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NODAL PROFILE CONTROL FOR NETWORKS OF
GEOMETRICALLY EXACT BEAMS

GUNTER LEUGERING, CHARLOTTE RODRIGUEZ, AND YUE WANG

Chair of Applied Mathematics 2, Department of Mathematics,
Friedrich-Alexander- Universitdt Erlangen-Nirnberyg,
Cauerstr. 11, 91058 Erlangen, Germany

ABSTRACT. In this work, we consider networks of so-called geometrically exact beams,
namely, shearable beams that may undergo large motions. The corresponding math-
ematical model, commonly written in terms of displacements and rotations expressed
in a fixed basis (Geometrically Exact Beam model, or GEB), has a quasilinear gov-
erning system. However, the model may also be written in terms of intrinsic variables
expressed in a moving basis attached to the beam (Intrinsic GEB model, or IGEB)
and while the number of equations is then doubled, the latter model has the advan-
tage of being of first-order, hyperbolic and only semilinear. First, for any network,
we show the existence and uniqueness of semi-global in time classical solutions to the
IGEB model (i.e., for arbitrarily large time intervals, provided that the data are small
enough). Then, for a specific network containing a cycle, we address the problem of
local exact controllability of nodal profiles for the IGEB model — we steer the solution
to satisfy given profiles at one of the multiple nodes by means of controls applied at
the simple nodes — by using the constructive method of Zhuang, Leugering and Li
[Ezact boundary controllability of nodal profile for Saint-Venant system on a network
with loops, in J. Math. Pures Appl., 2018]. Afterwards, for any network, we show
that the existence of a unique classical solution to the IGEB network implies the
same for the corresponding GEB network, by using that these two models are related
by a nonlinear transformation. In particular, this allows us to give corresponding
existence, uniqueness and controllability results for the GEB network.
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1. INTRODUCTION

Nodal profile controllability. The problem of nodal profile controllability of partial
differential equations on networks refers to the task of steering the solution thereof
to prescribed profiles on specific nodes. Formally speaking, this amounts to saying
that said solution should be controlled to given time-dependent functions (called nodal
profiles) over certain time intervals by means of controls actuating at one or several
other nodes. This is in contrast to the classical question of exact controllability, wherein
one seeks to steer the state, at a certain time, to a given final state on the entire network.
The nodes with prescribed profiles are then called charged nodes [49] (or object-nodes
[26]), while the nodes at which the controls are applied are the controlled nodes [49]
(or control nodes [26]).

The notion of exact boundary controllability of nodal profiles was, to our knowledge,
first introduced by Gugat, Herty and Schleper in [12], motivated by applications in the
context of gas transport through pipelines networks. Therein, consumers are located at
the endpoints of the network and the nodal profiles represent the consumer satisfaction,
and the former are sought to be attained by the flow which is controlled by means of
a number of compressors actuating at several nodes.

Motivated by the abundant practical relevance of such control problems, Tatsien Li
and coauthors generalized the aforementioned results to one-dimensional first-order
quasilinear hyperbolic systems with nonlinear boundary conditions [10, 19, 24]. For
results on the wave equation on a tree-shaped network with a general topology or the
unsteady flow in open canals, we refer the reader to [45, 46, 49] and [11], respectively.

Whilst the exact-controllability of the Saint-Venant equations on networks with cy-
cles is not true in general [17, 23], for certain networks with cycles, the exact nodal
profile controllability can be shown by means of a so-called cut-off method [26, 52]. In
this regard, in line with intuition, the concept of nodal profile controllability is weaker
than that of exact controllability. Hence, when considering a system defined on a net-
work with cycles, a situation which is encountered in many practical applications, the
nodal profile control problem is a rather meaningful and feasible goal to attain.

The method used by Li et al. to prove nodal profile controllability is constructive in
nature, in the sense that it relies on solving the equation forward in time and sidewise,
to build a specific solution which achieves the desired goal, before evaluating the trace of
this solution to obtain the desired controls. All this is done in the context of regular C;ﬂf
solutions for first-order systems, which are semi-global in time — this means that for any
time 7" > 0, and for small enough initial and boundary data, a unique solution exists at
least until time 7" > 0 —, a solution concept originating from [20]. In [21, 22], this notion
of solution is used for proving local exact boundary controllability of one-dimensional
quasilinear hyperbolic systems. In these works, a general framework for a constructive
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method is proposed, from which all subsequent constructive methods derive. The
cornerstone of Li’s method is thus the proof of semi-global existence and uniqueness,
and, in the case of networks, a thorough study of the transmission conditions at multiple
nodes. As solving a sidewise problem entails exchanging the role of the spatial and time
variables, this method fundamentally exploits the one-dimensional nature of the system
(see also Remark 2.6 5.).

