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Reconstruction of Sounds from Roman Cornu Horn

B e , Music played on Virtual Cornu using Modalys
v o ""-"-*3:"?;‘}_. P R simulation program.
: 14 "t [René Caussé & team, Institute for Research and Coordination in
Acoustics and Music, Paris (2017)]
Cornu dimensions, materials and construction details from
Pompei artifacts at Museo Archeologico Nazionale di Napoli.
3.4 m Length, Conical, Sheet metal, Bronze Alloy
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Floor mosaic, Zliten, Libya ca 1%t Century CE. Musicians at Gladiatorial
Contest with Roman Tuba, Hydraulis pipe organ, two Cornua.

From Physics, online magazine of the
4/12/20 American Physical Society (March 5, 2020) An Ear for Music



Reconstruction of Sounds from Roman Cornu Horn
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Music played on Virtual Cornu using Modalys

simulation program.
[René Caussé & team, Institute for Research and Coordination in
Acoustics and Music, Paris (2017)]
Cornu dimensions, materials and construction details from
Pompei artifacts at Museo Archeologico Nazionale di Napoli.
3.4 m Length, Conical, Sheet metal, Bronze Alloy
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Contest with Roman Tuba, Hydraulis pipe organ, two Cornua.

From Physics, online magazine of the -
4/12/20 American Physical Society (March 5, 2020) An Ear for Music
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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

Harmony and Dissonance; Chords

An Ear for Music 7
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Singing

4/12/20 An Ear for Music 7 6




Coloratura Soprano
Audrey Luna

Audrey Luna (2010)
singing Mad Scene from
Donizetti’s
Lucia di Lammermoor (1835)

Listen carefully
to the lyrics....




Coloratura
Audrey Luna

Audrey Luna (Nov. 2017)

hits A6 at the Met
in Thomas Ades’s
The Exterminating Angel

She actually hit above
A#6

(1910 Hz)

ANV

ZINEZIS




[

She actually hit above
A#6
1910 Hz

Record Hig

Note at th

e ilidrey Luna hits A6 at Met in Exterminating Angel 2017.mp3  [Confic

15 kHz ~_|
14 _

13 4 .

12

11




Coloratura Audrey Luna " Record High
cluna hits A6 at Met in Exterminating Angel 2017.mp3  [Configuration: Waveform] N ote at the

Ml Audrey Luna (Nov. 2017)
hits A6 at the Met

in Thomas Ades’s =
The Exterminating Angel ™ == She actually hit above
' A#6 (1910 Hz)

Met
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Ly
/ J l\ )

Source of 4 Controllable
Air Pressure Vibrating

C\" Valve

Lips

f1 + Harmonics

An Ear for Music 7

The Singing Voice as a Musical Instrument

Variable
Acoustic
Resonator

Selects desired harmonics

11



The Singing Voice as a Musical Instrument

Source of 4 Controllable Variable
’., Air Pressure Vibrating Acoustic
iﬁﬁé (/\ Valve Resonator
' (e

0N

l.f

/ A F“\,ﬂ\

: f(l \ \ ) Lips

f1 + Harmonics Selects desired harmonics

i [ Nasal
/ Cavity
{ e ‘/ Tongue
J,-' l‘ ! Vocal 25 Vocal
/ Folds | Sy

LN




Vocal Tract Crudely Similar to Closed/Open Pipe

\f it were @ f.~ 1200 Hz
simple PIPe-- ’
fi= 400 Hz

4/12/20 An Ear for Music 7

17.5cm >
1cm¢ )
closed f> = 2800 Hz open
\ ‘ f, ~ 2000 Hz
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The Overall Voice
Apparatus

