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ABSTRACT

This dissertation investigates software basedtuning method as analternative to the
standardwestern onesizefits-all approach of tuning music pitches in the formtetlve-
tone equal temperamen{12-TET) It is based on the belief that software synthesd music
does not have to follow the constraints of traditional instruments which cannot be tuned,
with precision, in a practical timeframe. The aim is to provide siacu tuning system, that
considers the melody of a song.

Four popular song®ad from sandard MIDI files were parsed and represented in a program.
This representation was analysed for its structure, dissonance between notes, and run
through a gradient deent algorithm.This algorithm optimizes the frequency of notes to
reduce calculated dsonance between simultaneous notes, or chorf@dssults were then
compared to standard tuning methods and the algorithm fioeed to maximizethe
reduction in dissonare

The algorithm shows up to 12% reduction in total calculated dissonaBoecessful
dissonance reduction occurs in 3 out of 4 MIDI tunes of varying complékican be
concluded that reducing dissonance in comparison tel EZis possibleusing the mehods
outlined in thisproject. Possible adaptations to improve usability andden the tuning
parameters are discussed in later sections of the dissertation.
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NOMENCLATURE

12-TET¢ Twelvetone equal temperament

MIDI¢ Musical Instrument Digital Interface

VST Virtual Studio Technology

DAWCc Digital Audio Workstabin

SMFK¢ Standard MIDI File

MPEC MIDI Polyphonic Expression

Pitch¢ The fundamental frequency of a music note
Melody/Tuneg¢ Multiple pitches in series

Chords; Multiple pitches played together
Harmony¢ How pitches played together interact

Timbreg The flequency spectrunthat definesthe unique sound of an instrument

viii



1 INTRODUCTION

Musical tuning intervals are determined by the mathematical ratio between the frequencies

2T aAyS 41 9Sa3x NBLINBaSyidAaAy3a y20S5aod noysitaISy SNI
sounds to the human ear. For example, if the nbigs a 440Hz sinewavel 1 & WADU | BSQ
is 2:1 the frequency, 88Blz. As the fractional denominator for this ratio is 1, the smallest
possiblepositiveinteger, this is known as the least dissort or most consonant ratio. If a

sound is pleasant to the ear, it is knowmnbe consonant with the opposite, an unpleasant

sound, beingdissonant This relationship can be measured and will be explored. There are

many other small integer ratios such&@K S WY I 220\ yasS GRYyicRR® NE ( R RISIRIR S
T A T BiKef2. Suh frequency ratios are also knownjast intervals Groups of intervals that

sound pleasant when played together are knownsasales A scale that implements just

intervals is kown as gust intonation scalelf a tune is played with intervals betweentas

that are close to just intervals it could sound superior to the listener over picking two
frequencies at random.

However, it becomes difficult to incorporate these exact ratom instruments, as there are

not enough keys/strings/frets to representémear infinite number of frequencies required

if notes were to be tuned based dhe notes played previous. It is also not possible to stick
to true just intonation intervals whemultiple notes are played at once, as the ratio between
all notes is diffeent and just intervals are not equally spaced. This is because instruments
have fixed frequencies to represent notésstruments, such as the pianokigure6, tend to

split an octave into 18emitones which is known as ehromatic scalelt is not possible to
split an octave into 12 using evenly spaced small integer ratios.

The following describes thmatio issues with just intonatiowhen it s applied tonstruments
with fixed tuning:

9 /2yaARSNI I y2iSs HWVERTa majbrisdcond justifieival l0:8 th& p n n
frequency,56251 T @ [ S GKAA&A LIAGOK 06S y20S weQo |
the original note.

f The majorsecontbrnotey, & y20S Wi Q ¢ AHiaco:8 the fieuénéyrof 2 F ¢ o
562.5 Hz and another 2 semitones.

1 Note z should be 4 semitones above the original natethxch isa major third interval
¢ a 5:4 frequency ratio in just intonation. However, the mjoird of 500Hz is 625
Hz

1 Noteznow hastwo different tunings 632.8Hzrelative to yand 625 Hz relative to x.

This effeccompoundsfurther when notes are tuned relative tihe two frequencies
of note z.

Figurel shows 12 semitnes between £and G, and how just intonation can vary due to
inconsistent intervals. The frequencies change based on which note they are tuned in relation

TWh Ol @3SQ A & toth&2Sl frgguevicy rafot édhé&nbteto another.
1



to. This note is th@nisoninterval, which has a 1:1 frequency ratia.i®\at a constant 440 Hz,
but its interval from the reference note changes.

In western modern music, instruments are tuned to a standard known a®riequal
temperament (12TET). This tuning approxitea just intervals while still being applicable to
instruments with a limibf keys/strings/holes to represemtotes, such apianos,guitars,and

flutes, by being evenly spaceth a logarithmic scald=igurel showsthis approximaton by

how the equal temperament frequencies fall between the different just intonatio®@ I £ S a Q

frequencies

Comparison of Just Intonation, A4=440 Hz

550
----- Equal Temperament
Just Intonation, relative to C4
500 Just Intonation, relative to D4
Just Intonation, relative to D#4 .
v Just Intonation, relative to F4 ¥
4504 4  Just Intonation, relative to G4 -
M Just Intonation, relative to A4 . R
L:: »  Just Intonation, relative to A#4 ?
§ 400 - K3
350 - ¥
.““ ‘
300 - re
X
250

T T T T T T T T
F4 F#4 G4 G#4 A4 A#4 B4 C5
Note

T T T T T
C4 C#4 D4 D#4 B4

Figurel Comparison of just intonation frequencies when tuned relative to different notes.

As music camlsobe synthesized in softwareyhere restrictions on the flexibility of tuning
notes do notexist a tuning system could therefore be created that adjusts based on the
specific intervals in a musical piecghis system could be ggrammed to optimize these
intervalsto be less dissonarthan 12TETIt is the goal of this project to apply an atghm

that can find a unique tuning system for every tune it is applied to, that will improve on the
generic equal temperament.

My project will examine how software synthesizers read and interpret music in the form of
the Musical Instrument Digital Interfag®1DI) standard. Aie MIDI standard is used store
information on the notes played in a song, along with information such as timitegsity of

key pressesand instrument names MIDI is the prevalent standard for conveying this
information to electronic instruments. THee structure of esstandard MIDI file will be broken

2



downand explained, as MIDI needs to be understood to extract information for the algorithm
The project will read a MIDI file of any tuteeunderstandwhen and what notes are played,
by which instrumats.

Based on thidrequencies will be assigned to thetes played These frequencies can be used

to calculate the dissonance between notes played simultaneously in the tuneprofect

algorithm will use a calculation dissonanceébetween the frequenes of notes toquartify

how pleasant a group of notes sound to the listener. When multiple notes are compared at
once, there are minima on the mulimensional dissonance plane, where the dissonance is

at its lowest. The aim of the project is to redutestdissonance, byltaring the frequencies,

to find the intervals between note frequencies that converge in one of these mitinvauld

be possible to find the maximum dissonance reduction by changing all frequencies to be the
same. However, the frequey change will be nmotored to stay true to the original melody.

¢2 NBLNBaASyld GKS yS¢g AyuSNBIta 0SG6SSy FNBI d
Chapter2, Backgroundwill explore the information, technology, and equations needed to
understand the project. ChapteB, Implementation will discuss the application of this
technology. It wilklso highlight how diss@nce measurements are applied to the algorithm.
Chapter4, Results% Discussionwill discuss the results of the algorithm and how it compares

to other possiblell dzy Ay3ad LG oAttt Ff&a2 RAaOdzaa GKS |
Finally, Chapte®, Conclusionwill summarize the project and make suggestions on the future

work that could beadded to the project. Theection on future work will describe additional
parameters to be added to the algorithm to improve tuning accuracy and usability.



