice but not to the professional level.  Each of them signed permission forms (see Appendix A).

3) The electrode cap was placed on the subject by stretching it across the scalp, fastening the chin strap, tightening the rear neck straps, then shifting it so that the front plastic piece is just below the center of the subject's forehead.

4) The hair underneath the spaces for electrodes T3, C3, CZ, C4, T4, T5, P3, PZ, P4, T6 and the reference electrode was cleared aside using a rattail comb.

5) Silver chloride electrodes with electrically conductive gel were inserted into the holes and pushed down so that the gel came in contact with the skin.  As the participants were prepared, in steps 3-5, they were given brief explanations of EEG and why they were undergoing the specific preparations.

6) The EEG machine was plugged in.

7) SCSI output was acquired by a PCMCIA SCSI card and a laptop running the Linux operating system.

8) The lights were dimmed.  Subjects were asked to close their eyes and try to clear their minds for the duration of the data collection.

9) Data collection was started.  About two seconds later, the first tone in the first track was started.  The subjects listened for the duration of the track, and data collection went on for a total of ninety seconds.  The subjects were asked to not move or speak after the last tone ended, but rather to wait to be told when the trial was complete.

10) Step 7 was repeated with each track, with a brief period between trials.

11) Steps 3-8 were repeated for each of the four subjects.  For sample raw data of voltage versus time, see Figure 4.
Chapter Three: Results
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Table 1: Subject A

1st Elect. #
2nd Elect. #
Frequency (Hz)
Median Coherence for C-C#
Median Coherence for C octave
p-value
Probability of error

7
10
117
0.5814
0.3441
1
0.0070

5
8
91
0.5876
0.2372
1
0.0070

3
5
125
0.3957
0.6761
1
0.0070

2
5
91
0.6027
0.3446
1
0.0070

2
5
9
0.1220
0.3775
1
0.0070

1
9
127
0.6676
0.3524
1
0.0070

1
2
23
0.4979
0.3663
1
0.0070

Table 2: Subject B

1st Elect. #
2nd Elect. #
Frequency (Hz)
Median Coherence for C-C#
Median Coherence for C octave
p-value
Probability of error

7
8
33
0.2951
0.5296
1
0.0087

4
10
89
0.5303
0.2509
1
0.0087

4
7
43
0.3476
0.1342
1
0.0087

4
5
27
.2461
0.3422
1
0.0087

3
9
3
0.2128
0.7232
1
0.0087

3
8
123
0.6325
0.2727
1
0.0087

3
6
123
0.6076
0.2519
1
0.0087

3
5
99
0.2504
0.5618
1
0.0087

2
10
77
0.6735
0.3186
1
0.0087

1
4
121
0.6584
0.6528
1
0.0087

Table 3: Subject C

1st Elect. #
2nd Elect #
Frequency (Hz)
Median Coherence for C-C#
Median Coherence for C octave
p-value
Probability of error

7
9
21
0.4706
0.2655
1
0.0070

5
8
93
0.1964
0.4143
1
0.0070

3
9
1
0.9936
0.9981
1
0.0070

3
8
67
0.5905
0.7861
1
0.0070

2
10
117
0.5579
0.7861
1
0.0070

2
6
81
0.3570
0.5683
1
0.0070

Table 4: Subject D

1st Elect. #
2nd Elect #
Frequency (Hz)
Median Coherence for C-C#
Median Coherence for C octave
p-value
Probability of error

