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The convolution kernels of a Volterra series give a generalization of impulse responses to the case of weakly
nonlinear input-to-output systems. In acoustics, this formalism has yet been used to solve, e.g. the problem of a
nonlinear string excited by a force f(t) (considered as the input), spatially distributed by a time invariant function.
In this paper, we propose a similar generalization for the case of Green functions in order to tackle inputs that
depend on both the space and the time variables. The method to derive the “Green-Volterra” kernels is described

and its application to the string is presented.

1 Introduction

The Volterra series can be used to compute dynamics
of weakly nonlinear problems. A previous work [1] has
presented the computation of Volterra kernels for a string
model with excitation force defined as ¢(x)f(r). This
hypothesis is very restrictive for sound synthesis purposes
since the excitation force is not spatially constant when it
comes to a musician. A bow motion for instance, can be
decomposed in several forces on the string according to
several directions. These forces are dependent of how the
musician wants to play. That is the reason why we need
a method able to manage a much more general excitation
force for the system.

Green’s function is a good formalism to solve this kind
of issues. Its main drawback is that it is an application of
the superposition principle, and can only be used for linear
problems. This paper introduces a extension of the Volterra
series with Green’s function formalism. The main purpose
is to use Volterra series without the “spatially constant”
hypothesis on the excitation force.

The first part will introduce both methods: Green’s
function for a linear problem, and Volterra series for the
Kirchhoff string model. The second part will describe the
theory of Green-Volterra kernels. Finally, an application to
the same string model and a structure of simulation will be
presented.

2 Problem statement

2.1 Model under consideration

Consider the dimensionless nonlinear Kirchhoftf model of
the transverse vibrations of a damped string [2] excited by
a force f distributed on Q =]0, 1[ given by, for all (x,7) €
QXR,,

1
(9,2u(x, H+2adu(x, t)—(l + e[f (ﬁxu(x, t))2 dx]) 6)26u(x, )=
0
ey
with Dirichlet boundary conditions and zero initial
conditions
Yt>0, u(0,f)=0andu(l,r) =0, 2)
VxeQ, u(x,0)=0anddu(x,0)=0. 3)

€ > 0 is the coefficient of the nonlinearity, which takes into
account the variation of tension. @ > 0 accounts for the fluid
damping.

2.2 Linearized problem: Green’s function
solution

The linearized version of (1-3) obtained for e 0 is
a standard well-posed problem that has been extensively

f(xs t)9
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studied. Using the Green’s function formalism, the solution
of this causal problem can be expressed as

u(x, 1) = f 8(x,7,8) f(§, 1 —1)dédr )
QxR

where the Green’s kernel g is the solution of (1-3) with € = 0,

for f(x,t) = 6(x—&)d(t). In the Laplace domain (with respect

to the time variable), the linear problem is V(x, s) € Qx C*,

2 (s)U(x, 5) — 93U(x, s) = F(x, s), Q)
with
I'(s) = Vs2 + 2as, (6)
and the following boundary conditions
Ux=0,59)=Ux=1,5)=0 7

where, for all x € R, C}

= {s e C | Re(s) > 0'} and z
+/z denotes the analytic continuation over C} of the positive
square root on R,.

This linear boundary problem solves into for all (x, s) €

Qx (C“_’za and £ € Q,

Ulx,s) = LG(x, 5,&) F(&, 5)dé, ®)

cosh (1 + x + &)(s)-cosh ((1 - x - fl)l"(s))n)

G(x,s,¢&) = €
20(s) sinh (I(s))

The solution can also be decomposed on the
eigenfunctions {ej}ren- With ep(x) = \2 sin(kmrx), which
define an orthonormal (Hilbert) basis of L*(Q). If & < x, the
characteristic equation of the k-th mode is I'(s)?> + k*n% = 0.
It admits a pair of complex conjugate roots (A, Ax) with
A = —a + iowg and w; = Vk*r? —a? > 0. The modal
decomposition yields

uen) = D [gkx fil(Den), (10)
k=1

Ux,s) = D Gu9Fus)enx), (11)
k=1

with gi(1) = 1iso(e™, Gi(s) = s fild) = fut) =
(@), ex(D)12) and Fi(s) = (F(s,-), ex(-))12q) denote the
projections of f and F on eigenfunction ey.

For sound synthesis purposes, real-time simulations
are often based on a truncated version of this modal
decomposition. The block-diagram corresponding to
(10-11) truncated at order K is displayed in figure 1. For
simulations, digital versions of the second order auto-
regressive filters associated with the transfer function G(s)
are implemented.
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Figure 1: Block-diagram of the simulation of the linearized
version of (1-3) with K modes.