2 BACKGROUND

2.1 MIDI

2.1.1 What is MIDI?

Musical Instrument Digital Interfacé/(DI) is a standard used by mafacturers to convey
information abouthow a piece of music is played am electronic instrumen{Lehrman,
2017) These instruments can also be called synthesizers and often take the form of a
keyboard. MIDI does not defindé actual sound of the mics but the synthesizer produces

it based on its specifications of waveformigquenciesandfilters. Therefore,a MIDI signal

or file will sound different based on what synthesizer it is playedSymthesizers are not
limited to hardware butcan take he form of software synthesizers a#rtual Studio
Technology YS7 plugins to Digital Audio Workstations (DAWS), used by electronic music

LINE RdzOSNE G2 LINPRdzOS I RSaAANBR az2dzyR® ¢KSas$s

Different softsynths comwith different functionalities, the focus of this project will be those
that allow the user to specify tunings for played notes, beytmal constraint of semitone
intervals. Well known free open source examples of such are ZBukideK/Zy#rusiort and
Sugée.

2.1.2 Standard File Structure

DECODED TEXT
MThd

r k

y X

Figure2 Contents of a standard MIDI file

2 https://lzynaddsubfx.sourceforio/
3 https://surge-synthesizer.ghub.io/



https://zynaddsubfx.sourceforge.io/
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The following section is based @WIDI Manufacturers Association, 1996)

MIDI can be both transmittedlectricallyby serial transmissionver a cable oread from a

Standard MIDI File (SMF). An SMF has the file extension (.mid) of which th@recargnon
types.t @ LIS n dzaSa | aAy3atsS WGNIO1Q F2NIILff AyF2)
which can beuseful for dividing out information for different instrumentas type 1 is the

most relevant format for this project, this will be examined furth€igure2 shows the

contents of a SMF, opened with thesual Studio Code Hex Editor extension.

SMFs are split into chunks, that have -byte identifier string, 4ytes for number of data

bytes, and then the chunk data. The identifier strings can be the Hé&ad& G NR v, 3> G a ¢ K
0KS GNI¥ O1 &dhelyouyf & bhis i§ showkJFigube3d. The header chunk of a MIDI

file defines some important information such as themmer of track chunks in the file. Each

track chunk contains information aboutow one instrument is supposed tplay, or
synthesizea tune.

Header Chunk

“MThd” length format ntrks division

Track Chunk

“MTrk” length MTrk event MTrk event

Track Chunk

}‘

“MTrk” length MTrk event MTrk event

Figure3 General layout of MIDI chunks

2.1.2.1 Header Chunk

All type 1 MIDI fileswhichcontain multiple tracksmust start withthe46 @ ¢S a G NA Yy 3 da
or 0x4D546864This symbolizes the startof aMIDéfandil KS 0 S3IAYYAy3I 2F | K
This is followed by 4 bytes defining the length of data in the header chunk in byieseadr
datalengthwill always bes bytes which ismade up of 2 bytes for the MIDI file type, 2 bytes

for the number of traks, and 2 bytes for the timing definitiohhis is shown ifablel.



The timing definition, or division, can have two formats. If it starts witth@,other bits will
define the timingin ticks per quarteinote/beat. If it starts with 1the other bits will define
frames persecond and ticks per frame, however this format is rare.

A common header chunk will therefore be:

Tablel Examination of a SMF header chunk

chunk type length format ntrks division
0x4D546864 0x00000006 0x0001 0x000B 0x00CO0
Ga¢ KR O 6headerdata  Typel 11 track 192 ticks per
type bytes to follow  Standard MIDI chunks to beat

file follow

2.1.2.2 Track Churk

Following the header chunk are the track chunks. Track chunkso$tdike a header chunk,
RSTAYAY3I GKS OKdzyl G&LIS -bytestadefindtheicBunkdeNgthn En 5 pr
The structure of the track data is different to the header data.

The tra& data is separated intMTrk, ortrack events, which are made upf deltatime and
a command/eventFigure3 shows where these events are in relatiamthe beginning of a
chunk.

Delta time describes the time that has passed since the previous event, given in ticks, the
resoluty 2F GgKAOK ¢l a RSAONAROSR Ay (GKS KSIRSNJ
f Sy 3idK .I[frdglaffolvsi 4yt @umbers p to OXOFFFFFFF to be represented, while
smaller values such as Ox7F are still represented in 1 byte, saving space. When reading
variable length numbers, 7 bits are used per byte, i.e. (value &,Gx7fjask of the value and

the first 7 bits of a byteThe most significant bit in everlyte, signals whether morbeytes

follow, or not. Ifthe value masked with the MSB of the byistrue, i.e. (value & 0x80)k

further byte is included in the variabkength number,until it is false. For example, the
maximum representable variablength quantity OXOFFFFFFF is represented by OXFFFEFFF7F

as shown inrable2.

The event related to delta time can take one lfae forms:

1 Meta-event

1 MIDI event

1 Sysex event
CKS F2NX¥IG 2F (KS&aS S@Syida Oly @FNEBEI K2gSOSN
defines the type of messages. The status byte sl followed by one, or multiple, data
byte(s). Status bytes aiin the range of 0x8 OxFF and data bytes are Ox00x7F. This way
GKSe OFly 6S RAAGAYIdzAAKSR 0@ gKSGKSNI I 060@dSCc
and related data are ignore@s opposed to throwing an error.



Table2 Variablelength quantity number vs. representation

Step 1: Original Number

Hex umber by OxO0F OxFF OxFF OxFF

byte

Binary number 0000 1111 1111 1111 1111 1111 1111 1111
Step2:Separate@3 A 1a LISNJ 0eiGST FRR O2ylAastdytdi A 2y 06
7 bits per byte 1111 111 11111 11 11 1111 1 111 1111
Continuation  Cont. Value Cont. Value Cont. Value Cont. Value

bit when 1 1111 111 1 11111 111 11 11111 0 111 111
numbers

follow

Step 3: Variabldength representation
Binaryrepr. 1+1111 111 1+1 111111 1+11 11111 0+111 1111
Hex repr. OxFF OxFF OxFF Ox7F

2.1.2.2.1 Meta-Events

Meta-events specify sontelated information, such as key and time signatures, track names,
etc. The begin with OxFF, followed by the type of meteessage, and the number of data
bytes as a variabieength quantity.

The metaevents important for this project are:

1 Track Name (0x03): Used to label a track, often with the instrument intended for the
track. After the length, string text is used to defirlbe name. For example, if the
AYAGNXzySyd yIYS Aa aG.laaés GKuacknamesf 0S5 S
a metaevent, the message starts with OxFF; followed by 0x03, for the type track
name; then0Ox04 to represent the data lengtl bytes, ashere are 4 ASCII characters;
GKSY FAylrtftezr GKS ' {/LL AGNAYy3A 4.l aaé¢o

1 Instrument Name (0x04): Ake track nameeventexists, this metaevent is not used
much. The use is the same.

1 End of Track (Ox2F): Naptional meta event to signal the end of a tra¢kdoes not
have any data bytes: OxFF2F00

1 Set Tempo (0x51): This defines the tempo in microseconds per guarterand can
0S dzaSR (2 OFftOdzZ 4GS | &az2y3aQa oSl da LISNI
bytes of data, for example: OxFF03 + X020 This specifies a tempo of 5@D0O
microseconds per beat, which is equivalent to 120 beats per miniité: O

—— p 1t @ mif this message is missiragdefault tempo of 50@00 ps/quarter-

note isassumed.