7
10
49
0.8729
0.4023
1
0.0070

5
10
43
0.5740
0.2738
1
0.0070

5
8
45
0.5623
0.2390
1
0.0070

4
7
69
0.5444
0.2390
1
0.0070

2
9
23
0.2027
0.5164
1
0.0070

1
10
79
0.6081
0.1635
1
0.0070

1
7
111
0.4404
0.2064
1
0.0070

1
4
45
0.5154
0.3971
1
0.0070

Chapter 4: Data Analysis


The presence of beats is fairly obvious when the oscilloscope graphs (Figures 5-8) are examined.  The enveloping sine and cosine waves can be clearly seen on the more dissonant sounds, including the C and C sharp combination and the C and E flat combination.  The second setting allows for a better image of the beat phenomenon with the C and C sharp chord.  However, for some of the greater intervals, the first setting gave a better representation of the beats.  The graphs are clear illustrations of the calculations for the beat phenomenon.  The two notes of closest frequencies, C and C sharp, have beats that occur the least number of times per second and therefore beat the slowest, whereas on some of the further chords it is quite clear that the beats happen very rapidly, making it logical that they are too fast to be heard.  The presence of the second order beat phenomenon is quite clearly visible in the C and B combination.  Only graphs of the tones discussed are shown in the Results section, on the settings which best illustrate the phenomena.

A variety of different techniques were used to analyze the EEG data gathered.  First, the raw data was converted to Fourier transforms.  The illustration of voltage versus time, as illustrated in Figure 4, is raw data.  It is composed of many sine waves, and Fourier analysis conducted by a computer breaks down this graph into its components.  Each individual wave can be expressed in the form a sin x.  Then, a graph of frequency versus intensity is plotted, in which a is the intensity at the frequency x. The values are then essentially averaged for any selected value of time.  Given the fact that data collection began about two seconds before the tones for each track began, and that each tone and each period of silence lasted exactly five seconds, it can be calculated where the tones of different beat frequencies occurred.  This was used to compare the graphs of the most consonant and most dissonant sounds, the octave C’s and C and C sharp chord, respectively.  Originally, the average for each subject on these two chords was taken across different tracks and the subjects were compared.  Then, the difference between each graph of the consonant and dissonant sounds was taken, and these differences were averaged.  Between the different subjects, there were no notable similarities to point to any distinct difference between the responses to consonant and dissonant sounds.  It is important to note the presence of the sixty-Hertz spike.  The EEG picks up the signal of the power source, which has a frequency of sixty Hertz and a very high intensity.  Many different methods may be used to eliminate this spike.  Ultimately, none were used out of concern that it may affect other high-intensity spikes.

Another method to examine the data using Fourier transforms is the method shown in the results.  The data was divided into time windows, and Fourier transforms were done on the data.  Color was used to illustrate the intensity at each frequency, red being an intense signal, followed by yellow, green, and blue.  Time is shown on the independent axis, not in seconds but in number of pieces of data gathered.  Two hundred and fifty-six pieces of information were gathered each second.  The dependent axis shows frequency.

A technique called coherence was also used to try and find a notable difference between reactions to the consonant and dissonant sounds.  Coherence is when there is a similar signal in two electrodes at the same time.  It indicates that two parts of the brain are working together at a specific time for a specific task.  A program was designed to look for different pairs of coherent electrodes which were active at different times.  Ultimately, two parts of the brain were expected to have different levels of coherency when the beating sound was heard and the consonant sound.  Coherency is measured as a number between one and zero, with one as the most coherent.

For each frequency band and each possible pair of electrodes, the coherency was calculated.  This was done once for the combination of C and C sharp and once for the C octave trial, but for all eight tracks.  Then, the Wilcoxon rank sum test was performed on the eight coherency measures to test the hypothesis that the mean of the eight gathered from the C and C sharp chord is the same as the mean of the eight from the octave.  This test “consists of combining the two samples into one sample(PRIVATE


PRIVATE "TYPE=PICT;ALT=tex2html_wrap_inline3621" sorting the result, assigning ranks to the sorted values (giving the average rank to any ‘tied’ observations), and then letting T be the sum of the ranks for the observations in the first sample.”
  The test assumes an alpha value of 0.01, which means that there is a 1% chance that, if the test proves the two are different, it was the product of chance.  In other words, the difference in coherency between the two different tone pairings was tested to be statistically different enough to be judged significant.  All of the electrode pairs are tested against the null hypothesis, that there will be no difference in coherency between the pairs at the given frequency.  Those pairs that give a p-value of one, meaning that the null hypothesis is found to be untrue and there is a notable difference in frequency, are shown in Tables 1,2,3, and 4.  All other electrode pairs showed the null hypothesis as being correct.


