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Introduction
The purpose of this experiment was to observe the frequency content of sound waves from musical instruments and to attempt to discern distinguishing characteristics in the waves from different instruments. The experiment was conducted on a violin, a saxophone, and a trumpet all playing the same musical note. The frequency spectra were observed using Matlab and several unique features were observed that may or may not be related to the instrument.
Background
The dots on a musician’s page represent musical notes lettered A through G, which are associated with particular frequencies. For example the note A4, one of the prominent notes played in a phone dial tone, is associated with vibrations at 440 Hz. The 4 after the A indicates this note is in the fourth octave. The octaves are measured from 16.35 Hz, which is the lowest note audible to the average human and corresponds to C0, and increment by doubling. Therefore, C1 occurs at 32.7 Hz, C2 is at 65.4 Hz, and so on (MTU). In between octaves, the notes scale logarithmically. Combinations of notes that sound pleasant result from overlapping intensity peaks and a known as chords (Elert). A musician reads these notes from their music sheets as dots in different positions on a ledger bar. An example is shown in Figure 1. A correspondence of notes to their respective frequencies is included in Appendix B.
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Figure 1: Musical Notes on a Ledger Bar

Although each note is associated with a particular frequency, a real instrument produces polytonal sounds, which means several frequencies are present. These occur in multiples of the fundamental frequency, or the frequency of the note played. These multiples are called harmonics. The fundamental frequency will be the one which the other major frequencies are multiples of, and the relative intensity of the other signals contributes to the unique sound that each instrument has. It is possible to observe these frequencies as peaks on a frequency versus amplitude graph (Elert).
Experimental Method
The experiment was conducted using equipment available in the student computer labs in the University of Portland engineering building. Several students who owned musical instruments volunteered to provide sound samples. The samples were taken from a violin, trumpet, and saxophone, and were recorded using a standard PC microphone readily available from retail stores. The microphone plugs into a jack on the computer’s sound card. The musician was asked to play a sustained concert B-flat note. Due to traditional naming of notes, this is equivalent to a C in the standard scales. While they were playing, the sample recording was started, run for five seconds, and stopped. In this way, the beginning and end of the note was cut off to avoid recording any potentially unwanted effects related to starting or stopping the vibrations in the instrument.
The sound data was recorded using the Matlab function “wavrecord.” The sampling rate was set at 44100 Hz, so the Nyquist frequency was 22050 Hz. This corresponds to the approximate upper limit of the human hearing range. Matlab was then used to create an amplitude versus time graph with the standard plot function. This could be observed at different resolutions using the zoom tool in the Matlab plot window. To observe the actual spectrum, the power spectrum density (psd) function was used to create another plot of averaged datapoints. The peaks were determined by zooming in on the graph so each peak could be accurately read against the frequency scale. This plot was improperly scaled due to the way the function works in Matlab. It ran from 0 to 1 instead of 0 to 25000, so the observed value was multiplied by 25000 to get the frequency.
Results and Discussion
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Plotting the graph of amplitude versus time produced little useable data. As can be seen in Figure 2, the result is essentially a large blob of indistinguishable data points. A few interesting effects can be noted, however. The plot increases and decreases in average height to follow the changes in volume of the artist. In this particular plot, taken from the violin sound sample, a sharp decline in amplitude is clear when the musician changed the direction of his bow. The plot becomes slightly more interesting when viewed over a very short time period which allows the sinusoidal waveform to become visible. This is shown in Figure 3.
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More useful data was taken from observations of the power spectrum density plot. From this, it was possible to observe the actual frequency of the amplitude peaks and their period of repetition. These were used to find the note associated with the peaks by using the table in Appendix B. The results showing the first five peaks are given in Table 1, and the power spectrum density plots for each instrument are included in Appendix A, due to their size.
Table 1 – First Five Spectral Peaks (fundamental frequency is in bold)
	Musician
	Instrument
	Peak 1

Note
	Peak 2

Note
	Peak 3

Note
	Peak 4

Note
	Peak 5

Note

	Scott
	Violin
	135

C#3
	523
C5
	1043

C6
	1565

G6
	2088

C7

	Mike
	Saxophone
	268

C4
	530

C5
	798

G5
	1065

C6
	1330

E6

	Dan
	Trumpet
	265

C4
	528

C5
	793

G5
	1060

C6
	1323

E6


A few observations can be made easily from these graphs. First, the period of the peaks for the violin is twice that of the period for the saxophone or the trumpet. This indicates that the violin is actually playing an octave higher than the other two. Also, the saxophone appears to have a much lower intensity of peaks between 3400 and 4300 Hz. The same effect appears for the trumpet between 10000 and 11000 Hz. All of the signals fall off significantly at approximately 16000 Hz, which was the rated frequency response of the microphone. One final interesting observation is peaks 3, 4, and 5 for the saxophone and trumpet are the notes G, C, and E respectively. These make up the notes of the C major chord, which is often used in symphonies due to its pleasant sound.
A significant amount of noise appeared present in the data, and it is possible that some of the noise may have been improperly interpreted as peaks. This noise probably results from ambient sounds picked up by the microphone, such as computer cooling fans and conversation. There did not appear to be any appreciable 60 Hz interference. Deviation of the peaks from the actual values corresponding to the notes being played and the observed values is due to difficulty accurately reading the frequency of the peaks and improper tuning of the instruments.