1 Time Signature (0x58): Defines the time signa, or beats per bar, of a song. The
length of this message is always 4 bytes, made up of 2 bytes for the numerator of the
signature, 2 bytes for the denominator of the signature, 2 bytes for the rermalh
MIDI clocks in a metronome click, and the numlwdr notated 329 notes per
beat/quarter note. The denominator is given as a negative power of 2, feT@
define a time signature of 4 quarter(1/4) notes per bar, with 24 MIDI clocks per quarter



note, and naturally 8 3% notes per quarter notethe following byte code is used
OxFF5804 + 0x04 + 0x02 + 0x18 + 0x08, where 0x02 results in the denominator of 4.

1 Key Signature (0x59): Always a length of 2 bytes, with the number following the length
speciling the number of flats if negative and the numbersbfarps if positive. 0
indicates a key of C. The second data byte specifies a major key if 0, and minor key if
1,i.e. OXFF5902 + 0x01 + 0x00 translates to a G major key.

Meta-events such as tempo andtYS &aA Iyl G dzNBE I NBE &2 MBIR AY
subsequent tracks contain the instrumental performances with the track name and end of
track meta messages.

2.1.2.2.2 MIDIEvents

MIDI events are specified to be on a channel, from 1 to 16 (which is @slEd, where N is
channelnumber). The two most common MIDI events a¥ete Offand Note On Both have
a similar structure, with two data bytes that specify note number and key velddiye
numbers range from @ 127, with a convention of Note 0 being @hd Note 127 being &
where dl notes are 1 semitone aparthis distribution is shown ifable4. The subscript
denotes octaves;1 being a much lower frequency than 9, as seeRigure4. Velocity, #s0
ranging from 0127 defines the speed at which a key is pressed/released. This relates to the
volume of a key press, where a Note On message with a high vakpyceived as louder.
If a Note On message has a velocity of 0, this is equivalent twea®ff messageExample
MIDI events are shown ifable3.

Table3 Example usage dRote Orfand WMote OffChannel Voice Messages

Status Byte Data Bytes
Note Number Key velocity

Note On 0x90 0x3C 0x40

Note On, Channel 1 Note 60 = ¢ Averagelevel

velocity

Note Off 0x80 0x3C 0x40

Note Off, Channel 1 Note 60 = ¢ Average velocity
Note Off 0x90 0x3C 0x00
(alternative) Note On, Channel 1 Note 60 = ¢ Off velocity

There are many dter messages that are MIDI eventsin the status byte is the channel
numberi.e. channell:

1 Aftertouch(OxAn for Polyphonic Key; OxDn for Chanri&l@ssure on a key while being
held. The wlyphonicstatus byte refergo pressure onan individual key Channel
aftertouch defines pressure for a whole channel.

1 Pitch BendOxEn) Varying the pitch of the note played.

1 Program Chang€é0xCn) Specify the type of instrument to be used for the given
channel.

1 Control Chang€0xBn) Control various functions in amsyesizer, such as pedals and
effects.



o Channel Mode Messagean extensiorof Control Change-unctions such as
turning all sound off and resetting all controllers on a channel.

2.1.2.2.3 Sysem Exclusive (Sg/9 Events

Sysex events, or system exclusive messadles; a manufacturer to define additional events
specific to their synthesez, which maynot exist already in the MIDI formathey begin with

0xFO, followed by a variable length number, like déhee, to define thenumberof bytes to

be transmitted, andend with OxF7The MIDI Association has made addenda to the original
MIDIstandard since its release, such as MIDI Tuning messages, which take on the sysex format
(MIDI Manufacturers Association, 1998owever, the implementain of this is optional, and

many software synthesizers do not recognizéem as seen ora list of DAW plugins for
microtonal tuning on the Xenharmonic Wig{enharmonic Wiki, 2021yvhere other tuning
methods than MIDI Tuning&hdard are common

2.1.3 MIDI Summary

Now that the standard MIDI file structuteas been introduced, the next section will explore
RAFFSNBY (G AYGSNILINBGFGA2ya 2F (GKS alL5L y23Sao
events corresponds to a frequendyowever,this frequency can vary based on which tuning

system is used.

2.2 TUNNG

2.2.1 Frequency/Cents

The pitch of a note in music is determined by the frequency of its wavdefine how music

is played, one note is defined to be a set pitch, and others are tumegélation to it. In
modern, western, music, it is common tone A, the A above middle C to 440Hz. This is
standardized in(International Organization for Standardization, 197%p describe the
difference in pitch, or interal, between two notes, frequency ratios can be use@.1 ratio,
describes an octave. This is the same note, played at a higher pitch. For example, with the
standard of A=440Hz, one octave highers,As 880HzEvery octave is divided into twelve
notes, the interval between each is known as a semitd@ieple integer ratios such as an
octave are known as just intervaldowever, it is impossible to defiradl possible intevals as

a ratioof small integers

Centsare a logarithmic measurement of inteals. An octave is measured to be 1200 cents.
An interval of n cents, between two frequencieshd & is calculated ashown inEquation

1. In equal temperament, the interval of a semitone is constant, so thatswepresented by

a semitone are 100 cents apart.

Equationl Calculating an interval between two frequencies, in cents

. . Q
€ pgqgrmr | g?)

2.2.2 Musical Systems
Instruments such as pianos are limited in the number oesat can play, by the number of
keys it has. This is the same for a MIDI synthesizer. The MIDI standard only allows for the use
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of 128 notes. By default, these notes are defined to be spaced kesrapart. Tabled shows
what notes the MIDI notes correspond to by defatilhe interval of a semitone can vary based
on the tuning system used.

Table4 Default distribution of MIDI notes

Note/ Octave -1 0 1 2 3 4 5 6 7 8 9

C 0 12 24 36 48 60 72 84 96 108 120
G/Dz 1 13 25 37 49 61 73 85 97 109 121
D 2 14 26 38 50 62 74 86 98 110 122
D3/ & 3 15 27 39 51 63 75 87 99 111 123
E 4 16 28 40 52 64 76 88 100 112 124
F 5 17 29 41 53 65 77 89 101 113 125
F3/ G 6 18 30 42 54 66 78 90 102 114 126
G 7 19 31 43 55 67 79 91 103 115 127
G/ Az 8 20 32 44 56 68 80 92 104 116 128
A 9 21 33 45 57 69 81 93 105 117 -
A3/ Bz 10 22 34 46 58 70 82 94 106 118 -
B 11 23 35 47 59 71 83 95 107 119 -
r3
»~ =
e = =
e E EE
4): 4 &
[ I‘:p.
o
&4 I # e
- -T ™ ™ 4 ™ & ™ ™ ™ ™
< = + C3 C4 C5C6C7C8 C9
A C1 )

~
Lod
-

Figure4 Comparison of a C over mulgpbctavegUser:Angr, 2021)

2.2.2.1 Justintonation

In just intonation, the intervals between nofeequencies are based on smaiteger ratios.
Table6 and Figure5 show the intervals that make up a twehene scale.Each of these
intervalsare 1 semitone apartJust intonation intervals are completely in tune with the note
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they are played with. Howevedue to the nonuniform intervals, the tuningcamot be
applied to fit different combinations of notes. For example, the major third interval from a C,
is an E, with a ratio of 5:4he major third is 4 semitones above unistirihe C is tuned to a
frequency of 300Hz, the E has a frequency of 379Hemajor third of an E would then be
&/Az, at a frequency of 468.75HZhat is another 4 semitones, so that the new note is 8
semitones above the origindHowever, this is also the minor sixth interval fréine original

C, which should be tuned to a ratio of 8:5, which is 480Hz. This shawi is impossible to

have just intervals between all notes of the song, and a compromise needs to be made to
keep the intervals approximate to their original but be apgble to all played notes. This
altering of intervals is known as temperament.

