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Course Qutline

Building Blocks: Some basic concepts
Resonance: Building Complex Sounds
Hearing and the Ear

Musical Scales

Musical Notation; String Instruments
Pipe Instruments and Timbre

Human Voice and Singing

Chords; Harmony and Dissonance
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Chords

2 or more notes played simultaneously
— Commonly 3 or 4 (Triads or Tetrads)
— Normally chosen to sound good together

Require musical instrument capable of simultaneous notes
OR Multip/e

InStFUmentS
— NOT Singing Voice, Bowed Strings, Woodwinds, Brasses etc.  or Singe/.

— e.g. Piano, Organ, Guitar, Harp

Much more common in Western music than in other traditions
Frequently occur in sequences called Progressions
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e Combination of 2 notes
played together

* 3:2 Frequency Ratio

* Also called “Fifth Chord” or
“Open Fifth”




Frequency (Hz)

* Combination of 2 notes
The Power Chord S

2000 E— B —

- * 3:2 Frequency Ratio

1800 |- —
— * Also called “Fifth Chord”

1600 |- — _—

300 Hz
200 Hz
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Queensz of The Stone Age-Go WithTheFlow power chordzmp3 [Corfiguraton: Waveform)
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Frequency (Hz)

2000

1800 |-

1600 |-

300 Hz

e Combination of 2 notes
played together

The Power ghord

“Fifth Chord * 3:2 Frequency Ratio
* Also called “Fifth Chord”
The dirty little secret:

In the scales we have studied so far
there are no 3:2 frequency ratios!

4/19/24

— —  2.000
Example: —  1.888
Diatonic

Major Scale [ 1.682

(Equal Tempered) L 1.498 Good enoug\r\

' for human ears:

—> 1.335
—> 1.260
— 1.122
—» 1.000
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Note MIDI f Chromatic

Scale I
ol e Common Triad Chords
C6 || 84| 10465 (Based on Diatonic Scales)
BS 83 987.8 =
A#/BbS5 82  932.3 = Rula:
AT R ey a. Pick any note
GH/Ab5 80  830.6 ' any
G5 79  784.0 b. T Skip 1
F#/Gb5 78  740.0 c. T Skip1
F5 77 698.5
ES 76 659.3
D#/EbS 75 6223
D5 74 587.3
C#/Db5 73 5544
C5 72 5233

B4 71 493.9
A#/Bb4 70  466.2
A4 69
G#/Ab4 68 4153
G4 67 392.0
F#/Gb4 66 370.0

Diatonic
‘® O

R O A A A A A

Fa 65 349.2 e 3

Ed 64 329.6 © 8 )
DH#/Eb 4 63 311.1 ®

D4 62 293.7 T o

C#/Db4 61 277.2
60 261.6 —— ¢

B3 59 246.9
4/19/24 Ear for Music 8 9
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Note MIDI f Chromatic

Scale l
R e S  Major Common Triad Chords
Céb 84 10465 (Based on Diatonic Scales)
BS 83  087.8 = +—
A#/Bb5 82  932.3 e T
A5 81 880 e — :
G#/Ab5 80 830.6 2, (a2 neiE
G5 79 784.0 — b. T Skip 1
F#/GbS 78  740.0 c. T Skip1
F5 77 698.5 —
ES 76 659.3 — o
DH/EbS 75 622.3
D5 74 5873 — ®
C#/Db5 73 554.4
C5 72 5233 — °
B4 71 4939 —— ° ®
A#/Bb 4 70  466.2
A4 69 —_— — ° ° o—
GH/Ab4 68 4153 =
Ga 67 3920 m——— e
F#/Gb4 66 370.0 Diatonic
F4 65 3492 mmmm—m———  — o o—! ® b
E4 64 3296 =——  —|-® — . ©F
DH/Eb 4 63 3111 = ®
D4 62 293.7 mmm— -~ e °
C#/Db4 61 277.2 =—————

60 261.6 —— ¢

B3 59 246.9
4/19/24 Ear for Music 8 10
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Note MIDI f Chromatic

Scale I
. Ty  Major Common Triad Chords
C6 || 84| 10465 (Based on Diatonic Scales)
BS 83 987.8 ————
A#/Bb5 82 932.3 e Rilla:
A5 81 880 ——————— .
GH/Ab5 80  830.6 a. Pick any note
G5 79  784.0 — b. T skip 1
F#/GbS 78  740.0 c. T Skip1
F5 77 698.5 —
ES 76 659.3 — e
DH/EbS 75 622.3
D5 74 5873 — ®
C#/Db5 73 554.4
C5 72 5233 — e
B4 71 4939 — Do @® @
A#/Bb4 70 466.2
A4 69 —_— ® ® o—
GH/Ab4 68 4153 =————
Ga 67 392.0 m——— e ©
F#/Gb4 66 3700 e
Fa 65 349.2 m——— e o—l Diatonic
E4 64 3296 ———— < o o—l ® o
D#/Eb4 63 311.]1 =———— : ®.
D4 62 2937 m—— ® @
C#H/Db4 61 277.2 = |

60 261.6 —— ¢

B3 59 246.9
4/19/24 Ear for Music 8 11
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Note MIDI f Chromatic

