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IRCAM: Institute for Research and Coordination in Acoustics/Music

Creation in 1977 by Pierre Boulez,
associated with the Georges Pompidou Center

Vocation: interaction between
« Scientific research (sound/music)
+ Technological development
« Contemporary music creation

Departments (~140 people):
A. STMS laboratory (~100 people + 36 PhDs)
B. Creation & Diffusion (concerts+20 creations/year)
C. Education, Cultural Outreach and Resource Center
+ Master ATIAM (sciences for music), Sorbonne Univ.
+ Music curriculum (composers), Multimedia Library, ...
D. Research/Creation Interface
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-
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IRCAM: Institute for Research and Coordination in Acoustics/Music

Reconstruction of a castrato voice
« 2 recorded singers:

- coloratura soprano

- countertenor
« analysis

7 '\ — S . cross-synthesis
1994: voice sound processing
by P. Depalle, G. Garcia, X. Rodet

1995: creation of the STMS laboratory
(unit director, 2024 : N. Misdariis)

"/




STMS laboratory: Sciences and Technologies for Music and Sound

. " i )
Acoustic and Cognitive Spaces i @ (5 e
BOD0E | b4 | WFS
Wave Field Synthesis 7 teams
N Channels Ambisonic Binaural

AnaIyS|s of Musmal Practlces Sound Mu3|c Movement Interaction

Musical Representatlons

Composmg with
OpenMusic

Sound Analysis-Synthesis Sound Systems and Signals:
Audlo/Acoustlcs Instruments

ODALYS




STMS laboratory: Sciences and Technologies for Music and Sound

: " i %)
Acoustic and Cognitive Spaces i @ (5 R
g000e [ b4 ) WFS
Wave Field Synthesis 7 teams
N Channels Ambisonic Binaural

AnaIyS|s of Musmal Practlces Sound Mu5|c Movement Interaction

Musical Representatlons

Composmg with
OpenMusic

Sound Analysis-Synthesis Sound Signals and Systems:
Audlo/Acoustlcs Instruments

ODALYS




Sound Signals and Systems: Audio/Acoustics, Instruments

* Theoretical, technological, and experimental tools
to address multiphysics systems and the sound signals they produce

/ Virtual

A r(\i:\};;?\\ .
N [ ) /\u/\\//

Physics — System — Signal

+ Issues: sound synthesis, controlled/augmented instruments, optimised design,
tools for educational/health purposes

- Emphasis on 3 points to reach realism
> Nonlinearities: (1) timbre & complex distortions, (2) self-oscillations & regimes
» Damping: non trivial modelling (spectral colour)
> Passivity / power balance: guarantee physical behaviours



QOutline

A. IRCAM and the STMS lab

B. Modelling and simulation
B1. Volterra series
B2. Power-balanced multiphysics (Port-Hamiltonian systems)

C. Experimental work

D. Visualisation



B1. Volterra series

Motivation
How to capture the timbre evolution with respect to the sound dynamics ?
- Combine weak nonlinearities and memory (generalised impulse responses)

Uy {hn}

| g (1) = > /nhn(ﬁ,...m)u@—ﬁ) cu(t—Tp)dr ... dr,

’I’LEN* g _

—~—— ~
Sum of multiple convolutions =» distortions with memory for any input u

Applications T

Brassy effect

p(z=0, 1‘)*

0 0 S

1
o 5 7 (L
AV V v}

p - .
Ozp +: 5 8t@ «-inspired from [Menguy, Gilbert, 2000]

damping  nonlinearity “Weakly nonlinear gas oscillations in air-filled tubes (...)"

Science et Technologie de la musique et du Sons — UMR 9912 — IRCAM, CNRS, Sorbonne Université



B1. Volterra series

Motivation

How to capture the timbre evolution with respect to the sound dynamics ?