Very recently, in the context of the one-dimensional linear wave equation, the con-
trollability of nodal profiles has also been studied in the context of less regular states
and controls spaces, by using the duality between controllability and observability and
showing an observability inequality. For star-shaped networks, one may see [48] where
the sidewise and D’Alembert Formula is used, and for a single string one may see [3§]
which relies on sidewise energy estimates.

Geometrically exact beams. Multi-link flexible structures such as large spacecraft
structures, trusses, robot arms, solar panels, antennae [5, 43, 17] have found many
applications in civil, mechanical and aerospace engineering. The behavior of such
structures is generally modeled by networks of interconnected beams.

In this article, we will address the problem of nodal profile controllability for networks
of beams, possibly with cycles, a problem which has not yet been considered in the
literature. The network in question consists of N beams, indexed by i € {1,..., N},
evolving in R3, which are mutually linked via rigid joints. The beams are assumed
to be freely vibrating, meaning that external forces and moments, such as gravity or
aerodynamic forces, have been set to zero.

Nowadays, there is a growing interest in modern highly flexible light-weight structures
— for instance robotic arms [9], flexible aircraft wings [34] or wind turbine blades [31, 47]
— which exhibit motions of large magnitude, not negligible in comparison to the overall
dimensions of the object. To capture such a behavior, one has to consider a beam
model which is geometrically exact, in the sense that the governing system presents
nonlinearities in order to also represent large motions — i.e., large displacements of the
centerline and large rotations of the cross sections.

This beam model, similarly to the more well-known Euler-Bernoulli and Timoshenko
systems, is one dimensional with respect to the spatial variable x and accounts for linear
elastic material laws, meaning that the strains (which are the local changes in the shape
of the material) are assumed to be small. Models for geometrically exact beams account
for shear deformation, similarly to the Timoshenko system. Moreover, the geometrical
and material properties of the beam may vary along the beam (indeed, we will see
that the coefficients of the system depend on x), and the material may be anisotropic.
As a matter of fact, the Euler-Bernoulli and Timoshenko systems can be derived from
geometrically exact beam models under appropriate simplifying assumptions [3, Section
Iv].

We will see, in Subsection 2.1, that the mathematical model for geometrically exact
beams may be written in terms of the position of the centerline of the beam and the
orientation of its cross sections, with respect to a fixed coordinate system. This is the
commonly known Geometrically Exact Beam model, or GEB, which originates from the
work of Reissner [35] and Simo [39]. The governing system is quasilinear, consisting of
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six equations. One may draw a parallel with the wave equation as the GEB model is
of second order both in space and time.

On the other hand, the mathematical model can also be written in terms of so-called
intrinsic variables — namely, velocities and internal forces/moments, or equivalently
velocities and strains — expressed in a moving coordinate system attached to the beam.
This yields the Intrinsic Geometrically Exact Beam model, or IGEB, which is due to
Hodges [14, 15]. The governing system then counts twelve equations. An interesting
feature of the IGEB model is that it falls into the class of one-dimensional first-order
hyperbolic systems and is moreover only semilinear. Therefore, from a mathematical
perspective, one gains access to the broad literature which has been developed on such
system — see notably by Li and Yu [25], Bastin and Coron [4] — beyond the context of
beam models.

Due to its less compound nature, the IGEB formulation is used in aeroelastic mod-
elling and engineering, notably in the context of very light-weight and slender aircraft
alming to remain airborne almost perpetually, and that consequently exhibit great flex-
ibility [32, 33, 34]; see also [1, 2, 3] where the authors additionally take into account
structural damping.

On another hand, as pointed out in [51, Sec. 2.3.2], one may see the GEB model and
IGEB model as being related by a nonlinear transformation (which we define in (9)). In
this work, we will keep track of this link between both models, studying mathematically
the latter, and then deducing corresponding results for the GEB model.

As commonly done in solid mechanics, both the GEB and IGEB models are La-
grangian descriptions of the beam (as opposed to the FEulerian description), in the
sense that the independent variable x is attached to matter (x is a label sticking to
the particles of the beam’s centerline throughout the deformation history) rather than
being attached to an inertial frame of reference.

The IGEB model can also be seen as the beam dynamics being formulated in the
Hamiltonian framework in continuum mechanics (see notably [40, Sections 5, 6]), while
the GEB model corresponds to the Lagrangian framework. Then, taking into account
the interactions of the beam with its environment, one may study the IGEB model
from the perspective of Port-Hamiltonian Systems (see [30] for the finite dimension
setting and [42] and [16, Chapter 7] for the infinite dimensions setting), as in [28, 29]
and [7, Section 4.3.2]. See also the case of the Timoshenko model in [27].