2.3 Nonlinear problem for a class of excitations:
Volterra series solution

The problem (1-3) has been solved in [1] using Volterra
series expansions, in the case where f(x,7) = ¢(x)f(t). The
main steps of the method and the results are recalled below.

2.3.1 Volterra kernels

The definitions and results used in this paper are gathered
from [3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15]. The system
defined by Eq. (1) is space dependent, therefore the Volterra
series has space parameterized kernels K. The output u of
the system, represented by stationary Volterra kernels hﬁ,x) is
defined by:

+00
u(x, f) = Z f RO (Ty, oo Tt — 11)..u(t — 7,)dr...d7,
n:l er

(12)
where (71, ..., 7,) =€ R" are the convolution variables for a n-
order output and u the input of the system. If 7 is a Laplace
or a Fourier transform, we will write H" = 7 (h{").
The use of stationary Volterra kernels implies to write the
excitation force

J(x, 1) = ¢(x)g(?) 13)

which gives the following results.

2.3.2 Equations of Volterra kernels

.
S4(x, 1) = wi(x, 1)

\ZJ J

Figure 2: Equivalent block-diagrams representing Eq. (1).

The Volterra kernels will be determined using the
canceling system (cf. figure 2) which represents Eq. (1) and
the interconnection laws. For more detail, the reader can
refer to [1], model (M1).

(T(s1 + oo+ ) HO (5120) — B2HD (51) = EP(51) (14)

where sy, = (s1,...,5,), with the following boundary
conditions

V(1) €10; 1CYY",  HSO(s1,) = HYV(s1,0) = 0 (15)
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and

EV(s1)

$(x) (16)

1
Ey)(sl:n) = € Z f[6XH§,X)(Slzp)axH,(]X)(Sp+1:p+q)]dx
0

p+q+r=n
6)2(H£X)(Sp+q+l:r) (17)

Egs. (14) to (17) are similar to system defined in (5) to (7)
where U(x, s) > HS (s1.), F(x, s) = E%(s1.,) and T(s) —
I'(s;+...+s,). Itis the same boundary problem (with respect
to x), as a consequence (similarly to Eq. (8)) V(x, s1.,) €
QX (CH™

HO(s1.0) = f Gl s1 + .+ 50 OEO(s1)de (18)
Q

Remark 1 Forn = 1, the Volterra kernel H, is a convolution
between the Green function G (c¢f. Eq. (9)) and E| = ¢ the
spatial force distribution. Therefore H; gives the solution of
the linearized problem (€ = 0) since it is the Green function
of linearized version of Eq. (1).

2.3.3 Modal projection

For all n € N*, Egs. (14) to (17) is similar to the problem
defined in Egs. (5) to (7), it can be therefore decomposed on
a modal basis with the following definition valid in the set
L*(Q)

HY(s1) = D HY (sten() (19)
keN*
with e, = V2 sin(knx).

The decomposition of Egs. (14- 17) on the eigenfunctions
{ei}ren With e, = V2 sin(kmrx) defines the modal projection
of the Volterra kernels

H¥(s1,) = G (s + .+ 5,) EW(s0). (20)

Eq. (20) is identical to Eq. (11) where Gy — GM, ¢
er and Fj — EE,k] which leads to

ENGs) = <poe>=¢x 1)

—ek*r* Z ZH][,”(Slzp)Hcl;”(sPHi[""q)

p+q+r=n LIeN*
HY (spige1r) (22)

As detailed in [1], this system can be rewritten using
trees. The interested reader can refer to the mentioned article.

Eilkj(slzn) =

2.3.4 Numerical simulation in the time domain

Using Eq. (20), kernels can be identified as structures
composed of linear systems, sums and products (cf. [1] for
details).

Figure 3 shows the restriction on excitation forces applied
in previous works. This force is defined as a product between
a time and a space function: f(x,f) = ¢(x)f(¢). This imposes
to know ¢(x).

2.4 Nonlinear problem under consideration:
what formalism for a general solution?

The generalization of an excitation force f(x,t), is a
necessity to deal with realistic physical problems. That is the
point of the next section that will define the Green-Volterra
kernels. Then, the method will be applied at the same string
model introduced in this section.
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Figure 3: Block-diagram of an o(e)-simulation of Eq. (1)

with K modes: the dashed arrows isolate the linear

dynamics (n=1) of each mode; the shaded central part
isolates the o(€)-dynamics of a mode k; the shaded bottom

part isolates the dynamics of the integral term in (M1)

(gains 1, k and K before the square operators are due to

0.); the shaded left part corresponds to simple gains,

controlled by the spatial distribution of the excitation force.