- Combine weak nonlinearities and memory

(generalised impulse responses)

i)' {hn} ‘_f(t)z Z /nh(ﬁ,... n)

neN*

u(t —71) ... u

(t —m)dm ... d7,

4

N~

~"

Sum of multiple convolutions =» distortions with memory for any input u

Applications T

I

[

Brassy effect

p(z=0, t)E . )p(L, t‘)a

— —

M\ N

83;]9 _|_: g 875@ Oy = w [

damping  nonlinearity

defs]sl e Tolelceeee
7 B E
WA A caeialaiiuni
7 (O W R | ‘
O U, Y G §
v VvV

Moog Ladder F|Iter

String (large displacement)
I— -

an— (1 & 5{ (&;U(IC, t))Q dI 82“ = (I)ftot
0

Sound examples - real-time plugins

1. Chet Baker : without / with brassy effect

2. Moog Ladder Filter without / with distortion (x2)

Science et Technologie de la musique et du Sons — UMR 9912 — IRCAM, CNRS, Sorbonne Université



B1. Volterra series

Motivation
How to capture the timbre evolution with respect to the sound dynamics ?
— Combine weak nonlinearities and memory (generalised impulse responses)

Uy {h,} 4@): Z / ho(T1, .o ) u(t —71) .. u(t — 1) drm ... d7y,

n N* (& " J

o ~

Sum of multiple convolutions =» distortions with memory for any input u

Other results:
1. Space-time kernels: Green functions — Green-\olterra series

2. Convergence: computable convergence bounds for classes of systems

Science et Technologie de la musique et du Sons — UMR 9912 — IRCAM, CNRS, Sorbonne Université 10



QOutline

A. IRCAM and the STMS lab

B. Modelling and simulation
B1. Volterra series
B2. Power-balanced multiphysics
B2.1. Introduction to Port-Hamiltonian Systems
B2.2. Musical applications

C. Experimental work

D. Visualisation



B2.1 Power-balanced systems : Introduction to PHS

A physical system is made of. ..

(i) Energy-storing components
N
E - Zn:l en Z O

Ca <«
@ (ii) Memoryless passive components
e Pdiss = anﬂzl dm > 0 (dissipative) or = 0 (conservative)
‘«I )

(iii) External components

P
= P = Xy 1

-+ Conservative connections



B2.1 Introduction to Port Hamiltonian Systems (PHS)

A physical system is made of. ..

GO

A receiver convention

(i) Energy-storing components — store energy
N
E T zn:l en Z 0
(ii) Memoryless passive components — receive power

Puiss = Z:\::l dm > 0 (dissipative) or = O (conservative)

(iii) External components — receive power
P
PEXt — Zp:l Sp

+ Conservative connections — sum of received powers is zero
Pstored + Pdiss +Pext = 0 with Psiorea =E  (power balance)

>0



B2.1 Introduction to Port Hamiltonian Systems (PHS)

A phySiC3| system is made of. .. A receiver convention

(i) Energy-storing components —» store energy

E=Hx) =Y " Hy(xs) >0

(ii) Memoryless passive components — receive power

M
Piss = Z(W)TW =S Zm:l Zm(Wm) Wm > 0
(effort X flow : force x velocity, voltage X current, etc)

(iii) External components — receive power
—uly=SF

+ Conservative connections — sum of received powers is zero
VH(x)"x +z(w)'w4+uTy=0 (power balance)
S——— ~——

Pstored:dE/dt >0



B2.1 Introduction to Port Hamiltonian Systems (PHS)

A phySiC8| system is made of. .. A receiver convention

(i) Energy-storing components — store energy

E=Hx) =Y " Hy(xs) >0

(ii) Memoryless passive components — receive power

M
Pdiss = Z(W)TW = Zm:l Zm(Wm) Wm 2> 0
(effort X flow : force X velocity, voltage X current, etc)

(iii) External components — receive power
Ty = P

+ Conservative connections — sum of received powers is zero

Z’ln},’ynp
VH (x)T x +z(w)'w+uTy=0 (power balance)
N — N —
Pstorea=dE/dt >0
PHS: Input-State-Output representation (S: interconnection matrix)

o S Saw Sw|[VH(X) (i)  storage — differential eq.

w|=|[x* Sww Swu|| z(w) | (/i) memoryless — algebraic eq. (1)

y * * Sy“j\ Y ] (iiif) ports — physical signals

f with § = —ST e



B2.1 Introduction to Port Hamiltonian Systems (PHS)