4/12/20

An Ear for Music 7

Larynx and Vocal Folds

__.ianguagesOnYourOwn.com

14



, Larynx and Vocal Folds
The Overall Voice

Apparatus

LearnLanguagesOnYourOwn.com

4/12/20
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But Not All Sounds are Voiced using Vocal Folds
Also:

e Sounds produced by turbulent flow +ese are not very mu
— sss, shh, fff, th —

— Fricative De-empha'S‘Zed in SN

* Sounds produced by sudden release of pressure
_tl k; P
— Plosive

 Combinations of these with Voicing
—Z, 0V, b; d; g

4/12/20 An Ear for Music 7
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ging

16



4/12/20

— o o EEe EEe EEe EEe EEe S e e e S EE B B B EEe Eme Eme Ees

/

Types of Vocalization

{ “Voiced” Phonemes }

Vocal Cord
Vibration
Creates Sound

Harmonics Modified
by Resonances of
Vocal Tract

Examples:
Vowels
Voiced Consonants
(¢, m,n,r)

Turbulence Stops
(Fricatives) } [ (Plosives)
|
Sound Due to Vocal Tract
Turbulent Air Blocked by

Flow
[

High Reynolds
Number

Examples:
Sibilants (s, z, sh, zh)
[tongue curled]
Non-Sibilants
(f, v, thing, that)
voiced

An Ear for Music 7

L Tongue or Lips )

(. Catch h
e Hold

L° Relealse )
Examples:

Voiceless (p, t, k)

Voiced (b, d, g)

17
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Vocal Tract

The Trachea

N

)

Vocal Cords

The Larynx

Paranasal sinuses

Nasal cavity

Nasopharynx

R
B T

Hard palate

Soft palate

Oropharynx
Tonsil
Tongue

Mandible

Hyoid bone

Thyroid cartilage— % S\ VEEE - - -H \ /e,

Cricoid cartilage wa'e

Esophagus
Thyroid gland awgﬁa Trachea

¥
e

PRel. B

Larynx
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Vocal Folds (Cords): Top View

Open vs Closed

ot
A
% ;

A '
1
g * g
b .
3 ¢
S
L .

&

An Ear for Music 7



Phonation:
Generating Chopped
Glottal Air Flow via
Vocal Fold Vibrations

Phonation Types:

1. “Breathy”
Folds do not close
Weak harmonics

2. Modal (flow, normal)
3. “Pressed”

Folds tightly squeezed
Shrill sound

&"‘\

'o
@
>

Q

Thyroid
cartilage

Vocal
fold

Cricoid

cartilage

Power to Sing




Phonation:

What if we
Eliminated the Thyroid
Vocal Tract? cartilage

Estimated Vocalization
without Modification by

Vocal Tract
Vocal

1. Synthetic voice (glissando) fold

A
IS

2. Male speech voice

o
based on EGG < S 2 vl
( ) ®s Cricoid
3. Singing (Modal PhonatLon) Cartilage
100 Hz (]2
260Hz %
o - Power to Sing

A
2908




Glottal Closings Generate Most Sound

Vibration of
Vocal Fold

Elements of

Human Voice
C. Julian Chen
2016
~ /23 v | }'/ Cricoid
ﬂ_/' / *7J ...L, Cartilage

ia “glements

Voice” pdf
"GWorld scientific

Google: Columb

Power to Sing
of the Human




Gl '
ottal Closings Generate Most Sound

Vibration of
Vocal Fold

Elements of
Human Voice

C. Julian Chen

2016

(
Q’ P et TR

Google: Columbia “glements
Voice” pdf

of the Human
\'GWorld scientific
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Glottal Airflow Mask System

File

Users\User\Documents\Aeroview Data\AViewd.wav

Calibration  Help

=l ol

Filtered

Pressure

[ 500, Hz low pass filtered for approximate waveshape
50 Hz low pass filtered for average airflow

Manual Zero
Trim

E]