3 Introducing Green-Volterra series

In this section, we propose to generalize the Volterra
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where 1 (x,&,7,,...,£,7) = r(x,0,&,7,...,,7). In
this case, for all (£,,...,&), the Green-Volterra transfer
kernel R, is de(Hed by the multi-variate Laplace transform

R”(X, §:n1’ Sl:n) = f Kn(x’ fl:ns Tl:n) e_(JIT1+".+S"Tn) dTl:n
er
(26)
or all (s,,...,s) € C" such that the integral is absolutely
1 n

convergent.

Remark 2 (Causal system) If the system is causal, then
rn(X, 1,1, T1en) 1S zero as soon as T, (1 < i < n) is larger
than t. Then, R" can be replaced by | — oo, t]" in (23) and by
R’} in (25-26).

Remark 3 (Link with the Green’s function formalism)
From remark 2, if a causal system is linear (r, = 0 for
n > 2), then (25) coincides with (4) where the (Est order
kernel ry interprets as the standard Green s kernel g.

3.2 Interconnection laws

The interconnections laws of standard Volterra series can
be generalized to the case of Green-Volterra series.

Consider two systems defined by the Green-Volterra
series {pn}neN* and {c]n}”€ ., respectively. Deriving the
outputs and the Green-Volterra kernels of the systems

serie.s formalism presented in [1], in order to tackle the described in figures Sa-c leads to the following results in
nonlinear problem (1-3). the Laplace domain: For a sum of outputs R, (x, 1., S1:0) =
3.1 Definitions
{Pn} {Pn}
Definition 1 (Green-Volterra series) A system  with fx,1) ulx,t)  f(x,0) u(x, 1)
input f (x,5) € QX R +— f(xt) and output
u : (x,t) € QxR - u(x,t) is described by a Green- 1) 1)
Volterra series of kernels {ry}nen-, if the output is given @) an (b) an
by a
+00
ux, 1) = Z f In(Xs 1, E1ns Tien) NACH)IN (5] : q u(x, 1)
= Joxry Pn (linear)
X f(fl > Tl) s f(f,,s T,,) dfl:ndlen (23) (C)
Figure 5: Sum (a), product (b), and cascade (c) of two
fx. 1) > {r,} WD) g Green-Volterra systemsf.

Figure 4: System represented by its Green-Volterra kernels

For causal time-invariant systems, definition 1 can
simplified and transfer kernels can be introduced in
Laplace domain, as for standard Volterra series. This le
to the following definitions.

be
the
ads

Definition 2 (Time-invariant system and transfer kernels)
If the system de(ed by (23) is invariant under time

translations, then for all n € N* and (x,t,¢,,7,,...,&,7,
(Q X R)l#—n,
rn(x, f, é:p T17 s "fn, T”) = rn(x7 0’ prl —f..., n T,,_t)’ (

and (23) takes the following form

+o00
u(x,t) = Zf K,l(x,é:lzm‘rl:n)
— Jxmy

) €

24)

X flért=1) ... f(&n. 1 = Tp) d€1,dT1(25)
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Po(x, €10, S1:0) + On(X, &1y S1:0), for a product of outputs

1
Ry(x, &1, S1:0) = Z:‘)l‘::lpm(‘x’ Evoms S1:m) X Qe (X, Entzns Siadon)
and for a cascade with a linear system R,(x,&pp, S1) =

Jo @1 st + -+ 5)Pu(L vy s10)dL

4 Closed-form solutions of the Green-
Volterra kernels of the string

4.1 Problem

Let remind, the adimensionned Kirchhoff string model

1
Pu(x, t) + 2adu(x, 1) = (1 +e€ f (0 cu(x, t))zdx})ﬁiu(x, )
0

+f(x,1) 27

where u(x,t) is the transverse displacement of the string
and f(x,f) a distributed excitation force. The boundary
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flx,t

J

Figure 6: Equivalent block-diagrams representing Eq. (27).

conditions are Dirichlet homogeneous (V¢ > 0,u(0,7) =
u(1,t) = 0) and the string is at rest for < 0 (u(x, ¢) = 0).

Let be R,(x,&1., S10) for n € N*, the Green-Volterra
kernels of the system. Using canceling system R, is defined
by

Iﬂz(sl'i'- . -+sn)Rn(x7 fl:n’ Sl:n)_aiRn(X, gl:m sl:n) = En(xa gl:n’ Sl:n)

(28)
with the following boundary conditions Y(s;.,) € {0; 1}(C3 &

Ry(x = 0’51:11’ S1:) = Ry(x = 17§I:n’ s12) =0 (29)

and
Ey(x,&,5) = 6(x—&)1(s) (30)
En(x,&1ns S10) = Ef Z 6XHP(X,§1;1,, Sl:p)
Q p+q+r=n

C()XH(]()C, §p+1:p+q’ Sp+1:p+q)dx
6§Hr(xv §p+q+l:na Sp+q+1:n) (31)

Problem (28) to (31) is similar to (5) in which U(x, s) —
Rn(x, fl:n, sl:n), F(X, S) g En(x, fl:n, sl:n) and F(S) = Iﬁ(sl +
e Sy,

The solution is (as for problem (5)) defined in Eqgs. (8)

and (9).
Forn =1,
Ri(x,&,5) = G(x, &, 5) (32)
defining the same problem as in section 2.2.
Forn > 2

Ry(x, &0, 51:0) = f G(x,y, 81+ ...+ 8) E,(0, €y S1)dy
Q

(33)
defining the same problem as in section 2.3.