A physical system is made of. .. A receiver convention

(i) Energy-storing components —» store energy

E=Hx) =" Hn(x) >0

(ii) Memoryless passive components — receive power

M
Paiss = 2(W)Tw = Y "z (wWim) win > 0
(effort X flow : force x velocity, voltage X current, etc)

(iii) External components — receive power
P
PeXt — UTy - ZP:]. upyp
ws Vo + Conservative connections — sum of received powers is zero
VH(x)"x +z(w)"w+uTy=0 (power balance)
——— N —
Pstorea=dE/dt >0
PHS: Input-State-Output representation (S: interconnection matrix)
5 S Saw  Sxi|[VH(X) (i)  storage — differential eq.
w|=|% Sww Swul|| z(w) | (/i) memoryless — algebraic eq. (1)
y L * * Squ¥ u 1 (iii) ports — physical signals
f with § = —ST e

Power balance: e'f @ e'Se=0as S=-ST = e'Se=(e'Se)’ = —(e'Se) "



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)

(no gravity)

e 4 separate components ‘T Q_\/f(fF\f
m

k Ed' r

Vi




B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)

(no gravity)

Ty
e 4 separate components k_\_‘___ﬁ\
z &
m

Z
(Il) mass of momentum m = mv (energy: %mv2 — ;T_m)’ T |__

K |::| r

Vo Ao o )

state energy H, || flow f effort e

x1:=m | w/(2m) X] =7 Hi(x1)= x1/m

blue : force

red : velocity




B2. Power-balanced systems

Example: damped mechanical oscillator excited by Fext (mz + rz + kz = Fext)
(no gravity)
e 4 separate components 4 ﬂ

) \—"[xlgt
(i1) mass of momentum 7 = mv (energy: %mv2 = 3-) |—- - —
(i2) spring [sp| of elongation &
K |::| r
2772227227772
state energy H, || flow f effort e
x1:=m | w/(2m) X] =7 Hi(x1)= x1/m
sp]| x =& | k&2/2 o =¢& Hy(x2)= k x2

blue : force

red : velocity




B2. Power-balanced systems

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)

(no gravity)

e 4 separate components 5 @
an
) .
(i1) mass of momentum 7 = mv (energy: %mv2 = 3-) T |—- lgm —
(i2) spring [sp| of elongation &
(ii) damper |dp | of velocity Vgp P i,
2772227227772
state energy H, || flow f effort e
x1:=m | w/(2m) X] =7 Hi(x1)= x1/m
sp]| x =& | k&2/2 o =¢& Hy(x2)= k x2
dp blue : force w = Vgap | 2(w) =rw
red : velocity

20



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)

e 4 separate components

R

(i1) mass of momentum 7 = mv (energy: %mv2 = %)

(i2) spring [sp| of elongation &

(ii) damper |dp | of velocity Vgp

(iii) actuator | ext | applying a force Fext

state energy H, || flow f effort e

x1:=m | w/(2m) X] =T Hi(x1)= x1/m
sp|| x0: =€ | k&2)/2 Xo = Hi(x2)= k x2
dp blue : force w = Vgap | 2(w) =rw
ext red : velocity

(no gravity)

=N
\—r’[xl%t'

K |::| r

vAII,

21



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)

(no gravity)

~J7

4 separate components Z \/f;)\
L P P k‘“”[\‘\%t‘
(i1) mass of momentum 7 = mv (energy:

e

N =
3
<
|
|

(i2) spring [sp| of elongation &

(ii) damper |dp | of velocity Vgp

K |::| r

(iii) actuator | ext | applying a force Fext (—your finger experiences — Fext)

Vo Ao o )

state energy H, || flow f effort e
x1:=m | w/(2m) X] =T Hi(x1)= x1/m
sp]| x =& | k&2/2 o =& Hy(x2)= k x2
dp blue : force w = Vgap | 2(w) =rw
ext red : velocity y = Vext| U = — Fext