1.1. Our contributions. In this article we consider the problem of nodal profile con-
trollability in the context of a specific network of geometrically exact beams containing
one cycle. Afterwards, the case of other networks, possibly containing several cycles, is
discussed in Section 6: we give a few typical examples, together with a brief algorithm
(Algorithm 1) to realize nodal profile controllability under some requirements.

Our main results will be given on IGEB networks (Theorem 2.5) and GEB networks
(Corollary 2.11) as follows.

1. We first consider a general network of beams whose dynamics are given by the
IGEB model (System (15) below). We show, in Theorem 2.3, that there exists
a unique semi-global in time Cj ; solution to (15).
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This theorem is also a necessary step to show Theorem 2.5, namely, the local
exact controllability of nodal profiles for System (15), in the special case of an
A-shaped network (see Fig. 2¢). More precisely, we drive the solution to satisfy
given profiles at one of the multiple nodes by controlling the internal forces and
moments at the two simple nodes.

2. For a general network, via Theorem 2.7, we make the link between the IGEB
network (System (15)) and the corresponding system (11) in which the beams
dynamics are given by the GEB model. More precisely, we show that the ex-
istence of a unique C’%,t solution to (15) implies that of a unique C%t solution
to (11), provided that the data of both systems fulfill some compatibility con-
ditions.

In particular, Theorem 2.7, permits to translate Theorems 2.3 and 2.5 to
corresponding results in terms of the GEB model (11), which are Corollaries
2.9 and 2.11, respectively.

1.2. Notation. Let m,n € N. Here, the identity and null matrices are denoted by
I, € R"*" and 0,,,, € R"™"™, and we use the abbreviation 0,, = 0,,,,. The transpose of
M € R™*™ is denoted by MT. The symbol diag(-,..., -) denotes a (block-)diagonal
matrix composed of the arguments. We denote by S, the set of positive definite
symmetric matrices in R?*™. The cross product between any u,( € R? is denoted
u X ¢, and we shall also write w¢{ = u x ¢, meaning that u is the skew-symmetric

matrix
0 —Uus u2
U= us 0 —uif,
—Uuy U1 0

—

and for any skew-symmetric u € R3*3, the vector vec(u) € R? is such that u = vec(u).
Finally, {ea}2_; = {(1,0,0)7,(0,1,0)T,(0,0,1)T} denotes the standard basis of R3.

1.3. Outline. In Section 2, we present in more detail the GEB and IGEB models
(Subsection 2.1) before introducing the corresponding systems which give the dynamics
of the beam network (Subsection 2.2). Then, in Subsection 2.3 we presents the main
results of this article.

Section 3 is concerned with the well-posedness of the network system (15): in Sub-
sections 3.1 and 3.2 we show that the system (15) is hyperbolic and write it in Riemann
invariants, we then study the transmission conditions for the diagonalized system in
Subsection 3.3, and finally, we prove Theorem 2.3 in Subsection 3.4.

In Sections 4 and 5, we give the proofs of Theorems 2.5 and 2.7, respectively.

Then, in Section 6, we give generalized considerations on more involved networks,
namely, with more than one cycles, or with prescribed profiles on several nodes.

2. THE MODEL AND MAIN RESULTS

As mentioned in the introduction, the beams’ dynamics may be given from different
points of view, that we specify in the following subsection.
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FIGURE 1. Beam ¢ in a straight reference configuration, before defor-
mation and at time ¢. Here, {b$ 3:1 denote the columns of R;.

2.1. Dynamics of a geometrically exact beam. Let ¢ be the index of any beam
of the network. First, we consider the mathematical model written in terms of the
position p; of the centerline and of a rotation matrix R; whose columns {b%}3_,
give the orientation of the cross sections. Both p; and R; depend on z and ¢, with
x € [0,4;] where ¢; > 0 is the length of the beam, and both are expressed in the fixed
basis {e4}3_;. The former has values in R3, while the latter has values in the special
orthogonal group SO(3).!

The columns of R; may also be seen as a moving basis of R3, attached to the beam,
and with origin p;; we call it body-attached basis as opposed to the fixed basis {ea}gzl.
We refer to Fig. 1 for visualization.