Scale I
. Ty  Major Common Triad Chords
C6 || 84| 10465 (Based on Diatonic Scales)
BS 83 987.8 ————
A#/Bb5 82 932.3 e Rilla:
A5 81 880 ——————— .
GH/Ab5 80  830.6 a. Pick any note
G5 79  784.0 — b. T skip 1
F#/GbS 78  740.0 c. T Skip1
F5 77 698.5 —
ES 76 659.3 — o
DH/EbS 75 622.3
D5 74 5873 — ®
C#/Db5 73 554.4
C5 72 5233 — o— i
B4 71 4939 — Do @® @
A#/Bb4 70 466.2 vi
A4 69 —_— ® ® o—
GH/Ab4 68 4153 =———— A%
Ga 67 392.0 m——— e ©
F#/Gb4 66 3700 e v
Fa 65 349.2 m——— e iii| o—t Diatonic
E4 64 3296 ———— < o o—l ® o
D#/Eb4 63 311.]1 =———— ii : ®.
D4 62 2937 m—— ® @
CH/DbA 61 277.2 I i

60 261.6 —— $

B3 59 246.9
4/19/24 Ear for Music 8 12
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Note

C#/Db 6
C6
B5S

A#/Bb 5
AS

GH#/Ab 5
G5

F#/Gb 5
F5S
ES

D#/Eb 5
D5

C#/Db 5
C5S
B4

A#/Bb 4
Ad

G#/Ab 4
Ga

F#/Gb 4
Fa
Ed4

D#/Eb 4
D4

C#/Db 4
B3

4/19/24

MIDI

85
84
83
82
81
80
7,
78
77
76
75
74
73
72
71
70
69
68
67
66
65
64
63
62
61
60
59

f

1108.7
1046.5
987.8
g932:3
880
830.6
784.0
740.0
698.5
659.3
622.3
587.3
554.4
523.3
493.9
466.2
415.3
392.0
370.0
349.2
329.6
311.1
293.7
277.2
261.6
246.9

Chromatic
Scale

&
ol

111111111111

l =
A
o

Common Triad Chords
(Based on Diatonic Scales)

Rule:
a. Pick any note
b. T skip 1
c. T Skip1

"_Tetrads J

8%

i

Ear for Music 8
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*—p = - " —~
N 1\\ ‘ : ‘\‘
® Once Again...
A4 4§ 8
R Power
Major minor diminished chord
minor
3:2
ﬁ:l.—n
5:4 @ ‘\’r'\'\"’“c
~6:5@ o
Lol god gl god

s




f Chromatic

Note MIDI
Scale

C#/Db 6 85

1108.7

- Major_triad_on_C (wiki).mp3 [Cenfiguration: Waveform]

Hz
1400 -

1300 -
1200 -
1100 -
1000 -
900 |
800 -
700 -
600 -
500 -
400 -
300 |
200 -

100 -

1% ARLLLATEE LR IR A At A
1]

C Major

M1 0 & X

Common Triad Chords
on Diatonic Scales)

Major

5:4 @

minor diminished
minor
V2 :1@=—n
~6:5@ ©

T

Power
Chord

3:2




Note

C#/Db 6
Cé6
B5

A#/Bb 5
A5

G#/Ab 5
G5

F#/Gb 5
F5
ES

D#/Eb 5
D5

C#/Db 5
C5
B4

A#/Bb 4
A4

G#/Ab 4
G4

F#/Gb 4
F4
E4

D#/Eb 4
D4

C#/Db 4
B3

4/19/24

MIDI

85
84
83
82
81
80
79
78
77
76
75
74
73
72
71
70
69
68
67
66
65
64
63
62
61
60
59

f

1108.7
1046.5
987.8
g932:3
880
830.6
784.0
740.0
698.5
659.3
622.3
587.3
554.4
523.3
493.9
466.2
415.3
392.0
370.0
349.2
329.6
311.1
293.7
277.2
261.6
246.9

Chromatic
Scale

&
.“

l =
A
o

R O A A A A A
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v
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Chord Progressions

vi

vii

v
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Note MIDI f Chromatic

Scale

C#/Db6 85 1108.7 C Maior
/0bE |85 II067 j Chord Progressions
BS 83  087.8 s a—

A#/Bb5 82  932.3 e The 12 Bar Blues
A5 81 880 e a—

G#/Ab5 80 8306 ——

Glb 79 784.0 — : 00

F4/Gb5 78 7400 Boogte
F5 77 698.5 —

EE 76 | | 659.3 — N =

D#/Eb5 75 6223 \
D5 74 587.3 —

C#/Db5 73 5544
G 72 | [ 523.3 —

B4 71 493.9 — &

A#/Bb4 70  466.] e
A4 69 —_— —f @ °

GH/Ab4 68 4153 e v
Ga 67 3920 m————

F#/Gb 4 66 370.0 e il v 1%
Fa 65 3492 ———m—m—m— — o—
E4 64 329.6 ——m—m— o— o—f{ o— o o— o

DH/Eb4 63 311.] e
D4 62 2937 m——m—m——

CH/Db 4 61 277.] e off )l 1|l 1 il 1

60 261.6 J;<—

B3 59 246.9 ‘
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Question Time

?