This is the solution of the linear Eq. (5). The Green
function of the string displacement is G(x, y, s) which is also
the first order Volterra kernel. Let now compute higher order
Volterra kernels.

S Modal decomposition and realization

flxt

J

Figure 7: Equivalent block-diagrams representing Eq. (27).

For all n € N*, Egs. (28) to (31) are similar to the
problem defined in Eqgs. (5) to (7), it can be therefore
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decomposed on a modal basis with the following definition
valid in the set L2(Q)

Rn(xs gl:m Sl:n) = Z RLk](é:l:na Sl:n)ek(x) (34)
keN*

and

R érmsi) = > RIG)e() (39

(k.De@*)?

with ¢, = \/isin(kﬂx). Using the orthogonality of the
modes, RL"]U] = 0 if &k # [, we will therefore define
R[k] — R[k][k].

Green-Volterra kernels R,[lk] are defined by

(5% + 2a9)RM (s1,) + P RY(s1.,) = EF(s1)  (36)
with

1(s) (37)

— el Z Z PRU(s1.)

pHq+r=n [eN*
R (pet:pr) R (S pigrin) (38)
q p+lip+q) Ny p+q+lin

Problem (36) to (38) is solved by Eq. (11) in which
U(x, s) = RV (s120), Fi(s) = EY(s1,,) and T(s) = T(sy +

Ef(s)
E;Ek] (slzn)

et Sp).
Forn=1
RY(s) = Gi(s) (39)
defining the same problem as in section 2.2.
Forn > 2
Ru(s1) = Ga(s1 + ... + s)E (s10) (40)

defining the same problem as in section 2.3.

Using previous work (cf. section 2.3.4), the Green-
Volterra kernels modal projections can be identified to the
same structure presented in figure 3. Indeed, for n = 1,
the Green-Volterra kernel is the Green function (cf. Egs.
(10)- (11)), and for n > 2, the kernels consists in sums and
products of the output of this already known Green function.

Therefore, the simulation will be performed using the
structure presented in figure 8. The only difference with the
previous work, is the input of the system, where the force
f(x,1) is decomposed on the modal basis using a scalar
product for each mode.

6 Realizations and discussion

Figure 9 represent the time response of the string at an
observation point x = 0.57, for an excitation force f(x,?) =
(Ix—=xol < 1) cosm(x+1))* finax*t/T force Where x = 0.35, fiuax
is the maximum amplitude of the mass force, T force = 0.01s
and [ = 0.04.

The sampling frequency is f; = 44100 Hz and the number
of modes is K = 20. The same conclusions can be made in
comparison with [1], i.e. the approximation at a given order
of nonlinearity (here N = 5) is valid until a maximum of
force amplitude, where the nonlinear response have the same
magnitude than the linear one. Without a calculation of the
convergence radius, this is a good observation, to define a
valid range of excitation force.

Figure 10 presents the main advantage of Green-Volterra
kernels, in comparison with previous works, knowing, a
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Figure 8: Block-diagram of an o(e)-simulation of Eq. (1)
based on Green-Volterra kernels with K modes: the
excitation force f(x, r) is completely unknown to the system
and is decomposed on the modal basis using a scalar
product.

Figure 9: Results of the figure 8 simulation for
Fax = S00N/Kg and F,, = 5000 N/Kg. From top to
bottom: linear, third order and fifth order responses, and

their sum.

simulation with an input f(x, #) allowing the force to vary in
time and space during the simulation. In this case, excitation
force is modulated by cos(27xf), thus moving the spatial
position of the force with time.

Figure 10: String deformed by the space moving force
f(x, 1) at time ¢y and #; > to.

7 Conclusion

This paper has shown the calculation of Green-Volterra
kernels for the Kirchhoff string model. This formalism
allows to use the Green’s function properties in the dynamics
of a weakly nonlinear problem. The main result of the
computation is the space variation of the excitation force
applied to the string.

This generalization of an excitation force f(x,?), is a
requirement to work on another kind of problems. Contact
problems for deformable solids are a very good example of
the need of a variable space distribution of the force. This
paper is a possible answer for such issues.
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