Tabk 5 Example comparing intervals and semitones.

Major third (4 semitones) Major third (4 semitones)
C G/ Dz D Ds/ EzE F Rl Gz G &/ Az
Minor sixth (8 semitones)

Comparison of tuning intervals

2:1 1 m Equal temperament # Ortave

® Just intonation
15:8 @ Major geventh

16:9 8 Minorseventh
5.3 & Major sixth
8:5 1 P Minor sixth
3:2 A B Perfectfifth

10:4 1 JPritone
4:3 B Perfect fourth
5.4 @ Major third
6:5 #PMinor third
9:8 B Major second

16:15 PMinorsecond
1:1 4 = Unison

Frequency Ratio

T T T T T T
0 200 400 600 800 1000 1200
Cents

Figure5 Equal temperament and just intonation compared by intervals

2.2.2.2 EqualTemperament

Twelvetone equal temperamenl2-TETis the most common tuning system used iastern
music. It splits an octave into 12 equal intervals, 100 centsV8rdbart. 12TET is meant to
approximate just intervals, while also being compatible with any key and scale. As the
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intervals are equalthere are no issues with the melody of tineusic creating pitch drift or
uneven intervals.

2.2.2.3 TradeOffs BetweenTraditionalScales
Figure5 and Table6 show the differences between equal temperament and just intervals i

a twelvetone scale. Both havieenefitsand drawbacks. While equal temperament is @ewn
perfect tune, just intonation also has this issue when music is not played in one single key.
(van Steenhoven, 201@jves many exames of different tuning systems, which are all limited
due to the constraints of physical instruments.

Table6 Comparing 12ZTET with just intonatiofWikipedia, 2021)

Name

Unison (C)

Minor second
(G/D3)

Major second
(D)
Minor
(DB/EZ)
Major
(E)
Perfect fourth
(F

Tritone
(R/G3)

third

third

Perfect fifth

(©)
Minor
(&B/AZ)
Major
(A)
Minor
seventh
(A3/B3)
Major
seventh (B)

Octave (C)

sixth

sixth

Exact value Decimal
in 12-TET value in
12-TET

— 1

C p

— Vic 1.059463

— = 1.122462
< UiC 6

—  ~— 1.189207
c Vic 8920

— 1.259921
— I/Ic_c 1.33484

—  ~— 1414214
q g

— 1.498307

Vp ¢ W

— 1.587401

—  ~— 1681793
G Ny

— ~— 1781797
c Vo ¢ 8179
- 1.887749

N Tt
— 2
C

Cents Just
intonation
interval

0 My=1

100 ™ G =
M®PdPrnccc

200 pd=1.125

300 c3=1.2

400 pa=1.25

500 na3ar =
MPOOOO

600 T = 14
M Jv vV =
1.42857...

700 o02a=15

800 ys3=1.6

900 p¥ =
M®Pcccc

1000 MmeV =
MDOTTTT

1100 M p¥1.875

1200 H¥=2

12

Cents in Difference
just

intonation

0 0
111.73 -11.73
203.91 -3.91
315.64 -15.64
386.31 +13.69
498.04 +1.96
582.51 +17.49
617.49 -17.49
701.96 -1.96
813.69 -13.69
884.36 +15.64
996.09 +3.91
1088.27  +11.73
1200.00 O



2.2.3 Soft Synths and Tunigscl/kbm)

Most synthesizers apply equal temperament tuning by default and need to be configured to
change at what frequency tones are play@dist of DAW plugins that allow microtonal tuning
can be foun on the Xenharmonic WikKenharmonic Wiki, 202,1)he most common tuning
methods are scl/kbm files and tun fil&his project will use the former, the Scala scale file
format and keyboard mappingsvhichare documented at(de Coul, 2021and (Scala help:
Mappings, 2021)

It will use Scala scale files (scl) and keyboard mapping (kbm) files to inform the synthesizer
what frequency to tune a note tdn both scl and kbman exclamation mark (!) specifies a
comment. The firsnon-comment line in the scale file format is a description of the scale. The
second line contains the number of note tunings specified in the file. All further lines describe
pitch intervals. When an ietval is given in cents, it needs to contain a péyriif an interval

is given as a frequency ratio it must be given as an integer, or fraction separated by a slash.
The unison interval, 1/1 or 0.0 cents, is left out in a scaleHdeexample, a .scldidescribing
12-TETis shown irListingl. The program of the project will provide cents values for all 128
MIDI notes.

I'D: \12 Tone Equal Temperament.scl
|
12 Tone Equal Temperament | ED2 -12 - Equal division of harmonic 2 into 12 parts
12
!
100.00000
200.00000
300.00000
400.00000
500.00000
600.00000
700.00000
800.00000
900.00000
1000.00000
1100.00000
2/1

Listingl Example of the contents of a scalenat (scl) file.
The kbm, or keyboard mapping file, define how the intervals provided in a scale file map to a
MIDI instrument. For example, the IET scale above, could correspond totilelve-tone

C scale, startingt middle C, or MIDI note 68n exanple kbm file for wherhe scale is tuned
relative to standard A440Hig given irListing2.
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I Template for a keyboard mapping

!

I Size of map. The pattern repeats every so many keys:

12

I First MIDI note number to retune:

0

I Last MIDI note humber to retune:

127

I Middle note where the first entry of the mapping is mapped to:

60

I Reference note for which frequency is given:

69

I Frequency to tune the above note to (floating point e.g. 440.0):

440.0

I Scale degree to consider as formal octave (determines difference in pitch
I between adjacent mapping patterns):

12

I Mapping.

I The numbers represent scale degrees mapped to keys. The first entry is for
I the given middle note, the next for subsequent higher keys.

I For an unmapped key, put in an "x". At the end, unmapped keys may be left out.
0

0
1

P RPO0O~NOOUOPWNE

Listing2 Example of the contents of a keyboard mapping (kbm) file.

2.2.4 TuningSummary

The tuning section examined how frequencies are allocatetbtes for music, and a format
that a software synthesizer can use to apply customizedng. The next section will talk
about how the frequencies of multiple music notes interact, andltbey can be measured
to be more, or less, pleasant than another.

2.3 CONSONANCZRISSONANCE

2.3.1 What is Consonance/Dissonance?

In relation to an interval in musiconsonance relates to how pleasant or agreeable two
sounds are together. Dissonance is t@ppositeandcan sound imperfedi_ahdelma & Eerola,
2020) For reasons not fully understoodumans simple, small integer, ratios between
frequencies sound the most consongfchellenberg & Trehub, 1994 the frequency ratio
moves away from these small integer ratios, humans perceive the sound to be more
dissonant.

2.3.2 Graphand Formuladehind SensoryDissonance vdrequencyRatio
Sethares(Sethares W. , 1993ntroduces Equation1, a formula to calculate dissonance
between two sinusoidal frequencies:
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Equation2 Dissonance between two sinusoids.