e Zoomland
* |n Person
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How We pProcess Mus'\c\Neurosc‘\ence for Musicians
panny Ui (YouTube 2022, 14 min)
TR




The Temperament Wars

How

EQUAL
TEMPERAMENT
RUINED
HARMONY
(and Why

You Should

TEMPERAMENT

T — 4 —

How Music became
Music became the Bartleground

Avilization

tor the Grear Minds of Western ¢

UNING AND
"&MPERAMENT

A Historical Survey . STUART | SACOFF

j. MURRAY BARBOUR

Ross W. DUFFIN 20015




Intonation and Temperament Timeline in Western Music

Medieval Renaissance Baroque Classic
1250 1300 1350 1400 1450 1500 1550 1600 1600 1700 1750 1800

Vlivaldi ‘ |
Haydn
Monteverdi Handel l Beeth;)ven m
“Bach Mozar Schumann

Meanton«

4/19/24 Ear for Music 8 Based on RollingBall.com “Temperament Timeline” 20



The Equal 12

........... ~
Tempered L
Chromatic Scale Lo
T 9
Eﬂ 8
- 7
(@)
S 6
>
SR
L
T
< 3 ——
) —
2
1\/72 «— 1.059 x ( :
0 y,

4/19/24

> QOctave

Ear for Music 8

24!



The Equal
Tempered L
Chromatic Scale £

\o)

Frequency (log) —>

12\/72 «—— 1.059 x

4/19/24

12 ewnnns

Ear for Music 8

r

N

Alternate
Intonation
or Temperament

A Different Choice of
Frequencies

> QOctave

2



The Equal 17 ooaoanai

Tempered
Chromatic Scale

Frequency (log) —»

B Ve Y

N

1.059 x

4/19/24

11—

10 e——

0 ——

8

77—

6 ——

} 100 “Cents”

Ear for Music 8

Alexander J. Ellis
English Mathematician &
Philologist

(1814-1890)

Invented "Cents”
(1885H)
to measure

frequency

intervals

243}



The Equal 12 =« {8
Tempered 11—
Chromatic Scale 10

English
Translation of
Helmholtz

T
a0
i)
>
O
C
Q

Alexander J. Ellis
glish Mathematician &
Philologist

(1814-1890)
nvented “"Cents"

By . (1885)
- My Fair Lady to measure
Paramount fr‘equency

(‘ 1964 . intervals
4/19/24 / L. B | 24



The Equal
Tempered
Chromatic Scale

Frequency (log) —»

1.059 x

4/19/24

C
( 200
<

1200 ¢

12 EEEEEEEEEN]|

1100

11_

10 1000

900

9_

2 800

700

7_

600

6_

500

400

300

N

100 ¢

|CD |

917 ¢

Ul
~l
=t
)

]'95¢

} 100 “Cents”

Ear for Music 8

. 1200
[ “Cents”

Alexander J. Ellis
English Mathematician &
Philologist

(1814-1890)

Invented "Cents”
(1885H)
to measure

'FY‘DI'II 1oNr\s
[ | O\’\-IOI l\vr

intervals

25



CONSONANCE




Frequency (Hz)

Remember The “Power Chord” ? |« combination of 2 notes

2000  @—————— _ played together
1800 |- — _\/

r * 3:2 Frequency Ratio
1600 |- E— =
1400 | @—— R * Also called “Fifth Chord”
oo |- S — v or “Open Fifth Chord”
1000 L —+ =
800 e —_—
600 I — — - \/
00T 300 Hz -
200 L & e

0

4/19/24 Ear for Music 8 27



Frequency (Hz)

2000

1800

1600

1400

1200

1000

600

400

200

0

4/19/24

200 Hz

310 Hz

What Hf We Corrupt the 3:2 Ratio?

1

Y

=@
N—

=)_E,_‘

vy

Ear for Music 8

v

Basilar
Membrane

28



It’s the Basilar Membrane, As We Know

Relative Amplitudes

Distance from
Stapes (mm)

Lower Harmonics Fall on 0 10 ) 35“'
Different Critical Bands Disl{anéia frc{m St%pes (m}'n)
Musical Note with Harmonics WIHHEETEY T T T lesles)ea]p3 P2 |P1

4/19/24 Ear for Music 8 29



Frequency (Hz)

L]
Comyrighted mat, erial

Gerald Langner

lar
The Neural Code of |
Pit

E— Inbrane
L 10 - Fitch and Harmony
eon 1}:  : , . : ) p

400

With a Foreword by
’ CHRISTOPH SCHREINER
200 ‘ \

Cnpyngmerl Materia; |

30
‘ Ear for Music 8
4/19/24 ”
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OLLI-Vote Wands
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Consonance Experiment