Many different conclusions can be drawn from the data gathered by the coherency tests.  For example, the data was examined and it was found that most of the subjects exhibited coherency at a frequency close to ninety Hertz.  Figure 13
 shows the coherent pairs of electrodes around that frequency that existed in the subjects.  The solid lines show the coherent pairs for Subject A, double line for B, and dotted line for C.  It can be seen that electrodes T4 and PZ are coherent in two of the subjects, and most of the activity is occurring towards the right side of the head, near the ear.  However, Subject D does not have any coherent pairs close to ninety Hertz; the nearest is at seventy-nine Hertz.  Other frequencies, such as close to twenty-three Hertz, also appear in most subjects.  Common electrode pairs at any frequency may also be examined.  For example, all of the subjects show activity at electrode ten, though the other electrode in the pair is not necessarily common.


One major advantage to the coherency test is that it eliminates the potential error of the sixty-Hertz spike.  All electrodes are at maximum coherency at sixty Hertz, so there is no difference between the different tone parings and the sixty-Hertz spike never emerges in the data.


Overall, analysis of the coherent pairs of electrodes at different frequencies and for different subjects reveals that there is, indeed, some sort of difference between how the brain reacts to beating tones and consonant tones.  However, at this point, given the limited availability of data and time, it cannot be determined exactly what the difference is or how it correlates to the physics of the beats themselves.

Conclusion


The hypothesis is accepted.  There is a measurable brain response to consonance and dissonance.  Given the limitations on this study, it was impossible to discover exactly how the sounds are interpreted, but it is clear that they have some impact on the brain measurable by EEG.  Also, much of the activity occurred in the right side of the brain, near the ear.  However, not enough data was available to make all-inclusive generalizations.  The graphs given by the oscilloscope gave clear pictures of the presence of beats, but we are not yet at a point where the graphs of EEG readings can be compared to those of oscilloscopes.


Many potentials for error lie in both experiments.  The oscilloscope program is presumably quite accurate, although there may be a flaw or small error in scaling.  Larger error may come from the EEG experiment.  The fact that the experiment was done using human subjects gives new meaning to human error.  Although the subjects were asked to clear their minds, there is no way to be sure that they were not thinking of something, even if they were making an effort not to.  Measures were taken to try to make them feel comfortable, but it is not certain that there was no amount of anxiety or discomfort, even of that not relating to the experiment.  The situation for the experiment was informal.  It was impossible to isolate it completely from outside noise, and sounds like footsteps overhead were heard during one of the trials.  Also, any motor movement from any of the subjects affects the data.  Some subjects opened their eyes during a trial.  One started talking before the trial was complete.  All of these things can alter the data.  To try to minimize any impact the order in which the tones were heard, many different orderings were used, but we can still not be sure that all of the possible ordering error was eliminated.  The order of the tracks may have also had an impact, especially since most of the subjects complained about boredom between the last few trials.


Ultimately, this experiment requires much more time, trials, and subjects to reach a definite conclusion.  The enormous complexity of any type of learning, from physics to geometry to neuroscience to statistics, becomes quite evident.  To search for the fundamentals of anything, even the most deceptively simple action or occurrence, necessitates not only time and energy, but also perhaps the most baffling quality of mankind: the passion for understanding.
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Figure 10: Subject B, Fourier Transform versus Time





Figure 11: Subject C, Fourier Transform versus Time
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Figure 13: Coherency in Different Subjects at About 90 Hz








Figure 9: Subject A, Fourier Transform versus Time





Figure 12: Subject D, Fourier Transform versus Time
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