The corresponding model is called the Geometrically Exact Beam model (GEB) and,
for a freely vibrating beam, is set in (0,¢;) x (0,7") and reads

N A

where V;, W;, ¢;,1; are functions of the unknowns p;, R;. More precisely, we introduce
the linear velocity V;, angular velocity W;, internal forces ®; and internal moments W;
of the beam 1, all having values in R? and being expressed in the body-attached basis.
They are defined by (see Subsection 1.2)

Vil R]0:p; Q| o R]0,p; — e1 2)
Wi| — [vecRIOR,) | ||~ " [vec (R]O,R; — RILR))|”
while the variables ¢;,1; just correspond to ®;, ¥; when expressed in the fixed basis
instead of the body-attached basis; in other words
i = Ri®;, ¢ =R, (3)
In the above governing system and definitions,
M;, C; € C1([0,4,];85,),  Ri € C*([0,4];S0(3)) (4)

1SO(3) is the set of unitary real matrices of size 3 and with a determinant equal to 1, also called
rotation matrices.
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are the so-called mass matric M; and flexibility matriz C; which characterize the
material and geometry of the beam ¢, while R; characterizes the initial form of this
beam, as it may be pre-curved and twisted before deformation (at rest). All three are
given parameters of the beam.

Remark 2.1. Consider a single beam i described by (1), with homogeneous Neumann
boundary conditions at each end — 1.e., both ¢; and v¥; are identically equal to zero on
{0} x (0,T) and {¢} x (0,T). With appropriate initial conditions, rigid body motions
such as defined below are solutions to the GEB model:

pi(z,t) = f(t) + /096 Ri(s)eids, Ri(z,t) = K(t)R;i(x) (5)

for all (z,t) € [0,4;] x [0,T], where (f,K) € C?([0,T];R? x SO(3)) are such that
%f = f, and VGC(KT%K) = ko for some fized fo,ko € R3.

The mathematical model may also be written in terms of intrinsic variables expressed in
the body-attached basis, namely, linear /angular velocities and internal forces/moments
vi, 2 [0,45] x [0,T] — RS, respectively. In this case, one considers the unknown state
yi: [0,4;] x [0,T] — R'2 of the form

Vi Vz (I)i
yi = |:Zz:| , Where wv; = |:W’L:| , 2= [‘I’z] ) (6)

We call the corresponding model the Intrinsic Geometrically Exact Beam model (IGEB),
and it reads

Ovyi + Ai(2)02y; + Bi(z)yi = g;(z, i), (7)

where the coefficients A;, B; and the source g; depend on M;, C; and R;. More precisely,
A; € CH([0,£;]; R12X12) is defined by (see (4))

(3

di=- {Ci b0 ®)

0 Mfl}
and we will see, in Subsection 3.1, that the matrix A;(x) is hyperbolic for all z € [0, ¢;]
(i.e., it has real eigenvalues only, with twelve associated independent eigenvectors).

The matrix B;(z) is indefinite and, up to the best of our knowledge, may not be
assumed arbitrarily small implying not only that the linearized system (7) is not homo-
geneous, but also that (7) cannot be seen as the perturbation of a system of conservation
laws. The function B; € C1([0, £;); R1?*12) which depends, just as 4;, on the mass and
flexibility matrices, also depends on the curvature Y%: [0, ;] — R3 of the beam before
deformation, and is defined by

= [ 0 -ME . e A . 1dp
B; = CIE] 0, | With Bi= & 1) T, = vec(R] 5L R;).

The function g;: [0, £;] xR'* — R'? is defined by g;(z,u) = Gi(z, u)u for all z € [0, £;]
and u = (u],u],ul,u])7T € R'2 with each uj € R3, where the map G; is defined by (see
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(d) Orientation of an
edge ¢ starting and end-
ing at the nodes k and n,
respectively.

(a) Star-shaped (b) Tree-shaped (c¢) A-shaped

FIGURE 2. Some oriented graphs representing beam networks, and ori-
entation of the edges.

Subsection 1.2)

ﬁz 03 03 ag
C _ M) ! 06 up Uy ?3 24 M;(z) 0g .
06 Ci(z)™'] |03 03 1y W 0s Ci(z)

03 03 03 w9

One sees that g; is a quadratic nonlinearity (in the sense that its components are
quadratic forms on R'? with respect to the second argument), and that it has the same
regularity as the mass and flexibility matrices M;, C; with respect to its first argument,
and is C'*° with respect to its second argument. Moreover, g,(x, ) is locally Lipschitz
in R'2 for any = € [0,4;], and g, is locally Lipschitz in H'(0,¢;;R'?), but no global
Lipschitz property is available.