L
¥Jl‘x\ferage vowel a\rﬂow\—'7_

~+——————Syllable number

1
O

Accept Trim |

|
955m

Delete
Cursors

Interval
Between
Cursors

-

Avg. Airflow

/\ Ci\c/ulationsy

Pressure threshold for —Interpolated subglottal pressure

Between
Cursors

mi/s

—AirFlow LPF ——
400 Hz

&+ 500

600

— PressureRange

@ 10cm H20

.o

20

40

80

~Time Scale—] —Flow Gain—

[—

 160ms = x1 SYLLABLE . Play Al Rate )
 320ms a2 Prassurs [cmH20) Cursors

S a3 Fiow (mLis=c) Play Marked | 5 ) b1e Rate
ms
Cx Press/Flow

. F o I Instructions 4.1

O 1l xd .

~ i xB kil : Calculate Zoom on
2.56s “ ¥10 SPL (dB) Calculation:

{15125 i~ x5 Pitch (Hz) Clear Table I 'l xl

Aeroview

Version 1.6.3

© 2011, 2012
Glottal Enterprises




Electroglottograph

GLOTTAL
ENTERPRISES

[ ¢ ‘Sr._-.f' i | RS
—

— ——— g~

— Y
- .

‘ll = . =
& o
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Phonation: ’(“,{f,if[h\\vﬁvﬁ.{&v;w\:[f{.!l\‘_f’r,;\\vff;.%fﬁ‘.&_aw“.\.!fa.\\\‘ﬁ\‘ ff\‘/),’l}/fr\\fa\ﬁ"\,}’l‘fb&\ *’-;’*-‘;Jﬂr:,f”",f-”-\\w”’*
AR AL AL

0

-200

S -400

Glottal Flow @ -600 t

and Resulting Glottal
Sound Closings

A A
1

f, =110 Hz
Vowel /a/

Pressed Phonation

Glottal Flow —»

Breathy Phonation

Time (ms
( ) Speech Communication (2018)




Nasal Laryngoscopy

‘W’
=

Vestibular fold
(ventricle)

True vocal cords

Trachea




Laryngoscopy:
Viewing the Vocal
Folds

Using a Stroboscopic Lamp
flashing at the vibration rate of
the vocal folds freezes the action




Movie
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Action of Vocal Folds While Singing

7 \
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The Vocal Tract
Modifies the Sound

NASAL
CAVITY

m\}

SPINE

VOCAL FOLDS

ESOPHAGUS  TRACHEA
(FOOD) (AIR)

4/12/20

Frequency —

An Ear for Music 7

fl_

Vocal
Folds

Vocal Tract
Resonances
(Formants)

Result

32




The Vocal Tract
Modifies the Sound

NASAL
CAVITY

ﬂ‘;r\d

Frequency —»

SPINE

VOCAL FOLDS

ESOPHAGUS  TRACHEA
4/12/20 (FOOD) (AIR)

An Ear for Music 7

fl_

— M  Formant 4

—=F3 Formant 3

—- Formant 2

—. Formant 1

Vocal
Folds

Vocal Tract Result
Resonances
(Formants) 33




The Vocal Tract
Modifies the Sound

NASAL
CAVITY

m\/&

Frequency —

SPINE

VOCAL FOLDS

ESOPHAGUS  TRACHEA

4/12/20 An Ear for Music 7

(FOOD) (AIR)

m ®i

fi——
Vocal Vocal Tract Result
Folds Resonances

(Formants) 34




The Vocal Tract = e
Modifies the Sound — R e—

NASAL
CAVITY

m\}

Frequency —

SPINE

o

Vocal Vocal Tract Result
Folds Resonances
(Formants) 35

ESOPHAGUS  TRACHEA
(FOOD) (AIR)

4/12/20 An Ear for Music 7



The Vocal Tract

Modifies the Sound  ( The Soprandsw— — F4
Dilemma:
LTOO Few Harmonics
NASAL % ——
CAVITY
— S~

m\}
Fundamental fi—

VOCAL FOLDS

Frequency —

| ‘ Vocal Vocal Tract  Result
Folds Resonances

ESOPHAGUS TRACHEA An Ear for Music 7 (Formants)