22



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)

e 4 separate components

sp

dp

ext

=

state energy H, || flow f effort e

x1:=m | 7 /(2m) X, =7 Hi(x1)= x1/m

xp =& | k&?/2 Xy = Hi(x2)= k x2
blue : force w =V | 2(w) =rw
red : velocity y = Vext| U = — Feoxt

(no gravity)

2\
k—ﬁ\\ggf

k |::| r

AT AT AIIAAIIIIIISSIIISS,

23



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)

e 4 separate components

(no gravity)

IR

2 B
state energy H, || flow f effort e T k’""‘@*
x1 =7 | w/(2m) X, =7 Hi(x1)= x1/m |_ -
spl| xo =& | k&2/2 o =& Hj(x2) = k xo
dp blue : force w =V | 2(w) =rw k HH r
ext red : velocity y = Vext| U = — Fext
2222222722272
e assembled with rigid connections
=Fm | P | H;{(x1) Vin = @/m
é = Vsp X | _ Hé(X2) Fsp = k&
\\//dp w Z(W) de = r Vdp
x y
(. ext - - B _ | u _ — Iext
f VO '

24



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)
(no gravity)

e 4 separate components z ﬂ
state energy H, || flow f effort e T L"’“@*
x1 =7 | w/(2m) X, =7 Hi(x1)= x1/m |_ -
spl| xo =& | k&2/2 o =& Hj(x2) = k xo
dp blue : force w =V | 2(w) =rw K Ed'r
ext red : velocity y = Vext| U = —Fext

ARSI A IAA SIS I II IS AAASS,

e assembled with rigid connections

@ internal |forces are balanced| Fiy + Fsp+ Fap+(—Fext) =0

= Fm | ] o [-1]|[-1]|[1 Hi(xa) | Ym= m/m
E=Veo | % | _ Hi(o) | Feo= k¢
Vdp w B Z(W) de = r Vdp
N Vexir - g ) L Jd L u _ — INext P
: ~ ~

25



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Foxt (mz 4+ rz + kz = Foxt)

e 4 separate components

Sp

dp

ext

state energy H, || flow f effort e

x1:=m | w/(2m) xX] =7 Hi(x1)= x1/m

xp =& | k€22 X = ¢& Hy(x2)= k x2
blue : force w =Vg | 2(w) =rw
red : velocity y = Vext| U = —Fext

e assembled with rigid connections

@ internal

@ all | velocities are equal | Vi = Vsp = Vigp = Vlext

forces are balanced

Fm+Fsp+de+(_Fext):0

(no gravity)

2 -""‘--\._\_\_‘ i F
T .\-.’"\':\gt
|_ m
K |::| r
Cisiiidiiiis AT

w=Fn [ % ] o [-1]|[1]][ Hi(xa) | Ym = m/m
E=Vep | %0 | | 1 0] 0|0 Hi(xx) | Fso = K¢
Vap w 1 0 0 z(w) Fap = rVap
Vex y
. ext | I 1 0 0 1| " | T Fexe
f S _tST e

20



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Example: damped mechanical oscillator excited by Fext (mz + rz 4 kz = Fext)
(no gravity)

e 4 separate components 2z FF
state energy H, [| flow f effort e T L“""’\gt
xi =7 | 72/(2m) X =i H!(x1)= x1/m |' o
sp|| xo:=¢€ | k&?/2 X =& Hi(x2)= k x2
dp blue : force w = Vgp | 2Z(w) =rw k HH r
ext red : velocity y = Vext| U = —Fext
22277 772
e assembled with rigid connections
@ internal |forces are balanced| Fi+ Fsp+ Fap 4 (—Fext) =0
@ all | velocities are equal | Viy = Vip = Vigp = Vlext
i=Fm | % | o |-1]|]-1]]]-1 Hi(x1) | Vm= =/m
E=Vep | 0 | | /1] O] 0] O Hi(x) | Fsp = K€
Vap w 1 0 0 0 z(w) Fap = rVap
. Vext_Y_J_1 000 | | u | “Fum
f S :tST e
— Formulation (1) with H(x) = Hi(x1) + Ha2(x2) (ODE: with z = &)

— § = —ST is canonical (no mechanical coefficients) e



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Some variations: nonlinear components (modifying H or z) and also...