Finally, as mentionned in the introduction, one may see (1) and (7) as being related
by the nonlinear transformation 7 defined by (see (2))

T((pi;Ri)ier) = (Ti(pi, Ri))iez, where Ti(pi,Ri) = | g - (9)
v,

2.2. Dynamics of the network of beams. Let us now give the systems describing
the entire beam network.

2.2.1. Network notation. To represent a collection of N beams attached in a certain
manner to each other at their tips, we use an oriented graph containing N edges. Any
edge i is identified with the interval [0, ¢;], which is the spatial domain for the beam
model in question (GEB or IGEB). Hence, just as for the beams, the edges are indexed
by i € Z = {1,...,N}, while the nodes are indexed by n € N' = {1,...,#N}, where
# denotes the set cardinality. The set of nodes is partitioned as N' = Ng UN};, where
Ny is the set of indexes of simple nodes, while Ny is the set of indexes multiple nodes.

The former set is in addition partitioned as Ng = NP UNE, where NP contains
the simple nodes with prescribed Dirichlet boundary conditions (i.e., the centerline’s
position and the cross section’s orientation in the case of the GEB model, or the
velocities in the case of the IGEB model, are prescribed), while N év contains the
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simple nodes with prescribed Neumann boundary conditions (i.e., the internal forces
and moments are prescribed).

For any n € N, we denote by Z" the set of indexes of edges incident to the node n, by
= #I" the degree of the node n, and by " the index?
e
" = min. (10)
Note that in the case of a simple node, Z = {i"}.
The orientation of each beam is given by the variables x}* and 7;* defined as follows.
For any ¢ € Z", we denote by x}* the end of the interval [0, ¢;] which corresponds to the
node n, while 7;* is the outward pointing normal at x:

-1 if xj' =0,
=
v {+1 if X? = El
As described in Fig. 2, each edge i is represented by an arrow and each node n by a
circle. The arrowhead is at the ending point z = ¢;; see Fig. 2d.

2.2.2. The network model. Let T > 0. If all beams are described by the GEB model (1),
then the overall network is described by System (11) below, which gives the dynamics
of the unknown state (p;, R;)icz:

o ([Bim] ma[3])
=0 [ 5]+ [ unies | n( ) % (0,T), i €T (11a)
pi(x},t) = pin(x/n, t) €(0,7),i€I™ neNy (11b)
(RiR])(x}',t) = (RinRL.)(xjn,t) t€(0,T),i€I", ne Ny (11c)
Siert [ S G = falt)  te(0,T), ne Ny (114)
|G ] ek t) = falt) € (0.7), n e N (11¢)
(Pin, Rin ) (xin, 1) = ( gvfs)(t) €0 ,T),TLEND (11f)
(pi Ri)(2,0) = (pV, RY) () €(0,6), i€ (11g)
(s, RiW;) (2,0) = (pj,w?)(w)  w € (0,40),i €T, (11h)
where we recall that V;, Wj, ¢;,1; are defined in ( )-(3). In this system, (11g)-(11h)

describe the initial conditions, with data
(P, Ry) € C*([0, 6, RY x SO(3)),  pi,wy € CH(0, LR, i€ (12)

Then, (11b)-(11c)-(11d) are the so-called transmission (or interface) conditions for
multiple nodes, while the conditions (11e)-(11f) are enforced at simple nodes. The
nodal data is

fn € CH[0,T];RY), ne Ny UNY (13)
(fR, f3) € C*([0, T R* x SO(3)), neNE. (14)

2Deﬁning 1" as the smallest element of Z™, and not the largest for example, is an arbitrary choice
and is of no influence here.
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On the other hand, if all beams are described by the IGEB model (7), then for the
overall network, the unknown state (y;);ez is described by System (15), which reads

Oyyi + Aidoyi + Biyi = g;(-,yi) i (0,4;) x (0,T), i €L (15a)

(Rivi)(x7,t) = (Rinvin)(xn,t) t€(0,T),i €I neNy (15b)

S (R = ault)  tE (0,T),n € Ny (150)

ISYAL

T zin (Xin , 1) = qn(t) te(0,T), neNY (15d)

Vin (X, ) = qn(t) te(0,7),ne NP (15e)
L yi(x,0) = Y0 (x) z € (0,4;),i €T, (15f)

v;, z; representing the first and last six components of y;, respectively (see (6)), and
where R; € C?([0,4;];R6*6) is defined by R; = diag(R;, R;) (see (4)). Here, (15f) gives
the initial conditions, with data

v e CH([0,4];R1?), ieT, (16)

the transmission conditions are (15b)-(15c¢), while the conditions (15d)-(15¢) are im-
posed at simple nodes, with data

qn € CH[0,T);R%), neN. (17)

2.2.3. Origin of the nodal conditions. As the form of transmission conditions is an
essential aspect in the proof of nodal profile controllability of hyperbolic systems on
networks, let us now explain the origin of these conditions for System (11) and especially
those of System (15). See also [36] for a more detailed presentation, and for the meaning
of the states and coefficients of (11) and (15).