(FOOD) (AIR)
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He said “OLLI” She said “O' L/’

] TR T B BB B B B B B T T B B B B B B By T B v By T I B B
time | 1.90 1.95 2.00 2.05 2.10 2.15 2.20 2.25 2.30 2.35°\Q@i40>2.45 2. 50 b 0.25 0.30 0.35 0.40 0.45 0.50 0.55°FIN60 0.65 0.70 0.75 O
AN -

4500 -
4000 -
3500 -

3000 -

2500 -
2000 -
1500 -

1000 -

500 -

~120 Hz ~260 Hz




Harmonics of
Voice Fundamental
Shaped by Formants

Average Formant
Frequencies for Vowels

frequency (hertz)
{cycles per second)

F1

0 heed hid hod hawed hood who'd ek

£1 994 Encyclopaedia Britannica, Inc.

Loudness

 qlE (A asinFATHEN
51'] I Tieeart L Diaees.
1000 2000 3000 Hz
Frequency

[EE] as in "HEED"

i |||Ir|1,._. il kenstil Ll

1000 2000 3000 Hz

[OQ] as in "POOL"

1000 2000 3000 Hz
after Benade

4/12/20 An Ear for Music 7
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Approximate Locations of First 2 Formants

Container 2

Formant 2
Container 1

Formant 1

epiglottis ~ \
esophagus ¢

larynx (vocal cords) -1

At Ealfer HIKEIG 7 The Art of Overthinking

40



Mapping the Vowels: First 2 Formants

alveolar ridge

3000

2000

1000
800

Second Formant Frequency (Hz)

1 T — FE T rlirTrrn

_| Container 2
Formant 2

Container 1
Formant 1

epiglottis
esophagus

larynx (vocal cords)

i I b - Fogc b § Fofeiol

200

4/12/20

300 500 1000 1500
First Formant Frequency (Hz)

The Art of Overthinking 4l
An Ear for Music 7



Mapping the Vowels: First 2 Formants

alveolar ridge

T T L ) =t 7T T 11T rrl}

_| Container 2
Formant 2

3000

Container 1
Formant 1

2000

epiglottis
esophagus

larynx (vocal cords)

1000
800

Second Formant Frequency (Hz)

A 4
| i i | e [ (N T T

200 300 500 1000 1500
4/12/20 First Formant Frequency (Hz)

An Ear for Music 7
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Question Time

-~

e Zoomland
* |n Person




To Compete with Orchestra:

Singers try to shift their
Vocal Tract Formants

to maximize power around
2 to 3 kHz .

Tricky since each note has
different harmonics which
need to coincide with a
Formant.

Even Trickier if lyrics must be
understood

4/12/20

The “Singer’s Formant”

1
Lo

20

Relative Intensity (dB)

s
o

-4

E | X

Singing voice of

tenor Jussi Bjorling,
=" showing prominent
Singer’s Formant

1911-1960

- Ordinary
speech 4

Orchestral
- accompaniment

200K J0N)
Frequency (Hz)

HyperPhysics: after Sundberg, The Acoustics of the Singing Voice

An Ear for Music 7 44



Audrey Luna hits Eb6 in Lucia di Lammermoor

- Audrey Luna Mad Scene clip.mp3  [Configuration: Waveform]

WA

iR L
»wrW*}fwhrc SAAD ’_?" ‘%’ &

M >S5 11 H® X

Wl B 1y Ry
125
1 4 T 5
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9 s h
'l, .
AR il %y v
@y ' \
A% Tisa x p £
A LA*P& Py
Vi S o
WA s
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‘f B" * u-ir*; =

o ™ o .:’“*f .},.ﬁ( giﬁg‘a

P

-ﬁ“ﬁmﬁmm“&%~ ~; Vi ¢

e ,*."vufuf.u’}’;,:a‘g o mﬁw

Audrey Luna (2010)
Donizetti: Lucia di Lammermoor
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King of High €5

2nd Forman’r
Tuning™

Resonance

Vioeop E-.'.:m-:hrw th

in Siﬂgin

I"Ou.:_‘,h AECM: 4

Luciano Pavarotti (1935-2007)
as the Duke of Mantua
in Verdi’s Rigoletto
singing La Donna E Mobile
Opera Film Rigoletto (1982)

.