] RN Fin 0 —1] —1]-1 Vin
|_ m \/Sp . —I—]. 0 0 0 Fsp
Vapb, | — | 1 o] o] 0 |° Fc
kS Hir Vext FT 0| 0] o0 —Foxt
Hamiltonian systems (conservative, autonomous)
Fm 0 —1 Vi
Vo | [ 1 0 Fup
"Mass+Damper+Excitation" (spring removed)
Fin 0 —1] -1 Vin
Vo | — | 11 0] © Fc
Vext +1 0 0 _Fext
"Mass+Excitation"
Fun 0 ~1 Vin
Vext +1 0 _Fext

28



B2.1 Introduction to Port Hamiltonian Systems (PHS)

2 R
I A e % 0 il | i | il By, H(x) Vi,
[ Vip | % | +1 0] 0] o | By, H(x) B
Vap | _ w | +1 0 0 0 z(w)=rw Fc
k % |::| r Vext y _|_]_ 0 0 0 u _Fext
lFC = — 79, H(X)

Differential formulation of PHS in “J-R”

y
f

[x] B ([Jxx un] B [Rxx qu] )[VH(X)]_)} power balance with

% Jyu * Ry u Piyiss =€ Re>0

-~

c J==JT

N

{

tR=R" =0 e

+ Power-balanced numerical methods

29



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Power-balanced numerical method : discrete gradient

Classical numerical schemes for <% = f(x):

@ efficiently approximate % and exploit f

@ a posteriori analysis of stability

30



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Power-balanced numerical method : discrete gradient
Classical numerical schemes for <% = f(x):
@ efficiently approximate % and exploit f

@ a posteriori analysis of stability

A discrete power-balanced method (PHS)

Exploit differentiation chain rule

dE OH dxy _ Z Ho(xalk + 1]) — Ho(xa[K]) xnlk + 1] — xalk]  E[k + 1] — E[K]
dt Ox, dt — Xn[k 4+ 1] — xa[K] St B St

J\ 7
n

[6x[K]/5t]n

[%b H (x[;]r, ox[K]) | )

Jointly substitute x — dx/dt and VH (x) — Vp H (x, 6x):

% Vb H (x, 6x)

w =S5 z(w)

—y u
N—— . J/

~

FlK] e[K]
Simulation : solve (dx, w) at each time step k (e.g. Newton-Raphson algo.)

3



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Power-balanced numerical method : discrete gradient
Classical numerical schemes for & = f(x):
@ efficiently approximate % and exploit f

@ a posteriori analysis of stability

A discrete power-balanced method (PHS)

Exploit differentiation chain rule

dE OH dx, _ Z Ho(xalk + 1]) — Ha(xa[K]) [k + 1] — xa[k]  E[k + 1] — E[]
dt ox, dt — xn[k 4 1] — x[K] St N St

A 7

[6x[k]/5t].

[VD H (x[;i 5x[k]) } )

Jointly substitute x — éx/dt and VH (x) — Vp H (x, 6x):

% Vb H (x, 6x)
w =5 z(w)
_y u

flK el

Simulation : solve (dx, w) at each time step k (e.g. Newton-Raphson algo.)

@ Skew-symmetry of S preserved = 0 =e’Se =e'f = JE/5t +z(w)'w+u'y

@ For linear systems, Vp H (x,dx) = VH(x + dx/2) restores the mid-point scheme.
@ Method also applies to nonlinear components and non separate Hamiltonian

o

Power-balanced Runge-Kutta scheme (non iterative) [Lopes et al., LHMNC'2015]



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Simulation 1: mass-spring-damper

@ Parameters: M=100g, K=5N/m, C=0.1N.s/m et dt=5ms
T
@ Initial conditions: xg = [mvon, £y =10 cm}

® Excitation: Foxt(t) = Fmax Ljss 108)(£) With Frax =K /2= 0.25N

1F

e T R R RRIIRIITHIN -
-~ :
i £ - - . F . — — . L S - _ _ B
0 7 — — — — e '\"'jz/ ..... A e TR e PP x\ : — — — _ _
oy S - ] N
osh N TR : L)
e .............................................................. ......................... _— V(mfs) .
1 |
0 5 10 15
t(s)
0.1