Let n be the index of some multiple node. In this work, we assume that, at all times,
the beams incident with this node remain attached to each other. In other words, as
imposed by (11b), the position of their centerlines must coincide. Moreover, we work
under the rigid joint assumption, namely, at any node, there is no relative motion
between the incident beams. As the orientation of the cross sections before deformation
is specified by the (given) function R;, the rigid joint assumption is enforced by the
condition (11c) which states that the change of orientation R; R} (from the undeformed
state of the beam network to its state at time t) is the same for all incident beams. See
also [41, Subsection 2.4].

For the IGEB model, the condition corresponding to the continuity of the center-
line’s position and of the change of the cross section’s orientation, is the continuity of
velocities (15b). Indeed, one may differentiate (11b) and (11c) with respect to time,
and then left-multiply each of the obtained equations by (RjR})(x?, t) for the corre-
sponding beam index j (thereby using the rigid joint assumption), to obtain

(RR]Opi)(x],t) = (RinRLOtpin ) (X, 1),
(RRIGRRT) (X, 1) = (Ryn R, O Run BT, ) (5 1),
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respectively. The above equations turn out to equate to (15b), by the definition of V;
and W; (see (2)), and by using that the invariance of the cross product in R? under

rotation provides the identity RiWiRiT = R/ZW/Z

Furthermore, at this multiple node n, we require the internal forces ¢; and moments
1; exerted by incident beams ¢ € Z,, to be balanced with the external load f, applied
at this node, which reads as (11d), and is also called the Kirchhoff condition.

The corresponding Kirchhoff condition (15¢) for the IGEB model is then obtained
by left-multiplying each term in the right-hand side of (11d) by (R;R])(x},t) for the
corresponding index i (once again using the rigid joint assumption), left-multiplying
fn by (R;R])(x},t) for some i € Z,, (for instance as "), and recalling the relationship
between ¢;,1; and ®;, ¥; (see (3)).

Similar considerations hold for simple nodes. Here, either n € N, év and an external load
fn is applied at this node, yielding the condition (11e), or n € N, SD and the centerline’s
position and cross section’s orientation are prescribed as f& and f};‘, respectively, for
the beam " incident with this node, yielding the condition (11f).

For the IGEB model, this translates to (15d) and (15e), respectively, when one
left-multiplies (11e) and (11f) by (RinR],)(x%,t) and R}, (xh,t), respectively.

2.2.4. Relationship between the data of both systems. As mentioned earlier, the un-
knowns of the GEB and IGEB models are related by the transformation 7, defined in
(9). Thus, the initial data of both models are related as follows: for given pY, RY, p}
and w? , one has

0 0 1 0\7.d -0
0_ |Y 0 _ |( i)Tpi:| 0_ -1 [ (R})T &P — e
i, — , U = , z =C; . 18
bi L:?] i [(R?)ng ©T Y |vee (RY)TARY — RTAR)) (18)

Similarly, the nodal conditions of (11) and (15) are connected via 7, and with the
help of the above considerations on the nodal conditions, one can observe the following
relationships between the nodal data of both systems. For any n € N, 5’? , for given
(f2, R of regularity (14), one has

_ (R
= [(f}?ﬁdtfﬁ] | 19)

while for any n € Ny UNY,

B {diag((RinRznxx?n,-),<RinRzn><xzz,->>qn n € Nag

diag (R (), R (i) ne Y. 2
2.3. Main results. We may now present our main results, which are divided in two
parts: one is concerned with the well-posedness and controllability of the IGEB net-
work, and the other with showing that the transformation from the GEB to the IGEB
network is invertible, by means of which one can deduce corresponding results for the
former model.
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2.3.1. Study of the IGEB model. Let us define compatibility conditions for System (15).
As for the unknown, we write the initial data (y));ez as

0
Y = E’b} , with v, 20: [0, 4;] — RS,
Definition 2.2. We say that the initial data y? € C1([0,4;]);R'2), for all i € I, and
boundary data g, € C°([0,T];R®), for all n € N, fulfill the first-order compatibility
conditions of (15) if

(Riv))(x}) = (Rjv})(x}) i,5€T" ne Ny
Siern i (Riz))(x}) = qn(0)  n € Ny o)
ThZin (X ) = qn(0) neN¥

Vi (Xfn) = qn(0) neN¥,

holds and y} € C°([0,4;];R'?), for all i € T, defined by

dyQ — _ v}
vi = —Aigt = Byl + 5 y) = Lé :
1

also fulfills (21), where v, 20 are replaced by v}, z;

i i, 2, respectively.