La donna & mobil’
Qual piuma al vento,
muta d'accento

e di pensiero !

Al Gray Millg r, Bhi

ik i g Woman is fickle.
e """'. o . .
Pl version or Like a feather in the wind,
L) W Vaeayy
o analys ot she changes her words,

15 sottanng Moitcing

>kAccor"ding to D.G. Miller,
Resonance in Singing (2008)

and her thoughts !




King of High €35

ond Formant
Tuning™

Luciano Pavarotti (1935-2007)
as the Duke of Mantua
in Verdi’s Rigoletto
singing La Donna E Mobile
Opera Film Rigoletto (1982)

La donna e mobil’
Woman is fickle

Qual piuma al vento
Like a feather inthe wind

muta d’accento
she changes her words
e di pensier’!
and her thoughts™!

-

La donna & mobil'
Qual piuma al vento,
muta d'accento

e di pensier’!

Woman is fickle.

Like a feather in the wind,

she changes her words,
and her thoughts!

2p 0™



Pavarotti: Rigoletto -- La donna € mobile

- Pavarothi Rigoletto La Donne E Mobile ana climax.mp3 [Configuration: Waveform] M1 0 8 X
-5 kHz o =

Luciano Pavarotti (1982)

4/12/20 An Ear for Music 7
/12l erTor e Rigoletto: La donna e mobile [B Major]




Pavarotti: Rigoletto -- La donna € mobile

- Pawnrotti Rigoletto La Donne E Mobile ana climax.mp3
5 kHz
4600 —
4400 -
4700 _

4000 _ i e Vibrato

3800 — : P T
3600 ] SRR Amplitude
2400 i ]

3200 —

000 —

2500 —

2600 _

2400 —

2200 —

2000 —

1800 _

1600 —

1400 —

1200 —

1000 —

&0 —

600 —

400 —

200 _

4/12/20




Pavarotti: Rigoletto — King of 2"d Formant Tuning

Pavarotti Rigoletto La Donne E Mobile ana climax.mp3

140

4/12/20 An Ear for Music G4
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[Configuration: Waveform] Ml H® X

T

A

(7 = O
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“Siren”

M>>Il 0@ X

e

on: Wawef

[Cenfiguratic

cprana Double Siren.mp3

5 5

Takelesson

Tot il Wk o

W i i

et ok

ik

1
1]
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“Siren”

M1 0 @& X

Takelessons Sopranc Double Siren.mp3 [Configuration: Waveform]

4/12/20 An Ear for Music 7 55 )




Solfege Diatonic Q
Major Scale

000%\

Note that Solfege syllables have

1. different sung notes and
2. different vowels




Solfege: Diatonic C Major Scale [C3tocC4]
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Andrew Rostas
Solfege Tutorial — Video 1 (2016)




Solfege: Diatonic C Major Scale [C3tocC4]

M>>I E e X
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Andrew Rostas )
Solfege Tutorial — Video 1 (2016)




Solfege: Diatonic C Major Scale [C3tocC4]

- AndrewRostas singing major scale (Solfege for Scales) trim.mp3 [Configuration: Waveform] M0l 0 & X

Do (C3)
131 Hz

TR [P T8 BT T T A [T I T [ b T i i 7 i P P v [ i b [ i d b e e r T e i P v i [T ER [ Ry P o v i i E e [ F P e v P F 1V

time 0.5 1:0 s o] 2.0 2_5 3.0 3.5 4_0 4_5 5.0 5.5 €_0 E.5 7.0 7-5 8.0 B-.5 5.0 5-5 10_0 10._5 11_-8 115