ﬁ‘b * You will hear 2 complex tones played simultaneously

* Relax and Judge the Pleasantness of the pair

* Green = Quite Pleasant
o REUEY = So-so
* Red = Less Pleasant
First, a Sample to get calibrated.
This is in the mid-range. IR |

e

4/19/24 Ear for Music 8

39,



4/19/24

Hand out forms to record responses

Tone Pair Ratings
320 Hz vs Other Tone WOl-f FIfthS

(Complex Tones) # Nice Wolf

]
Tonipair Nice OK [T 2
3

1 4

2 5

6

3 7

4 8

5 9

10

6 1

7 12

8 13

14

9 15
10 16
11 v

Ear for Music 8

33



Consonance Experiment

ﬁﬁ * You will hear 2 complex tones played simultaneously

* Relax and Judge the Pleasantness of the pair

e Green = Quite Pleasant
o REAILYY = So-so ——
* Red = Less Pleasant * -

1 2 3 4 5 6 7 8 9 10 11

4/19/24 Ear for Music 8 =t



Classic Measurement of Consonance

1l 9:8 6554 4.3 /.5 3D 8:5 5:3 9:5 15:8 2:11

100
Drone: 80 Plomp & Levelt
320 Hz Tonal Consonance and
00 ? Critical Bandwidth
. = 60 J Acoustical Soc of Am
Variable = (1965)
Tone: a [Orig data from G.
320-640 Hz & Kaestner, 1909]
Q
S 40
c
©
. n
Simple o
o 20
O-mmm=u- -
U - , | G P N G TR | R | Lok Lol bk 4
0 50 100 150 200 250

Frequency Difference (Hz)

4/19/24 Ear for Music 8 35



Consonance of Simple Tones: 220 Hz Drone vs. Variable Frequency over an Octave

Glissando_198-484 and 220 24s P1 Dk10_15kmp3  [Configuration: WaveformP1] 1 Ee® X




Mixing Two Complex Tones: 220 Hz Drone + Increasing Tone, 24 harmonics ﬂ

Mo Glissando_220 only_12s_P24_RanPh_A.5_15k 5dB.mp3

[Configuration: Waveform]

M >0 e X

Hz

4600 -
4400
4200 -
4000
3800 -

3600 -

But First, 220 Hz Drone Alone

3400 -

2800 -

2600 -

2400 -

1800 -

1600 -

1400

1200 -

1000 -

00 -

600 -

400 -

V' N

Ty T
S5 10d

.0 10

T
-5 11

T T
.0 11.5 12.0

4/19/24
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Mixing Two Complex Tones: 220 Hz Drone + Increasing Tone, 24 harmonics

- Glissando_198-484 and 220_96s_P24 RanPh_A.5 Dk40_15k 5dB.mp3 [Configuration: Waveform) M P> HE® X

= Unison

400 I e R e Vet
M —
=
— ——
0 - —— e
= — i
) — F—— —
3 — —
X r
0 — — -
= = =
1800 -
10 "
1600 - e
1200 —
- . -
—— . — T

4/19/24 Ear for Music 8 38 )




Mixing Two Complex Tones: 220 Hz Drone + Increasing Tone, 24 harmonics

liccande”  Olissando_198-484 and 220_125_P24_RanPh_A.5_Dk5_15k 5dB.mp3 [Configuration: Waveform] M1 0 & X

4/19/24 Ear for Music 8 39 )




Two-tone
Consonance
Graph

12 Harmonics,
Log-Log Scales

Red Tone Fixed

Blue Tone Increases
by 1 Octave
from Left to Right

Diamonds ¢ show
coincidences of
Harmonics leading
to Consonances

4/19/24

Frequency ->

Ear for Music 8
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M >0l 0 & X
=

4/19/24 Ear for Music 8 41 )




Vicinity of ‘Perfect Fourth’ in Slo-Mo

Mixing Two Complex Tones
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Mixing Two Simple Tones: 220 Hz Sine Wave vs Variable Sine Wave

Glissando_198-484 and 220 96<_P1_Dk10_15k.mp3 [Configuration: WaveformP1] [ .'"'-:E;F' [ | B 4

...and possibly around the
Octave 2:1 due to parasitic
second harmonic content in
the loudspeakers

Not much going on except
around Unison 1:1 ....

4/19/24 Ear for Music 8 43 )




Mixing Two Simple Tones: 220 Hz Sine Wave vs Variable Sine Wave

- Glissando_198-484 and 220 1925 _P1_Dk10_15k.mp3  [Configuration: WaveformP1] i H:}I;"':;:' InHE & X

Slo-Mo of Beginning

4/19/24 Ear for Music 8 44 )




# Steps on

Typical Ratio in

N ames Of Ch;(::;:tic Just, Tuning Conventional Name Alternate Name
Ratios 12 2:1 Perfect Octave
(/nterva/s) 11 15:8 Major Seventh
10 16:9 Minor Seventh
9 5:3 Major Sixth
8 8:5 Minor Sixth
3:2 Perfect Fifth
o mmwmme
5 4:3 Perfect Fourth
4 5:4 Major Third
3 6:5 Minor Third
2 9:8 Major Second Whole Tone
1 16:15 Minor Second Semitone
- 0 1:1 Perfect Unison
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Log

scale

Frequency f—

4/19/24

Remember Our Mother Scale?
12 Note Equal Tempered Chromatic Scale

Octave

1200 cents 200 Hz
1100 188.8
1000 178.2
200 168.2
0 158.7
700 149.8
c00 141.4
>0 133.5
200 126.0
20 118.9
20 112.2
e 105.9
Jcents 100 Hz