In order to ensure a certain regularity of the eigenvalues and eigenvectors of A;, we
will later on make the following assumption.

Assumption 1. For all i € Z, we suppose that
1. C;,,M,; € C’Q([O,Ei]; S$+);
2. the function ©; € 02([0,&];Sﬁ+) defined by ©; = (C;/2MiC;/2)*1, 1s such that
there exists U;, D; € C2([0,£;]; R6*®) for which

@i = UZ-TDizUi, m [O,Ei},

where D;(x) is a positive definite diagonal matriz containing the square roots
of the eigenvalues of ©;(x) as diagonal entries, while U;(x) is unitary.

One may note that, in Assumption 1, if 1. holds, then 2. is readily verified if M;, C;
have values in the set of diagonal matrices, or if the eigenvalues of O;(x) are distinct
for all z € [0,4;] (one may adapt [8, Th. 2, Sec. 11.1]). Clearly, 2. is also satisfied
if M;, C; are constant, entailing that the material and geometrical properties of the
beam do not vary along its centerline.

Our first task is to obtain the existence and uniqueness of semi-global in time solu-
tions to (15) for any network. Henceforth, in the norms’ subscripts, when there is no
ambiguity, we use the abbreviations C} = C*([0,4];R?), C} = C'(I;RY) and C; , =
C'(]0,4;] x I;R?) for the appropriate time interval I and dimension d € {1,2,...}.

Theorem 2.3. Consider a general network, suppose that R; has the regularity (4)
and that Assumption 1 is fulfilled. Then, for any T > 0, there exists eg > 0 such
that for all e € (0,e¢) and for some § > 0, and all initial and boundary data y_,q, of
regularity (16)-(17), and satisfying Hy?HC%—FanHCtl < § and the first-order compatibility
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conditions of (15), there exists a unique solution (y;)ict € Hf\il C([0, 4;] x [0,T]; R12)
to (15), with ||yillc1, <e.

The proof of Theorem 2.3, given in Section 3, consists in rewriting (15) as a single
hyperbolic system and applying general well-posedness results [18, 50]. To do so, one
has to write (15) in Riemann invariants, the new unknown state being denoted (r;);ez,
and verify that the nodal conditions fulfill the following rule: at any node, the com-
ponents of r; corresponding to characteristics entering the domain [0, ¢;] x [0, +00) at
this node is expressed explicitly as a function of the components of r; corresponding to
characteristics leaving the domain [0, ¢;] X [0, 400) at this node (more detail is given in
Subsection 3.3).

Remark 2.4. Assuming that R; € C*([0,4;];SO(3)) guaranties that B; € C*([0, £;]; R*2*12),
On the other hand, in Assumption 1, the extra regularity for M;, C; (C?, instead of

C* as in (4)) permits us to ensure that the coefficients of the System (15) written in
Riemann invariants, in particular B; (see Subsection 3.2), are sufficiently regular.

We now consider a problem of local exact boundary controllability of nodal profiles,
for the specific case of the A-shaped network illustrated in Fig. 2c, consisting of five
nodes and five edges and having one cycle. More precisely, we consider the network
defined by

Ng =N ={4,5}, Ny ={1,2,3}, T=1{1,...,5}
x1=0, x6=0, x3=0, x3=0, x=0 (22)
x% =/, xg =/, xg = /3, xi =y, Xg =/{5.

Let us first introduce some notation concerning the eigenvalues {\f(z)}12, of A;(z)

for i € Z and = € [0,4;], which, as we will see in in Subsection 3.1, are such that
{AE}12 c C2([0,4;]) under Assumption 1, and

M) <0 if k<6,  N(z)>0 if k>T. (23)
Also under Assumption 1, and for any i € Z, we define A; € C°([0, ¢4;]; (0, +0c0)) and
T; > 0 by

Ai(a:):( min Af(m)D_l and T, = /O&Ai(x)dm; (24)

ke{l,...,6}

note that the minimum ranges over the negative eigenvalues of A;(x). The latter, T;,
corresponds to the transmission (or travelling) time from one end of the beam i to its
other end (see Section 4).