Qv vL Q ¢ ¥ Qo ¥
Wherefiand b NB G KS & Ay dza 2 A Raad® aré tN& ljedpScyiv® antplituBies I y R
W o0 L vi — where'Y ] Ti T3t ¢, @ndi P W
When a tone is played, it is made up of the fundamental frequency, or pitch, andlpafithe
partials are higher frequencies than the pitch frequency, with smaller amplitueigare6
shows the difference between a pitch and the tirebof a note.How these partials are

distributed in the frequency spectrum depends on what instrument, or synthesizer, they are
played on.

»
>

F4 | G4 A4\ B4 | C5

349Hz 392Hz A440H 494Hz 523Hz

Amplitude

440 ]
Frequency (Hz)

Figure6 Example of difference between pitch and timbre.

To calculate the dissonance ofienbre, and any other notes played at the same time. The
dissonances can be summed up as showBqguoation3.

Equation3 Sum of the dissonances of timbre and simultaneous notes played.

, whered is the number of fundamental frequencies played together i.e. pitdfegparate
notes, anc is the number of partialsf each timbrew andw represent the ratio between

a partial frequency and the fundamental frequen®andQ, respectively. For example, if a
timbre is made up of 3 sinusoids; partials, of the frequencies 500HZ000Hz and 1500Hz,
where 500Hz is the pitch, or fundamental frequency, f, then a would be [1, 2, 3], so that a*f
is [500, 1000, 1500]. The amplitudesandb include the smaller amplitudes of the partials.
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sensory dissonance

YN

11 6/5 5/4 4/3 3/2 5/3 2/1
frequency ratio

Figure7 Exampé of a dissonance curve.

Figure7 shows the dissonance between a note with 500Hz pitch, with 6 partialaaadge

of higher pitch frequenciesith 6 partials up to 1150HzisingEquation3, so thatd C,
ande ¢@. Example values for one calculation, between pitche§00Hz and f,, 1000Hz,

are given ifrable7. The figure shows the trend that small integer ratio intervals have smaller
dissonance.

Table7 Values corresponding &m example dissonance calculatidretween 2 notes, with 6 partials each

a f Y, a*fq a*fz

1 500 1.00 500 1000
2 1000 0.88 1000 2000
3 - 0.77 1500 3000
4 - 0.68 2000 4000
5 - 0.60 2500 5000
6 - 0.53 3000 6000

2.3.3 Consonance/Dissonance Summary

This section covered how music can be quantified to be pleasant or unpleasant. The next
section will use this information inside aptimizationalgorithmto reduce dissonance in a
tune.

2.4 DYNAMIJUNING

2.4.1 lteration Algoithm
Equation3 can be used throughout a tune, to reduce the dissonance of simultaneous notes,
or chords, in a MIDI fil&SetharegSethares W. , 1994)yoposes the use of a gradiedéscent
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algorithm as a solutionEquation 4 is an iteration which updates played frequency
descending the steepest gradient.

Equationd Iteration of a gradient descent algorithm to regudissonance.

00 o o0 - 20
L vToX

Where™Qis one oft frequencies played at a given timijs the step size, and the gradient
approximates the partial derivative of the sum of dissonances, with respétt to

Ais chosen so thathe gradient, changes the frequency at an appropriate rate, so that
dissonanes decrease without changing the identity of the tune.

2.4.1.1 Gradient Calculation
The calculation of the gradient proposdyy SetharegSethares W. , 1994% shown in
Equationb.

Equation5 Gradient / Partial derivative of dissonance sum.
- ——Q @ (o "Qho
aQ aQ

Where m is the number afotes/pitches, n is the number of partials. Herésfconstant so
that the fundamental frequency of the note adaptedinK S I f 3 20NTR (CKKYS ARES NRFD |
the elements within the triple sum are shownHguation6.

Equation6 Derivative of the equation for dissonance between two sinusoids.

’Q_‘QQ meoh) ) )
v ooy W pggR 0 W G 000 L G
I'p 0] i 0] i O] i O] i
o 0 OB i A@E,(‘mj MQ Q IROANC) i AQE,gﬁ M Q Fl o G
VT @ @ @
u 0 o

2.4.2 Dynamic Tuning Summary

This section explored an algorithm to reduce dissonance in a combination of notes. The next
chapter will dscuss how information from this section and the rest of the chapter can be used
in practice.
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3 IMPLEMENTATION

3.1 READING ANBREPARINMIIDINOTES

3.1.1 Parsing

Thecustomprogramfor this projectis written in the Python programming language. Python
was chosen du& Mido? which is a convenient library to deal with messages in a MIDI file.
The program takes in a MIDI file, which can be found on websites such as BitMidi

To store information on the played notemyy Odza i 2 Y Wb2( Sa 8sediThaSQ Of
Wh 2 (1 § a5 OthelfalldvingéttriButes:

1 Notenumber.
1 When the note was turnedn.
T ¢KS Wb23GS hyQ @St20A0ed
T Whenthe notewas turnedoff.
1 What channel the event ason.
1 What track the note is played on.
When parsing through thMIDIF A £ ST | faA3a (3 s avaneJockiaay track
OKdzy 1 @ 2 KSyMIDIS@®@ii SAhyREF R | ySg WhhéESaSaal

RFEGF gAGKAY { gSforéhamhél, Sotenyniber,YaBdavaldcity are saved to the

attributes as part of the obje@ constructor, along with the track number it was played,on

and the total delta time that has elapsed beforetheevénK Sy | Wb2GS hTFQ YS:

theprogZNI ¥ t221a& F2NJ GKS tFad Wwb2iSaSaal3asSqQ GKI

onthesametr 01 YR OKIYyySft®d ¢KS y20S 2FF GAYS |44

GKSy aSid G2 GKS G241t RStfGF GAYS LI aaSR o0S¥2

My program keeps track of the total delta time that has passed, by summing thetdekta

in evely MTrk event for every track chunk. This total delta time is reset to 0 for every new

track. However, the maximum delta time is stored to a new variable, sdhldength of the

tune can be calculated for debugging purpos&sQd Q& i8 0 @ G YO0 Qi
"YQAaRAT ETOQD Q& TpninaKSNBE (SYLR2 A& NBFIR FNRY

meta-event, as described iMeta-Events and division is read from the header chunk, as

described irHeader Chunk

The programfB a2 NBIFRA&A WENI O] bl YSQ 2N WL yMeta-NHzy Sy i
Events» LF¥ SAGKSNI S@Syd 02 ywWd2lySa 9 aiti dabSiaedNiniysai 2 F
is filtered out of the final list passed to the algorithm. This is because drum salandst

follow the pattern of most instruments of being described as notes that have a pitch, and they

are not tunedto a specificrequency While they are represented by note numbers in MIDI

files, these note nhumbers do not correspond to the noteJable4. The synthesizer would

assign the notes té 2 dzy Ra a dzOK | &K | (iKaSe MIDEacksl Feleting2tdNtheW K A

4 Source Codéttps://github.com/mido/mido/ Documentationhttps://mido.readthedocs.io/
5 https://bitmidi.com/
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playing of drums carry different information to the other tracks, they would skew the general
key of the song, without adding valuable information, in relation to tuning of indalid
instruments.

Figures8, 9, 10, and 11 show examples of plots generated to show the MIDI note spread
across diffeent tracks in various MIDI fileShese graphwiill be used as a reference for the
range of notesn tracksby comparsonsbetween tuning systemsSome songs, such as in
Figurell are more chaotic, with tracks that span a largeiety of notes. The song iRigure

8 has much less tracks, and the notes tend to have a smaller range.