Y
0.05

0.05

-0.1

E=H(x) (J)

33



B2.1 Introduction to Port Hamiltonian Systems (PHS)

Simulation 2: idem with a hardening spring

@ Potential energy: HN"(x)=K L2 [cosh(xz /L) — 1} ( ~ kX2 /2)

® Physical law:  F» = (Hé“)’(xz) = K Lsinh(x/L) (~Kx)

@ Reference elongation: L=2/¢;/4=25mm

1 _Jﬁ! .................................................... | .............................................................. | ............................................................ _—
il : :
0.5 _l..ll....J.:\L],....e'.\ ............................................ Pt e |
T T AN : n
Py ! P ~ s L M T N e e T P o -~ — —
0 [I I| [ |:| i Jrr “\_; w bl ‘,’( \/[ Nl PN e T T - NS R =
Iy 0ot W :
S0 [ g Ny H
RV : e (M)
-1 }Il_fj .......................................................................................................................... ......................... _— v(m’s) -
I i
0 5 10 15
t(s)
0.1 T T
\ : :
0.05 -\l—
|
0 H
|
I =
o o 1= 2 1 O A x, =qte mvt(Kg.mis) ||
-0.1 : . x_=elongation (m)

t(s)

34



B2.2a Musical Applications (PHS)
PhD, July 2016: Antoine Falaize

Passive modelling, simulation, code generation

and correction of audio multi-physical systems

Components | Number Audio Plugln:
Storage 7 linear _
D TGN e e
Ports 3 (IN, OUT, battery) Sound 2 : wah

X102

1.6

0.8 frrovemnst

0.0

o

J)

2N\

BE(t) = E(t) - E(0)

nts | Hammer | 1beam | Pickup/RC-circuit | —081T - - s,

[ 7 Corﬁpone
e Aiaua
Storage 2 NL 2M lin. 2 lin. (4 NL connection) 16 s |
Dissipative 1 NL M lin. 1 lin. | — Total ‘
Ports 2 il 1 44 152 160 168 196

time 7 (s) %1072

Science et Technologie de la musique et du Sons — UMR 9912 — IRCAM, CNRS, Sorbonne Université 35



B2.2b Musical Applications (PHS)
PhD, July 2021: Rémy Muller

Time-continuous power-balanced simulation of nonlinear audio circuits:
realtime processing framework and aliasing rejection

Tube screamer effect

Circuit
@ @ .00)
+ .25)
H"‘:T >7 5 .50)
= .75)
v[T @ ’Uo‘ 00)
|| 6 é lb 1‘5 2'0 2‘5 30
51p Time (ms)
projection = RPM(1,0)
ip Newton method: avg 1.52 iteration
. P Sounds
4.7k R
— A== ()
e @, Dggy 5l
e 13 branches .
Dry — Drive=0 — 50 — 100 %
e PH-ODE simulation (constant loudness: -14dBLKFS)

Science et Technologie de la musique et du Sons — UMR 9912 — IRCAM, CNRS, Sorbonne Université 36



B2.2e Musical Applications (PHS)

2D Berger plate + fluid damping + nonlinearity [cFa18 with D. Roze, STMS]

OFw + adiw + AAw — € // [Vw|*’dSAw = f |+ Boundary Conditions

(j = R) 0xH(x) +Gu
G, H(x)

{ 8tX =
y —
l Exact modal reduction

(simply supported)

8:X = (J — R)VH(X) + GU

Frequency (Hz)

Spectrogram for fmax=1 000

37



B2.2f Musical Applications (PHS)

M(z)w(z,t) + K(z)w(z,t) = f(z,t) forall (z,t) € Q x R;
Linear conservative mechanical boundary problems

+ linear damplng models preserving eigenmodes (generalise Caughey series)
= musical instruments for various materials [with 0. Matignon, Sup’Aéro]

Linear | 9;q +(co+c10¢) 0rq + O q = foxs| + Boundary Conditions
Beam M h & . (simply supported)