Ear for Music 8

& Can we achieve the desired

onsonant Ratios between 2 tonesJ

200 Hz<{2:1 “Octave”
187.5<15:8* “Major Seventh”
177.7<16:9* “Minor Seventh”
166.7 <5:3* “Major Sixth”
160 <{8:5* “Minor Sixth”
150 <{3:2 “Perfect Fifth”
{?:? “Tritone”

133.3<4:3 “Perfect Fourth”
125 <5:4 “Major Third”
120 <6:5 “Minor Third”
112.5<9:8* “Major Second”
106.7<16:15* “Minor Second”
100 Hz{1:1 “Unison”

1200 ¢
1088 ¢
996 ¢
884 ¢
814 ¢
702 ¢
??C
498 ¢
386 ¢
316 ¢
204 ¢
112 ¢
0c¢

47



Log

scale

Frequency f—

4/19/24

Remember Our Mother S
12 Note Equal Tempered Chro

Octave

1200 cents

1100

1000

900

800

700

600

500

400

300

200

100

0 cents

' &Onsia;]n we achieve the desired
. ant Ratios between 2 tones?

200 Hz 0¢ 200 Hz<{2:1 “Octave”

188.8 -12¢ 187.5¢15:8* “Major Seventh”

178.2 -4¢ 177.7<16:9* “Minor Seventh”

168.2 -16¢ 166.7 <5:3* “Major Sixth”

158.7 14¢ 160 <8:5* “Minor Sixth”

149.8 2¢ 150 <{3:2 “Perfect Fifth”

1414 > {?:? “Tritone”

133.5 _2¢ 133.3<4:3 “Perfect Fourth”

126.0 .14¢ 125 <5:4 “Major Third”

118.9 16¢ 120 <6:5 “Minor Third”

1122 a¢ 112.5<9:8* “Major Second”

105.9 12¢ 106.7<16:15* “Minor Second”

100 Hz o¢ 100 Hz{1:1 “Unison”

Ear for Music 8

1200 ¢
1088 ¢
996 ¢
884 ¢
814 ¢
702 ¢
??C
498 ¢
386 ¢
316 ¢
204 ¢
112 ¢
0c¢

48
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/24

2 Things to Remember Today

3:2

531441

524288

A 'Fifth’

The ‘Pythagorean Comma’

= 1.0136... = 23.46 cents



Pythagorean

32
Scales:
Stacking 16
“Fifths” 8
4
T
Keep ? 2
multiplying g
by 3/2 = 4
s
...and folding 1/2
down to base 1/4
octave
1/8
1/16

1/32
4/19/24

Ear for Music 8
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Pythagorean

32
Scales:
Stacking 16
“Fifths” g
4
T
Keep ? 2
multiplying g
by 3/2 = 4
s
...and folding 1/2
down to base 1/4
octave
1/8
1/16
1/32

4/19/24

3/2

Ear for Music 8

51



Pythagorean

Scales:

Stacking
“Fifths”

Keep
multiplying
by 3/2

...and folding
down to base
octave

4/19/24

32

16

1

Frequency —

1/2
1/4
1/8
1/16

1/32

9/4

3/2

9/8

Ear for Music 8
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Pythagorean

32
Scales:
Stacking 16
“Fifths” g
4
T
Keep E? 2
multiplying g
by 3/2 = 4
s
...and folding 1/2
down to base 1/4
octave
1/8
1/16

1/32
4/19/24

6561/256"
2187/128
729/64
243/32
81/16
27/8 |
9/4
/ 243/128
3/2 Il A 729/512 Eab1.8026
—_— 9 81/64 _—
1 /8 2187/2048

Ear for Music 8

53



Pythagorean .

Scales:

Stacking
“Fifths” 178

T
Keep on >
multiplying S 64
by 3/2 3
L
L
32
16

4/19/24

531441/4096

177147/2048

59049/1024

19683/512

2187/128

6561/256

7

Ear for Music 8

10 11 12 13
Stacked Fifths —

54



Pythagorean . (

0\

At last, after 12 stacked Fifths, a

Sca |?SZ near m}atch to the 7t Octave... —
Stacking But it’s still off by ~1.36% | @41/4095
“Fifths” 178
\_/
177147/2048
T :
Keep on > 59049/1024 The Error Ratio
multiplying S 64 is called the
by 3/2 > “Pythagorean
) 19683/512 ”
e Comma
39 or Ditonic
6561/256 Comma
531441
—————— ~1.01364~23.46 ¢
2187/128 574788
16
7 8 9 10 11 12 13

o Stacked Fifths — -

Ear for Music 8



Pythagorean

32

Scales:

Stacking
)
Y

“Fifths”
31

Keep on

W
o

multiplying
by 3/2

seeking an

even better

Octave —>

match to an 29
Octave

28
47 48 49 50 51 52 53 54
Stacked Fifths —>

4/19/24 Ear for Music 8

56
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Pythagorean

Scales:

Stacking
“Fifths”