Note on times for country roads.mid, by track

Track 4 e LI [ ] e
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° oe o0 °e
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70 - Track 9 meee
—_—— el @ " e

S Setaal "L RoTal L Senls o Sonte T )
GOMNID G0 © GBI @06 S aneEREY
60 7 -i-----_---i ;e e

MIDI Note Number

T T T T T
0 10000 20000 30000 40000 50000
Time (ticks)

Figure8 Notes from a MIDI adaptation of John Denvéake Me Home, Country Roads
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MIDI Note Number

Note on times for imagine.mid, by track
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Figure9 Notes from a MIDI adaptation dbhn Lennog Imagine

MIDI Note Number

Note on times for pirates_original.mid, by track
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Figure10Notes from a MIDI adaptation &flaus Badek He's A Pirate
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Note on times for rhapsody original.mid, by track
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Figurell Notes from a MIDI adaptation @ueen Boheman Rhapsody

3.1.2 Simultaneous Notes

WhentheMIDIFAf S KF&d 06SSy NBIFIR (2 (GKS FAYyAaKXI | yR
0SSy FaaArdaySR (G2 I Wpb2iSaSaalaSQx pldgdlatt Aad 2
the same time can be tuned to be n@harmonious. This is the case when the note time

attribute 2 ¥ | Wb 2 (i Squsl dozahofhé& QlayddZon the same instrument track.
Simultaneous notes are grouped by this attribute, within the list deaaon a track, and then

sorted again so thahe notes are in ascending order within the groups.

Figuresl2, 13, 14, and 15 show examples of plots generated to show simultaneous notes
played in MIDIfilest KA &4 &aK2¢Ol 4S5S4 GKS LINRPAINI YQA FoAf AGE
in determining how notes are related to ea other and for spotting trends for how many

notesare grouped and over which range in a sohge number and range of simultaneous
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notes inFigurel5 are much largethan inFigurel2. This indicates that the latter may see

more of a dissonance reduction.

Simultaneous notes sample from country roads.mid

fﬂHﬁfthﬁWH‘ %ﬂﬂﬂf

Time (ticks)

Figurel2 Sample of simultaneous notes highlighfeaim a MIDI adaptation of John Denvérake Me Home, Country Roads
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Simultaneous notes sample from imagine.mid
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Figurel3 Sample of simultaneous notes highlighted from a MIDI adaptatidolofiLennong Imagine

Simultaneous notes sample from pirates_original.mid
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Figurel4 Sample of simultaneous notes highlighted from a MIDI adaptatidfiaafs Badek He's A Pirate

23



Simultaneous notes sample from rhapsody original.mid
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Figurel5 Sample of simultaneous notes highlighted from a MIDI adaptatidpuefen- Bohemian Rhapsody

3.2 ALGORITHM

3.2.1 Baseline Frequencies and Cents

My algorithm works off the baseline frequencies of equal temperamé&hese frequencies

are shown irFigurel6. This plot also showcases the expatial scaling of frequencies as the
notes increase, which is the reason for the logarithmic scaling of cAstshe MIDI note
number increases, the frequencies scale more. The adjustments to frequency tunings need to
adjustaccording to this
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Default frequencies of MIDI notes
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Figurel6 Baseline frequencies used before tuning.

3.2.2 Tuning track by track

The tuning algorithnof Equation4 is applied track by track. The step size is adjusted based
on the distribution of the simtineous notes played within a track. The grandiealculation

will be larger for higher dimension, large variance gradient calculations, e.g. if there are 4
notes played at once, ranging over more than an octawe limit this from happening, a
maximum chage of 4 cents is enforced. This way ttiee \ariation in thefrequencies cannot

be blown out of proportion byne or twolarge gradiers, as the change will be reduced.
Cents are used so that the change is proportional to the exponential frequencygssaén

in Figurel6.

Someexperimentaltweaks were made to fine tune the algorithm:

1 If the change of a note frequency exceeds a threshold, the rate of ehanigmited
e.g. atotal chang over multiple iterations that would resuh a frequencyarying by

over50cents will be limited¢ KA & G¢SIF1 61 & 1SLGE G2 1SSLI

1 If achangen frequency results in higher dissonance, the change will first be inversed,
so thatthe negative change to a frequency will instead pesitive. If this change
results in improved dissonance the change is kept, otherwise no change is Tiasle.
tweak proved useful to decreaslissonance in a tune and was kept.

1 As the partials of the final syn#isizer are unknown, the same values asable7 are
used to create the timbre of the tuning frequenci@shis tweak was kept, to reflect
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the applicaton to a synthesizer more truly than just comparing dissonance between
pitches.

1 [tried to fixa random notdor every chord of simultaneous notesth the intent that
if a frequency is fixed and others adapt relative to it, the algorithm will execute
quicker. However, thigdid not yield muchmprovement andl removedit.

1 | used dogarithmic step size scalifgfore the implementation of a maximum cents
change My program indexedraarray of step sizes based on the current note played,
so that larger freqancies see proportional changes. This became obsolete with the
implementation of limiting change to dentsandwas removed

My algorithm stops iterating over a note pitch, when adite pitchesat one point in time
change less than 0.1 fpm their previus iteration When all simultaneous notes in all tracks
meet this criteria, the scale file and keyboard ppang files are generated, as discussed in
section2.2.3 Unique pairs ofhesefiles are generated for every tracko that they can be
applied on an instrumenby-instrument basis

As these tuning files onlyllaw one frequency for every note per file, a lot of my tuning
Ff3I2NAGKYQa LRGSYOGAlrt A& ¢ladtSRe LG KlFa GK
frequency combinations for notes at any point of a song, however the findemgmntation

used by a syntr®zer only uses one of these frequency combinations. The algorithm operates

on the basis that a note frequency is retuned in real time. This issue arises due to a lack of
options for MIDI note retuning. The new MIDI PolyphoniprEssion(MIDI Manufacturers
Association, 2018)JJIN2 @Sa (G2 o6S | LINBYAAAY3I 2LGA2Yy (G2 A
when applied to a synthesizer and exploring the application of this could be the next step for
future work.

3.2.3 Comparison Metrics

In order to quantify the success of the algorithm, the dissonance measubkgoétion3 is
calculatedfor notes played at all pots of the song, before any adjustments to frequency are
made, andagain after. The dissonare sum across all simultaneous notes can then be
compared between tuning systems to find which gives the smallest overall dissonance.

As an experimenthie frequencesresulting fromdynamic tuning are compared track by track
to the dissonanceof a univeral equal temperament tuning such askigurel6, and a just
intonation tuning, tuned relative to Gzigurel7 shows the just intonation frequencies used
for comparisorto the dynamic tuning. The intervals useadhose inTable6, and tunedso
that Cis the unison/octave intervalThe comparison will act as a control to show if my
implementation of dynamic tuning will also have reddceissonance compared to other
tunings than its baseline.
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Just intonation frequencies tuned in the key of C
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Figurel7 Just intonation frequencies used for comparison.