Il
RN
I

K

PHS
+ modal decomposition
+ power-balanced simulation

\ 4
glass (c; ~ 107°) wood (¢ ~ 107%)

n

N & O ® O ]
8 88888 8 8
O O © © © 0O O ©o O

Frequency (in Hz)
2 m
Frequency (in Hz)

Frequency (in Hz)
0 ® ®m o ™ &
882888828
= NI - TR - T - P - [ ~ [t~ R )

0.6 0.8
Time (in s)

38




B2.2f Musical Applications (PHS)

Linear conservative mechanical boundary problems

+ nonlinear damplng models preserving eigenmodes (generalises Caughey series)
= musical instruments with material morphing with p. Matignon, Sup'Aéro]

Energy<<1 — wood Energy>>1 — metal

20

1.5 2 2.5

Magnitude (dB scale)

f (in Hz)




B2.2f Musical Applications (PHS)

dem for a 2D plate PHS +NL damping R
PDE Hamiltonian X =(T —R)LX +[0,1]TF
Function w Ni— [6i gr?)d W 0 0
A LR = {0"" /] P[(£LT)" (LT)]
Energy E = H(X) = } [,(Tog? + p*/po) dxdy il
- momentum selection
Formal - SO e L SRR A (B 0
dyn. eq M+ Kw = f OX=| 7. ¢ } (»XH(X)+[1] f
) CX
Membrane . B v [0 grad] [Tol O 0
equation Pow — ToAw = f o X = -(“\_ 0 ] |:0 %} X + |:1J f
v
Simulation & Spectrograms
0 (~wood) oo (~metal) c (interpolated)
Magnitude (dB scale) Magnitude (dB scale) Magnitude (dB scale)
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~
ﬁ 2000
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B2.2g Minimal power-balanced Vocal Apparatus

[with F. Silva, LMA-Marseille]

Air supply

PHS with dimension = 12

Right £ 1 Der ke \
voial ( T, \ /_1 =% 4 _ss,up _ss,ub\ Ox, H
hy
fold e -1 s g’":
Left & 1 &
vocal 7 -1-n1l _sslup _sslub Om H
fold Ul —1 | Byl
n = B —Loho —Loho| Loho n, H
Glottal | 0, |~ _to o On, H
flow | Mep 1 1 —2(2L0y | 2Loto |2Lots | | Pnew!
h 2 O
Vocal X S So | Loho —Dlols e —1 Vagetd
tract Y. * 1 v yac H
Mixing \ Wix Lohg —2Loég Zmix /
Port — Qsub ) \ Ssrub ss,ub —Loho —2Lo¥g / Psub




B2.2g Minimal power-balanced Vocal Apparatus

Strong asymmetry

ki = 100N m~! (112 Hz)
k. = 149N m~! (137 Hz)
with adduction (h, = 0.1 mm)

Se 10 :

B (w N o e A A A A A A RV A A

'22’?4 '\’\\WW” \ ,,,,,

5, y nnm" il \" o Lar it

§ Glottis

H0

E : 'MAVW'WA AN VWL WM

§ 1w

g (; NEN PN INNIN W W WAAWAWAN WA W WV W AW WA WA AWV AWAL WM AW,

5 I

oo

5 4 x.1o3

Ry e

Ll f\” “P L W !WM WM

= o[ My “u i I nVlt Ll l\J\ n (AL
.20 0.1 .3 0.4 0.7

t(s)
Quasi-periodic oscillations:
@ starting on the left (lax) vocal fold,

@ transferred to the right (stiffer) fold for
the steady state regime.

o'

Adduction (nearly closed, h = 0.1 mm)

Slightly detuned vocal folds
k; =100Nm~! (112Hz)
k. =97Nm~! (110 Hz)

5 x10
Left F.
i AR MWWV VWY RghiF WA
0.5 Glottis

JMMM#WWWWMM)W«(flfﬂ (iR "‘&hﬂf%"’t‘l\\ M 't\WJJée&\\"ﬂWée‘dmmmmm\‘l
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|
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Ac. pressure (Pa) Elongations (mm) Stored Energies (J)
=Y