Keep on
multiplying
by 3/2
seeking an
even better
match to an
Octave

4/19/24

32

31

Octave —>
w
o

29

28

At last, after 53 stacked Fifths, a j

close match to the 315t Octave.
Off by only 0.2 % 1

The Error Ratio

is now called
the “Mercator

~ 1.00209 =~ 3.6 ¢

47

50 51 52 >3 > >

48 49
Stacked Fifths —> 57

Ear for Music 8



Pythagorean

. 2
Scales: 3
Stacking 16
“Fifths” )
4
also go down l
by Fifths— 2
dividing g .
repeatedly g
by 3/2 L 1/2
1/4
1/8
1/16
1/32

4/19/24

Ear for Music 8

58



Pythagorean

Scales:

Stacking 16
“Fifths” )

32

4
also go down l ,
by Fifths — =
dividing =
o 1
repeatedly @
by 3/2 w 1/2
1/4
1/8
1/16
1/32

4/19/24

16/9 4096/2187

32/el 256/243

4/9
8/27

16/81

32/243
64/729

128/2187
256/6561

Ear for Music 8

59



Pythagorean

Scales:
Stacking 16
“Fifths” 8

32

N

Frequency —

1/2

1/4

1/8

1/16

1/32
4/19/24

I—//—\ 7 .
putting both 6561/256
\ stacks together... 2187/128
T 729/64
243/32
81/16
27/8
9/4 [
L 243/128
3/2 , 128/81 —— — B
16/9 | ; |
43 o7 81/64 1024/729 . 8192/6561
978 32/27 256/243 2187/2048 4
2/3
4/9
8127
16/81
32/243
64/729
128/2187

256/6561

Ear for Music 8
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Pythagorean

Scales:

Stacking
“Fifths”

4/19/24

Ear for Music 8
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Pythagorean

Scales: Now push all
Stacking “Fifths” these to the
left...
2
N 243/128
11 ‘
096/2187
v 27/16
5 16/9
6561/4096
8 L
T 3/2 128/81
> 7
- 729/512
[
é% 5 1024/729
A , 4/3 81/64 |
, 8192/6561
9/8 32/27
2 187/2048
1 "
1 ! 56/243
1

4/19/24

Ear for Music 8

64




The

Pythagorean

Scale

[used until ~1600 CE ]

The Pythagorean
Comma (Euclid)
531441

Ve z]“01364".‘\h
=G

~ 23.46 cents

4/19/24

Frequency (log) —>

IS

2

L1

10

5

A A A

w

2

1

243/128

16/9

27/16

128/81

3/2
F# 729/512

Gb 1024/729
4/3

81/64

32/27

9/8

256/243

Ear for Music 8

(8
B4

A4

G4

F4
E4

D4

C4

Diatonic
djor SCaIe

65



The 2
Pythagorean <"}
10
Scale
[used until ~1600 CE ] 2 9
o <8
o
Arbitrarily — .
eliminate some >
redundant GC) <6
frequencies g_ i
Q
L
<4

The Pythagorean
Comma (Euclid)
531441 2

w

1288~ 1.01364... \
<1k

~ 23.46 cents 1
IR

4/19/24

_—< Perfect Octave

243/128 < Major Seventh

>

16/9 < minor Seventh

27/16 £ Major Sixth

>

128/81 <  minor Sixth

3/2 < Perfect Fifth

F# 729/512 { Augmented Fourth

Gb 1024/729  diminished Fifth |
4/3 { Perfect Fourth |

81/64 £ Major Third

>

32/27 < minor Third

9/8 < Major Second

* <{_Augmented Unison |

256/243 < minor Second |

}Tr‘i’rone

l

I

< Unison

Ear for Music 8

(8
B4

A4

G4

F4
E4

D4

C4

Diatop;,
ajor SCale

66



The 2
Pythagorean
Scale |
[used until ~1600 CE]
9
T 8
& 7
>
(&)
c
)
>
o 5
<
L
4
Pythagorean Comma 3
(Euclid)
531441
522288 ~ 1.01364...2
{1 p
1

4/19/24

_—< Perfect Octave 4 Cs
I 243/128 < Major Seventh e B4 7 }
- =~
16/9 < minor Seventh
27/16 {  Major Sixth —{ A4 6 <
c Diatpni
128/81 {__minor Sixth Majot Scafe
3/2 ( Perfect Fifth ¢ G4 5=

Gb

1024/729¢ diminished Fifth |Tr'i1'one

4/3
81/64

32/27

9/8

¢ Augmented Fourth

{ Perfect Fourth |

{  Major Third

< minor Third

< Major Second

{ Augmented Unison |

256/243 < nor Second |

&
—

—

F44}
E4 3

=

D4 7 <

Ca1-

mi
/ .
{_Unison

Ear for Music

<
R —

B3

N
(o)}

N
w

ool

ool

ool

Note that most
resulting 5ths
are 3:2, except

NIW

J
o
| R -
2l
d
<
218
-« 3T

67



The 2

Pythagorean ., |

_—< Perfect Octave

243/128 < Major Seventh

Scale 10 16/9 <minorSeventh
[used until ~1600 CE]
9 27/16 -  Major Sixth
-
1122 _ 262144 _ 4 120211
2|31 T 177147 '
o
C
()
% Off by exactly a Pythagorean Commal!
S\l
i BI/64 < Major Third |
Pyth C ; ;
yihagorean Comma 3227 imor Thia
iggg; ~1.01364...2 9/8 ( Major Second
{1 ! { Augmented Unison |
256/243 < minor Second |
1 {_ Unison