3.2.4 Hyperparameter Tuning

Parameters such as thalue of maximum change aentsper iteration can be evaluated viit

the dissonance measur&he reason cents are used, is because of the exponential scaling of
frequency for the notes; a 1 Hertz frequency change is more significant at lower frequencies
than higher frequenciesrigure18 and Table8 show the difference between dissonees
when changing the maximum cent change value. It is shown that 4 penigeration have

the lowest resulting dissonance for thisne, and this result isisiilar in other tunes4 cents

are close to 0.5Hz, when the fundamental frequency is 200 Hzjratd Hz wheiit is in the
400s; over 2 Hz in the 900s ettimiting the frequency change to 4 cents allows the algorithm
to find a local dissonance minimum, igh may not be found when large changes are made
at once.lt also stops the gradient from expliod) after multiple iterations of large changes.
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Figurel8 Comparison of impact from changes in the maximum cent change hyperparamébéal dissonance

Table8 Comparison of impact from changesfie maximum cent change hyperparametertotal dissonance

Track | Maximum cent change
1 2 3 4 5 6 7 8
4 38.88 1 37.10 3485 |34.41 3442 3469 34.64 34.80
5 0.61 061 0.60 0.62 0.60 0.65 0.62 0.63
6 5155 ' 51.76 5256 52.86 | 52.87 53.66 |53.03 53.66
8 0.89 0.89 0.93 0.93 0.95 1.03 1.02 1.06
9 0.42 0.42 0.42 0.42 0.42 0.43 0.42 0.43
92.36 1 90.79 1 89.35 89.25 89.26 | 90.47 | 89.73 | 90.58

3.3 MIDIINPRACTICE

It is now possild to take the original MIDI file, along with the generated scale file (scl) and
keyboard mapping (kbm) files, and apply them to a software synthesizer, such as those
mentioned in section2.1.1 | tested his with success using the Surge plugin inside the

REAPBERIigital audio workstation.

3.4 IMPLEMENTATICBUMMARY

Now that the method of my dynamic tuning algorithmasexplained the next chapter will
explore and discuss the results of its applicatibmvill be comm@red to the baseline, twelve

tone equal temperament, and a control, just intonation, tuned relatioeCt

8 https://www.reaper.fm/
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4 RESULT& DISCUSSION

4.1 DISSONANCEOMPARISON

4.1.1 Results

The following figures and tables showcase the dissonances calculated between all
simultaneous nags on a track by track bas@@bservations will be made after each figure and
table pair, with a morgeneral and detailed discussion following.

Total dissonance across tracks in country roads.mid

B Equal Temperament
B Just Intonation (C)
B Dynamic Tuning

Dissonhance

™o
— S
. B —
6 i 8
MIDI Track Number

0.5

w~0.5
0.4

Figure19 Dissonance comparison for a MIDI adaptation of John Derate Me HomeCountry Roads.

Table9 Dissonance comparison for a MIDI adaptation of Jo&mvBr- Take Me Home, Country Roads.

Track | Equal Temperament Dynamic Tuning Just Intonation (C)
4 39.89 34.41 39.59
5 0.82 0.62 0.74
6 59.78 52.86 60.44
8 1.24 0.93 1.01
9 0.49 0.42 0.48
102.20 89.25(-12.67%) 102.26(+0.05%)
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Figurel9 and Table9 show large relative decresas in the dissonance when using my tuning
approachg Dynamic Tuning. It saw a total 12.67% decreasapared to equal temperament

with track 4 and track 6 having a high proportion of the decrease. Track &acid6 are the

biggest tracks in the MIDIIdi Therefore, they make up 12.4 out of the .23 dissonance

decrease, or 95.75% he control, just intonation, has a similar total dissonance tegual
temperamentTNF O1 n A& fFoSt€fSR Fa | W. | A¥DAzAIGNI NI TT
GNFO1 vy Fa W+xA2f Ay QT GNIO]l o da WaSt2z2ReQo

Total dissonance across tracks in imagine.mid
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Figue 20 Dissonance comparison farMIDI adaptation oflohn Lennog Imagine.

Table10Dissonance comparison for a MIDI adaptation of John Legihmoagine.

Track | Equal Temperament Dynamic Tuning Just Intonatian (C)
1 136.85 130.11 128.52

2 6.70 5.90 6.59

3 9.30 8.03 8.04

4 0.26 0.23 0.26

5 9.02 8.59 8.39

6 123.36 105.07 123.29

285.49 257.92(-9.66%) 275.09(-3.64%)

Figue 20and Table1l0show a MIDI fe containing 6 tracks. The larger changedissonance
happen in Track 1, 2, 3, 5, and 6. Dynamic tuning has a 9.66% reduction in dissonance over

30



equal temperament. Of this change, track 1 and track 6 mak& Tpand 18.29, respectively,
out of the 27.57 total change. This is a 90.8% dissonaremiuction from 2 of the 6 tracks.
Here, just intonation also saw a dissonance reduction of overc8fpared to equal
temperament which is smaller thamy dynamictuningimplementationby 6%

Total dissonance across tracks in pirates_original.mid
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Figure21 Dissonance comparison fof Klaus Badelk He's A Pirate.
Tablell Dissonance comparison for of Klaus Badei's A Pirate.

Track | Equal Temperament Dynamic Tuning Just Intonation (C)

1 59.40 54.82 58.95

2 150.42 150.42 148.50

3 0.57 0.39 0.54

210.39 205.62(-2.67%) 208.00(-1.14%)

In Figure21 and Table11, a song with 3 instrument tracks is examined. The tracks with
significant changes to dissamee, track land track 2, refer to the right hand and left hand of

a piano, respectively, according to MIDI metgents. For this song, dynamic tuning saw a
small reduction in dissonance, 2.67%, compared to equal temperament. The just intonation
scale useas a contrbhad almost half of that reduction. In track 2, no reduction in dissonance

is seen in dynamic tuning, so that all reduction is because of reducing dissonance from track
1. For comparison, in just intonation, the reduction is more evenly Higkd.

31



Dissonance

400 4

300 +

2004

100

Total dissonance across tracks in rhapsody_original.mid

3.5

T im

0N«

N

So

mmm Equal Temperament
I Just Intonation (C)
BN Dynamic Tuning

~Nen
O i

MIDI Track Number

Figure 22 Dissonance comparison farMIDI adaptation oQueen Bohemian Rhapsody.

Tablel2 Dissonance comparison fatMIDI adaptation oQueen Bohemian Rhapsody.

Track EqualTemperament Dynamic Tuning Justintonation (C)
1 4.40 2.25 4.18
2 0.51 0.42 0.50
3 375.59 443.50 363.24
4 111.19 65.55 109.55
5 120.85 144.97 115.53
6 29.07 31.09 28.14
7 23.08 22.69 21.04
8 9.54 8.62 9.01
9 11.23 8.17 11.03
10 10.14 7.38 9.97
11 0.20 0.37 0.19
13 36.23 35.48 35.60
732.02 770.49(+5.26%) 707.98(-3.28%)

Figure 22 and Table12, show the comparison of dissonanclkeange of a complex song, with

12 different tracks. Thesé NI O1 a> Ay 2 NRSNE2 GFNB afuloxS tU[ SR Rl ¢
Wt Al y2Q3 W, 3aQ W{INAYIEQZ W K2ANRXI Y. NIaaQ
We¢AYLI YA 5NHzYQd h¥ GKSaS wmuH (NI O] @E tuning G NI O &
sees an increase in dissonanaver equal temperament. While there is a decrease in most

tracks, track 3, trac5, and track 6 see increases large enough to shift the total into positive
numbers. Without a change in these 3 mentioned tracksadyic tuning would have reduced

32



dissonane by 55.48, or 7.58%ust intonation sees a decrease in dissonance compared to
equal temperament, however, in tracks other than track 3, 5, and 6, dynamic tuning has less

dissonance.

4.1.2 Discussion

In general, the alg@thm manages to fulfil its purpose ofdaacing dissonance across all tracks
The largest relative dissonance decrease is sedfigurel9 and Table9. Here dissonance
decreased by over 12% over 5 tracks. The lsiggeangsin dissonancere seen in Track 4
and Track 6, which are labelled as bass and guitar tracks respectively. As can bd-gpee in
8, they are both trackghat span about an octavéy dynamic tuning sysin seems to work
well for tracks with a small variety and range of noteégould therefore be suited to tuning

guitar and bass tracks, as these instruments span less octaves in the real world than, for

exanple, pianos.