Conclusion
This experiment showed the ease with which frequency content of an audio wave can be determined and it’s practicality in the study of musical instruments. It appeared that there were several easily distinguishable characteristics between the different instruments, although the observations were only made for one note and on one instrument of each type. It is possible that the characteristics may not exist for different notes, for different instruments of the same type, or even different musicians playing on the same instrument. A statistical analysis should be conducted when time permits to determine if the differences can be used to identify the instruments.
Confirmation of the results of this experiment could allow for many practical applications. Knowing what frequencies are produced by an instrument and their relative intensities can allow the sound of a particular instrument to be synthesized electronically. Alternately, the appropriate patterns can be observed in order to attempt to determine with the aid of software which instruments are being played in a musical recording. It may even be possible to improve the design of an instrument by fine-tuning it so that the harmonics are actually evenly spaced intervals, as they should be.
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APPENDIX A – Power Spectrum Density Plots

APPENDIX A

APPENDIX A

APPENDIX B – Frequency/Musical Note Correlations
	Note 
	Frequency (Hz)
	Wavelength (cm)
	
	Note 
	Frequency (Hz)
	Wavelength (cm)

	C0
	16.35
	2100
	
	F3
	174.61
	198

	C#0/Db0
	17.32
	1990
	
	F#3/Gb3
	185
	186

	D0
	18.35
	1870
	
	G3
	196
	176

	D#0/Eb0
	19.45
	1770
	
	G#3/Ab3
	207.65
	166

	E0
	20.6
	1670
	
	A3
	220
	157

	F0
	21.83
	1580
	
	A#3/Bb3
	233.08
	148

	F#0/Gb0
	23.12
	1490
	
	B3
	246.94
	140

	G0
	24.5
	1400
	
	C4
	261.63
	132

	G#0/Ab0
	25.96
	1320
	
	C#4/Db4
	277.18
	124

	A0
	27.5
	1250
	
	D4
	293.66
	117

	A#0/Bb0
	29.14
	1180
	
	D#4/Eb4
	311.13
	111

	B0
	30.87
	1110
	
	E4
	329.63
	105

	C1
	32.7
	1050
	
	F4
	349.23
	98.8

	C#1/Db1
	34.65
	996
	
	F#4/Gb4
	369.99
	93.2

	D1
	36.71
	940
	
	G4
	392
	88

	D#1/Eb1
	38.89
	887
	
	G#4/Ab4
	415.3
	83.1

	E1
	41.2
	837
	
	A4
	440
	78.4

	F1
	43.65
	790
	
	A#4/Bb4
	466.16
	74

	F#1/Gb1
	46.25
	746
	
	B4
	493.88
	69.9

	G1
	49
	704
	
	C5
	523.25
	65.9

	G#1/Ab1
	51.91
	665
	
	C#5/Db5
	554.37
	62.2

	A1
	55
	627
	
	D5
	587.33
	58.7

	A#1/Bb1
	58.27
	592
	
	D#5/Eb5
	622.25
	55.4

	B1
	61.74
	559
	
	E5
	659.26
	52.3

	C2
	65.41
	527
	
	F5
	698.46
	49.4

	C#2/Db2
	69.3
	498
	
	F#5/Gb5
	739.99
	46.6

	D2
	73.42
	470
	
	G5
	783.99
	44

	D#2/Eb2
	77.78
	444
	
	G#5/Ab5
	830.61
	41.5

	E2
	82.41
	419
	
	A5
	880
	39.2

	F2
	87.31
	395
	
	A#5/Bb5
	932.33
	37

	F#2/Gb2
	92.5
	373
	
	B5
	987.77
	34.9

	G2
	98
	352
	
	C6
	1046.5
	33

	G#2/Ab2
	103.83
	332
	
	C#6/Db6
	1108.73
	31.1

	A2
	110
	314
	
	D6
	1174.66
	29.4

	A#2/Bb2
	116.54
	296
	
	D#6/Eb6
	1244.51
	27.7

	B2
	123.47
	279
	
	E6
	1318.51
	26.2

	C3
	130.81
	264
	
	F6
	1396.91
	24.7

	C#3/Db3
	138.59
	249
	
	F#6/Gb6
	1479.98
	23.3

	D3
	146.83
	235
	
	G6
	1567.98
	22

	D#3/Eb3
	155.56
	222
	
	G#6/Ab6
	1661.22
	20.8

	E3
	164.81
	209
	
	A6
	1760
	19.6


Figure 2 – Amplitude vs. Time





Figure 3 – Amplitude vs. Time (zoomed)





Figure A-1: PSD for Violin





Figure A-2: PSD for Saxophone





Figure A-3: PSD for Trumpet