) Andrew Rostas
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Solfege: Diatonic C Major Scale [C3tocC4]

- AndrewRostas singing major scale (Solfege for Scales) trim.mp3 [Configuration: Waveform] M0l 0 & X

time
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) Andrew Rostas
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Solfege: Diatonic C Major Scale [C3tocC4]

- AndrewRostas singing major scale (Solfege for Scales) trim.mp3 [Configuration: Waveform] M0l 0 & X

. .
el
o

# Spectrum Section Plot: AndrewRostas singing major scale (Solfege for Scales) trim.mp3

a8

Mi (E3)
175 Hz

T PR T e o T e o T o T T s T T B e T 5T T e TR |
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tirs 0.5 1:0 s o] 2.0 2_5 3.0 3.5 4_0 4_5 5.0 5.5 €_0 E.5 7.0 7-5 8.0 B-.5 5.0 5-5 10_0 10._5 11_-8 115

) Andrew Rostas
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Solfege: Diatonic C Major Scale [C3tocC4]

- AndrewRostas singing major scale (Solfege for Scales) trim.mp3 [Configuration: Waveform] M0l 0 & X

— - e B P =
# Spectrum Section Plot: AndrewRostas singing major scale (Solfege for Scales) trim.mp3
dB
A0
So (G3)
196 Hz

-20

-30

0.5 1.0 5] ; 2.5

e e ———— — e

R s L T e ey e T Ry R Pt TN T T e e S e ey T R T TN T O T T N L L T
tirs 0.5 1:0 s o] 2.0 2_5 3.0 3.5 4_0 4_5 5.0 5.5 €_0 E.5 7.0 7-5 8.0 B-.5 5.0 5-5 10_0 10._5 11_-8 115

) Andrew Rostas
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Solfege: Diatonic C Major Scale [C3tocC4]




Solfege Diatonic
Major Scale

,I|\'

Movie

Sandra Oberoi
Solfege Singing: Major Scale and
Intervals (2013)

Harmony — the music school



Solfege: Diatonic C Major Scale [C4toC5]

Sandra Oberoi Harmony-the music school (Solfege Singing Major) trim.mp3 [Configuration: Waveform]

4/12/20
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Solfege: Diatonic C Major Scale [catoc5]
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Solfege: Diatonic C Major Scale [catoc5]
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Female Voice Humming

= Takelecsons Seprano Humming only.mp3  [Configuration: Waveform] M PS>0 HE0&® X
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Vocal Ranges A2

Soprano: the highest
female voice, being able to
sing C, to C,, and possibly
higher.

Mezzo-soprano: a female
voice between A; and A; .

Contralto: the lowest
female voice, F; to Es. Rare
contraltos possess a range
similar to the tenor.

Tenor: the highest male
voice, B, to A,, and
possibly higher.
Baritone: a male voice,
G, toF,.

Bass: the lowest male
voice, E, to E, .

C6

G5
ES5

C5

A4
G4

E4

Middle C > C4
262 Hz

A3

Soprano

G3
E3

C3

A2
G2

E2
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Throat Singing
a.k.a. Overtone Singing
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Overtone Singing Example

Anna-Maria Hefele
Music Video 2017

— Regular singing
— Harp
— Overtone singing
Song:
By This River (Brian Eno)

MRI Sequences:

— Prof. Bernhard Richter et. al.
Freiburg Institute for Musician’s Medicine
(University of Music Freiburg)



Overtone
Singing

Anna-Maria
Hefele 2017 )




Overtone
Singing

AN
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Anna-Maria
Hefele 2017




Anna-Marie Hefele Overtone BrianEno By the River (TrimZ2).mp3[Cenfiguration: Waveform] b
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