Otherwise, the smallest dissonandecrease is shown iRigure21 and Tablel1. This could
be due tothe file being simplerleaving little room for improement There is no change
shown in track 2, which cdra LI2y Ra (2 GKS Wi STi KI yRQ
messages. This track only plays octaves, i.e. notes 12 semitoneskigare7 shows that
octaves have the lowest possible dissonance already, and thal éggmperament tuning
already uses a just interval octave, as seeffable6. Therefore, no improvement can be
made to track 2.

On average, my dynamic tuning solution results in about a ~5% decrease in dissdrmasce.
improves toanover 8% decrease in dissonance wiles 3, out of 26, outer tracks that saw
an increase are left unchanged.

The only file that resulted in dissonance after dynamic tunmgTablel2 or Figire 22. This
could be down to the song being quite chaotic when compared to thersthsed for testing.
The largest discrepancy can be found in Tracklt8¢ch is the piano track, according to the
FTAE SQa yges.tigureM Shdvisthat this is an expansive track, ranging overc4s0
notes.It seems that the algorithm does not perform well under these circumstances.

The dissonance comparisons show that the algorithm tfeebat decreasing dissonance in a

song when the range of nosds small. For tracks where equal temperament tuning is already

close to the just interval, for example the octave and major fifth tttal dissonancef equal
temperament and dynamic tuningill be similar.

An issuewith using the dissonance measurememethod for comparing between equal
temperament, just intonation and the dynamic tunimgthat it only considers the vertical
relationship between notes. The dissonance is only calculateddsstwotes that are played
at the same time, but ignores adjattenotes, that are played close in time and may still be in
GKS tAaG6SYSNRa SFENW LO Aa LlaairotsS GKIFG
considered, the results could differ.

Another caveat of this method is the use of estimated partialsndsable7. For a more exact

measurement of dissonance, on a synthesizer by synthesizer basis, the timbre of notes of
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each should be examined. It is pide that the outcome of the pitch adjustments will differ

if the partials used by the instrument are different.

4.2 EXAMPLEHANGES

4.2.1 Results

This section will inspect frequency changes of different tradkglIDI filesafter they were
dynamically tuned by myrpgram. These tracks were alsxplored in sectiom.1.1 To
visualize the changesa small range ofhe most frequentnotes within the trackswith the
biggest changes in dissonanoé each tunewill be examinedNotes withoutchange will be
omitted from the tablesas they were not used in the tracks at @bservations will be made
after each figure and table pair, with a more general and detailedudision following.

Frequency comparison for notes 30 to 49 on country roads.mid track 4
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Figure23 Frequency comparisan track 4of John DenverTake Me Home, Country Roads.
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Tablel3 Frequency comparison in traclo#iJohn DenverTake Me Home, Country Roads.

Note Frequency/Hz Difference compared tdaseline (12TET)
30 47.55 1.30
31 50.38 1.38
33 56.55 1.55
34 59.91 1.64
35 63.47 1.74
36 67.25 1.84
37 71.24 1.95
38 75.48 2.06
40 84.72 2.32
42 95.10 2.60
43 100.75 2.76
45 113.09 3.09

Figure23and Tablel3show notes between note 3F31) and 45(A2). To reduce disonance,

my dynamic tuning algorithm, has increased the frequencies of the notes compared to
twelve-tone equal temperament. The increase in frequencies, is in proportion to the
magnitude of frequencies. Note 30 saw an irage of 1.3z to a frequency o#i7.55. Note

45 is over twice the frequency, and saw over twiceftieguency change as wel change of
3.09 Hz
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Frequency comparison for notes 55 to 69 on country roads.mid track 6
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Figure24 Frequency comparison in tracloBJohn DenverTake Me Home, Countryp&ds.

Tablel4 Frequency comparison in traclobJohn DenverTake Me Home, Country Roads.

Note
55
57
59
60
61
62
64
66
67

Frequency
201.51
226.14
251.43
268.36
282.29
301.14
338.86
376.75
402.96

Difference comparedo baseline (12TET)
5.51

6.14

4.48

6.73

511

7.47

9.23

6.76

10.96

The examined notes higure24andTablel4range from MIDI note 56853 and note 6G4).
These notes saw a variation in increasesttucedissonanceThe smallest increase was note
59, with 4.48 Hz. The largest increase was 10.96Hmote 67.Note 59 is played more in the
track than note 67, as seen kgure8. As the sample size for note 59 is largergaould be
convergingo a frequency closer to its original.
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Frequency comparison for notes 50 to 64 on imagine.mid track 1
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Figure25 Frequency comparison in tracloflJohn Lennog Imagine.

Tablel5 Frequency comparison in track 1 of John Lerglomagine.

Note
50
52
53
55
56
57
58
59
60
62
64
65

Frequency
150.25
167.41
179.49
200.93
201.92
214.93
239.63
250.26
268.91
300.42
323.53
358.17

Difference compared tdaseline (12TET)
3.41
2.59
4.88
4.94
-5.73
-5.07
6.55
3.31
7.28
6.75
-6.09
8.95

Figure25 and Table15, shows notes 5@D3) to 65 (F4). To reduce dissonangeny tuning
system has both increased and decreased frequencies. The changes rangé.@9rHz to
+8.95 Hz, to the equal temperament baseliNeteswith larger changesuch as note 64 and
note 60 seem to bemoreregularly played in groups of¢® thannotes with smaller changes
such as note 59 and 52. The latter two notes are also often played alone.
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Frequency comparison for notes 35 to 49 on imagine.mid track 6
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Figure26 Frequencyxomparison in track 6f John Lennon Imagine.

Tablel6 Frequency comparison irettk 6 of John Lennayimagine.

Note
36
40
41
42
48
49

Frequency
67.34
84.72
89.76
95.25
134.49
134.79

Difference compared tdaseline (12TET)
1.94
2.32
2.45
2.75
3.68
-3.80

In Figure26 andTablel6, most notes show increasing frequency. However, note 49 decreases
to a similar frequency taote 48. These two notes are never played togetlsethe algorithm

is not trying to create a unison intervéh fact, note 49 is only played twice, both times with
note 36.Note 36 and 49 are 13 semitones apart. It seems that my algorithm is tuning their
frequencies closer to being 12 semitones apart,unyiig 36 up and 49 down. This would be

a just interval octave, the lowest dissonance interval, apart from unison.
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Figue 27 Frequency comparison in traclofiKlaus Badelk | SQa L t ANJ (S

Tablel7 Frequey comparison in track 1 of Klaus Baddlt S Q& ! t ANJ G4 S @
Note Frequency Difference compared tdaseline (12TET)
65 357.33 8.10
67 403.00 11.01
69 446.83 6.83
70 479.21 13.04
72 537.93 14.68
73 569.95 15.58
74 595.25 7.92
76 677.73 18.48
77 717.97 19.51
79 794.69 10.70

Figue 27 and Tablel7 frequencies from note 650 79 are shown.There is a pattern of the
magnitude offrequency increase being proportional to frequency magnitidi@vever, nots
69 (A4),74(D4) and 79G5) dosee smaller relative increaseBhese notes arelose totheir
just intonation tuning, relative to C. Thel®Dl key signature meta messa(gee setion on
Meta-Event3 mentions that this song isithe key ofFmajor’, howeverCmajoralso contains

"Major scales containnote, 2, 4, 5, 7, 9, 11 semitoneséabovervhksk
in Table6.
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