4/19/24

Ear for Music 8

(6

I

B4 /

A4 6

J\

Dnijc
Scale
G4 5<

D4 7 <

Ca 1=

N
(o)}

N
w

ool

ool

NIW

/

(0e][Vo)

t

ool

N

N|
(08




The 2

Pythagorean i, |

Scale

[used until ~1600 CE]

—

Frequency (log) —

Pythagorean Comma
(Euclid)
531441

{1
1

™\

Unison

4/19/24

Ear for Music

8<"""'

NIW

/

t

69



The 2

fect Octave < Cs
Pythagorean ,; | R B4 7 }
Scale | N
[used until ~1600 CE]
‘B i — A1 6 <
L Diathp
€
28/81 <__minor Sixth CMafO'Sca/e I
/2 { Perfect Fifth 4 G4 5=
¢ Augmented Fourth
024/729  diminished Fifth |Tr'|'1'one r
3 {  Perfect Fourth | & F4 1 =<
81/64  {  Major Third ‘ E4 3 }
Pythagorean Comma ; ;
(Euclid) 3 32/27 < minor Third =
531441 y »
55~ 10136412 9/8 < Major Second 47 D4 2 <
K‘( Lk { Augmented Unison | L
256/243 < minor Second |
1 {_ Unison 4 Cs 1 }
Ear for Music 8< ...... B3

4/19/24

)
N
w

ool

ool
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2:14

1.1

P

frequency ratio

Octave

Major seventh

Minor seventh

Major sixth

Minor sixth

Perfect fifth

Augmented fourth
Diminished fifth

Perfect fourth
Major third

Minor third

Major second

Unison i
Minor second cents

R

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

4/19/24 Ear for Music 8 71
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Ptolemy’s
“Intense 5-Limit
Just Scale”

Built similarly to
pythagorean, but
using not just 2
and 3 as factors,
but allowing

5,3 and 2 in
numerators and
denominators.

4/19/24

2

a -

10

5

Frequency (log) —
i\ A A

w

Ptolemy

Pythagorean
5-Limit
— 2 4
243/128 N }
15/8 s B4 7 <
16/9 9/5
27/16
—_— 5/3 \4?\\»5«4 6 <
128/81 —— 8/5 CA/[/)"—T'“”"C ]
3/2 s [
— 3p «— G2
oo 1024/729 —— 45/32
4/3
—lf v
81/64 ) i
D P
3227 ——— 65
>
9/8 —_ 9/8 & D4 2 <
256/243 16/15 it
1 < Cs 1 -

Ear for Music 8

16

ool

112 ¢

204 ¢

=182 ¢

73



A Few of Many Tuning Schemes

1. The Equal Tempered Chromatic Scale (our “Mother Scale”)

* Notes equally spaced on log scale (equal ratios of "3/2 ~ 1.06)
2. Pythagorean Tuning

 Based on “fifths” -- powers of 3 and 2. All ratios rational (integer ratios).
3. Just Tuning (5-limit) [a.k.a. Ptolemy Intense 5-Limit]

* Similar to Pythagorean, but including powers of 5, 3 and 2 (integer ratios).
4. Meantone Temperament (many types)

* Similar to Pythagorean, but based on quasi-fifth ratios slightly under 3:2

5. Well Temperaments (many types)
* Complex adjustments to optimize certain types of music

4/19/24 Ear for Music 8 74



Quid non-Ebrietas
The song that broke Pythagorean Tuning?

What cannot be achieved through inebriation?
It reveals secrets, bids hopes to be confirmed,
thrusts the inactive into battle,
lifts the burden from troubled minds,
teaches new skills.
Whom do brimming glasses not make eloquent?
Whom do they not free from the bonds of poverty?

4/19/24 Ear for Music 8

D: ADRIANG WLLAEKT: MAE" DI CAT: DI'S. MACO

IN VENEZIA

Adrian Willaert
Flemish Composer
(1490 — 1562)

75
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Quid non Ebrietas (reconstruction) Adrian Willaert

|

Andrew Hallock (2019) )




IN VENEZ]/
Js27

ﬂ'! é'_?_’.

i

L

Quid non ebrietas

D.ADRIANO WILLAERT. MAE DI CAY: DI S MALC

Critics compared Quid non ebrietas with Archimedes’
unsuccessful attempt to square the circle. One reason was the
philosophical underpinning of his venture. After all, Pythagorian
tuning was under attack. What's worse, it was being threatened by
the ascendance of an ancient rival Aristoxenus. Willaert had joined
the camp of the renegade philosopher whose third century B.C.E.
musings on the possibility of an equal division of the octave had
triggered Boethius's blustery dismissal of the idea. Besides, this
music was just not easy. According to the composer and theorist
Giovanni Spataro, a student of Ramos and choirmaster of Bologna's
basilica, Quid non ebrietas was in fact performed by the singers of
the papal chapel: “but not very successfully.”