N o m s O

WI
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o

Periodic oscillations:
@ Oscillation stabilized after some transient

@ Synchronized folds vibrations even
without contact between folds

= Self-oscillation threshold & Phonation & Dysphonia
+ [V. Wetzel, PhD’21] + [T. Risse, PhD’25] + [ANR AVATARS 2023-2027]
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QOutline

A. IRCAM and the STMS lab

B. Modelling and simulation

C. Experimental work
Robotised artificial mouth for brass instruments

D. Visualisation
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Robotised Artificial Mouth for brass instruments

Instrument Bil\/louth‘

Lips Actuators
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Robotised Artificial Mouth for brass instruments

Valve trombone Bb

Mouthpiece

‘\/alves ‘
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Robotised Artificial Mouth for brass instruments

Modified mouthpiece

Pressure sensor

Force sensor
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Robotised Artificial Mouth for brass instruments

I Lip water pressure sensor I\

7

I Latex Lips I

Mouth pressure sensor

&)
Mouth actuator

47



Robotised Artificial Mouth for brass instruments

Water volume control

>

Hydraulic cylinders

Moving coils (m)
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Robotised Artificial Mouth for brass instruments

k Airflow

; Electro-valve
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Robotised Artificial Mouth for brass instruments

First experiment on a trumpet (2009)
Fixed: all the lip parameters
Open control: airflow (servo-valve)
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Robotised Artificial Mouth for brass instruments
PhD, June 2016: Nicolas Lopes

Passive modelling, simulation and experimental study
of a robotised artificial mouth playing brass instruments

Instrumented mouth, lips
and mouthpiece

Bouche artificielle *-- " ..

Actionneurs

HMI (dSpace & Python)

l2

. Automated exploration

Water pressure (lip 1)

Analysis of notes (N,)

(5 estimated parameters: lip mass, stifness, etc)

13. Estimation/Observation: extended Kalman filter on PHS
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QOutline

A. IRCAM and the STMS lab

B. Modelling and simulation

C. Experimental work

S

\\

=
/

D. Visualisation
D1. Principle (snail-analyser)

D2. Views

Solb




D1. Principle (1/2)

1. Musical representation of the spectrum on a spiral skeleton
+1 round = +1 octave
angle = chroma (note name)

Spectrogram Spiral skeleton

C
B Db

G F

no suff|C|ent frequency accuracy




D1. Principle (2/2)

2. Algorithm to improve the frequency accuracy

= build the demodulated phase

Dit 1) = Prouriert: ) — 27t

= only the slowly oscillating phases ¢ (z, f) are selected

Science et Technologie de la musique et du Sons — UMR 9912 — IRCAM, CNRS, Sorbonne Université
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D2. Views: demonstration

Center Note
Transposing instrument

Notes language

Basic Fourier
Y
Stable frequencies

& Basic Fourier

Renctive mode

—
[ ] Window type

TUNING ReF
) COLOR MODES

» Coherency index

SONOGRAM COLOR MODES

» Standard




D2. Views: harmonic representation

Stage n = Harmonic n

Harmonicity
= vertical alignment

Inharmonicity
= deviation with n

Science et Technologie de la musique et du Sons — UMR 9912 — IRCAM, CNRS, Sorbonne Université
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lllustration of a sound illusion

Infinite continually ascending glissando (continuous Risset scale)

Science et Technologie de la mu Sons — UMR 9912 — IRCAM, C



D2. Views

Simulation of the nonlinear Berger membrane
[CFA’2018 with David Roze]

Center Note
Transposing instrument

Notes language

AUTO DETECT.
L ]
TUNING RE

COLOR MODES

» Coherency index

@® Activate Grid

SONOGRAM COLOR MODES

standard * Precise




D2. Views

Sound of a gong excited by a sinusoid with increasing amplitude
Courtesy of A. Chaigne, O. Thomas, C. Touzé

Science et Technologie de la musique et du Sons — UMR 9912 — IRCAM, CNRS, Sorbonne Université
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¥ aujourd’hui... demai

Thank you for your attention
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