Willaert’s piece was composed in the year Ferdinand Magellan
first set sail, and the tenor in Quid non ebrietas moves through
difficult musical straits like an explorer conquering uncharted
regions. However, Willaert's map, unlike those of Columbus or
Magellan, was unfailingly clear. His music reflected not so much a
venture into the unknown as it did a composer boldly staking a
position.

It would succeed flawlessly, however, with a radical tuning (at
the time) called equal temperament.

Excerpt from Temperament by Stuart Isacoff




[ ]

TENOR 1 = - ———

Quid non e - bri - e- tas
S Tenor [Latin: Quid non ebrietas dissignat? Alto, Bass
REES Translation: What cannot be achieved through inebriation? s ons el
drianons [Calzations)
/ 1 ! ——
SOPRANO |[pg ¢~ - S P 2 : = : —m®
| | = /
Quid non e - bri - e - tasdis-si - gnat?OQ - per -tare - clu
1 'Y f T rJ
ALTO |Hshet—— = - e — - = e —t——
T 1 ] [ & el = 2 | |
| | e m— [
Quid non e-bri-e - tas dis - si - gnat? O- per - ta
) o o o] F
| ] |
TENOR |HZ¢— 2 7 - Qf_ —~ } - : !
\ ! ~
Quid non e - bri - e- tas dis - si - gnat? O - per-ta re-
sass e ———— . e — ™~ —
v ey T _ = = &
\1 B¢ ] tml__i—rj | > i ® o g
Quid non e-bri-e - tas dis - si - at?O - per - ta re-clu - dit o-per-ta_____ re-
gn p p

Willaert had slyly placed an enormous obstacle in its way: Al )




Comparison of
Alternative
Tuning Schemes
and
Temperaments

12 Notes per Octave
Log Frequency Scale
Notes labeled with ratios to
base frequency

4/19/24

Equal
Temperament
2

1.888

1.782

1.682

1.587

1.498

1.414

1.335

1.260

1.189

1.122
32 =1.059

1

Pythagorean

Tuning
2

243/128

16/9

27/16

128/81

3/2

729/512

4/3

81/64

32/27
9/8

256/243
1

Ear for Music 8

Just Tuning
(5-limit)

2

15/8
9/5

5/3
8/5

3/2

45/32

4/3

5/4
6/5

9/8

16/15

1

Meantone
(1/4 Comma)

2

1.8694
1.789

1.672
1.600

1.495

1.398
1.338

1.250
1.196

1.118
1.070

Well Temper
Werckmeister-I

2

1.879

1.778

1.670

1.580

1.495

1.404

1.333

1.253

1.185

1.117

1.053

79



Equal Pythagorean Just Tuning  Meantone  Well Temper
Temperament  Tuning (5-limit) (1/4 Comma)  Werckmeister-I

200 ——— 1200 ——— 1200 — 1200 ————— 1200

Comparison of
Alternative

=

1100~ M0 ——1585 ——— 7953 —— 1092
Tuning Schemes 1000 ggs 1018 1007 996
and 900 06 ———ggg ——— 890 —— 888
Temperaments 800 792 - - 752
700 702 702 697 696

600 612 —= 590 ——— —

12 Notes per Octave 580 >88
Log Frequency Scale 500 498 498 503 498
Notes labeled with 400 408 ——— 35 ——— 33¢ ——— 390

frequencies in Cents above 200 — aap arn
3 294 240 310 294
base frequency
100 cents = ET note interval 200 204 204 193 192
(1200 cents = 1 octave) 100 g M2 —— 17
0 0o —/—o0 ——0 —0

4/19/24 Ear for Mlusic 8



Intonation and Temperament Timeline in Western Music

Medieval Renaissance Baroque Classic
1250 1300 1350 1400 1450 1500 1550 1600 1600 1700 1750 1800

Vlivaldi ‘ |
Monteverdi Handel Beeth;)ven m
“Bach Mozar Schumann

Meanton«

“Thirds” 5:4 & 6:5
Introduced by English {

Development of Keyboard Instruments
needing fixed tuning

ET Tuning
Technique
1917

Composers

4/19/24 Ear for Music 8 Based on RollingBall.com “Temperament Timeline” 82



Split Key Harpsichord: 19 Notes per Octave

o
Pog s

Christopher
Stembridge
on CD
Consonanze
Stravaganti
(2000)

R L
L

H:'l

lu’ i ]F Ikl‘éi
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215t Century Composing

Life at OLLI

Pop

Ollie on Monday
Ollie on Tuesday
Ollie on Wednesday
Ollie on Thursday

Ollie on Friday
Relax Saturday

v Suno

Ear for Music 8

Credit:
Suno.com

85



4/19/24

215t Century Composing

Life at OLLI

Pop

Ollie on Wednesday
Ollie on Thursday

Ollie on Friday
Relax Saturday
Recover on Sunday

Ready for another week.

v Suno

Ear for Music 8

Credit:
Suno.com

86
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215t Century Composing

OLLI Part 2

[chorus]

Oh Ollie! (Oh Ollie!)

Seniors wanting to Learn

For deep knowledge they yearn
Ollie! (Ollie!)

Ignorance would be folly

v Suno

Ear for Music 8

Credit:
Suno.com
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