Theorem 2.5. Consider the A-shaped network defined by (22). Suppose that R; has
the reqularity (4) and that Assumption 1 is fulfilled. Let T > 0 be defined by (see (24))

T = max {Ty, To} + max {Ty, Ts} . (25)

Then, for any T > T* > T, there exists eg > 0 such that for all e € (0,eq), for some
0,7 >0, and
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(i) for all initial data (y?)icz and boundary data (@n)nef1,2,3y of regularity (16)-
(17), satisfying ||y |lc1 + lanllcy < 0 and the first-order compatibility conditions
of (15), and

(i3) for all nodal profiles y,,y, € CH([T*, T);R'?), satisfying [Willcy < v and the
transmission conditions (15b)-(15c) at the node n =1,

there exist controls qq,q5 € C([0,T];R%) with lgilley < e, such that (15) admits a

unique solution (y;)icr € Hf\;l C([0,4;] x [0, T);R'2), which fulfills lyillcy < e and
vi(0,t) =7,;(t) forallie {1,2}, t € [T",T)]. (26)

As mentionned in Section 1, the proof of Theorem 2.5, given in Section 4, relies upon
the existence and uniqueness theory of semi-global classical solutions to the network
problem (here, Theorem 2.3), the form of the transmission condition of the network,
and on a constructive method. The idea of the proof is to construct a solution (y;);ez to
(15), such that it satisfies the initial condition, the nodal conditions, and the given nodal
profiles. Substituting this solution into the nodal conditions at the nodes n € {4, 5},
one then obtains the desired controls g4, g5. Our proof follows the lines of [52], where
the authors develop a methodology for proving the nodal profile controllability for
A-shaped networks of canals governed by the Saint-Venant equations.

Remark 2.6. A few remarks are in order.

1. The smallness of the initial and nodal data and of the nodal profiles in (i) and
(ii) is used to ensure the well-posedness of the mized initial-boundary value
problem for beams described by the IGEB model. This limitation leads to the
local nature of the controllability result: in a sufficiently small C'-neighborhood
of the zero-steady state, we can construct continuously differentiable controls,
which then generate a piecewise continuously differentiable solution on the whole
network. Furthermore, the study of other equilibrium solutions for the IGEB
network is relevant to achieve further objectives. For instance, in the spirit of
[13], supposing that the set of equilibria is connected, one might look to use the
result of local exact controllability of nodal profiles as a basis to then prove more
global results.

2. For the system linearized around the zero-steady state, a global nodal profile
controllability result is also achieved, though without any limitation on the size
of the of the data and nodal profiles, as it rests on an existence and uniqueness
result that does not impose such limitations. Moreover, the ‘optimal’ estimate
for the controllability time T™ remains that of in Theorem 2.5, given in terms
of the transmission times (24).

3. The controllability time T™ from which one can prescribe nodal profiles, has
to be large enough, depending on the lengths of the beams and the eigenvalues
of (Ai)iez (and thus, it depends on the geometrical and material properties of
the beam). As we will see in Section 4, T is the transmission time from the
controlled nodes to the charged node. One may note that T; < %, where the

constant X} < 0 denotes the mazimum over x of the largest negative eigenvalue

of Ai(x).
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4. One will observe in the proof of Theorem 2.5 that the controls q4,qs are not
unique due to the use of interpolation and arbitrary nodal conditions throughout
the proof.

5. In the proof of Theorem 2.5, to construct the solution (y;)icz, one is led to solve
a series of forward and sidewise problems for (15a) for the different beams i € T
of the network. Solving a sidewise problem for (15a) entails changing the role
of x and t, considering a governing system of the form

Outi + A7 'Orys + A7 Biyi = A7V, wi)
and providing “boundary conditions” at t = 0 and t = T, and “initial con-

ditions” at x = 0 (rightward problem) or x = {; (leftward problem). It is
consequently important here that A; does not have any zero eigenvalue.

2.3.2. Study of the GEB model. In order to translate Theorems 2.3 and 2.5 in terms
of the GEB model, we prove the Theorem 2.7 below, which yields the existence of a
unique classical solution to (11), provided that a unique classical solution exists for
(15) and that the data of both models fulfill some compatibility conditions.

Let us first introduce the compatibility conditions on the initial and boundary data
of the GEB network (11), that will be of use in the theorem and corollaries that follow

(/R F3)(0) = (pjn, R (i), n € N, (27a)
P (x}') = Pin(x}n),  (RYR])(x}') = (RLRL)(xn), i€I" neNy, (27b)

and
p;(x}) = pin(xfh), w)(x}) =win(xjn), i€I", neNy (28a)
n (.ol (RY)T45p) — e Y _
S (RO e (0o ity |) O =0 me N, (230
i€ z v dz
n (B ~—1 RI)TLpl — e ny _ N
d d
Pin (X[n) = &fﬁ(o)a Wi (xf) = aﬂ?(o)v neNg. (28d)

Theorem 2.7. Consider a general network, and assume that:
(i) the beam parameters (M;, C;, R;) and initial data (p{, RY, p},w?) have the reg-
ularity (4) and (12), and y is the associated function defined by (18),
(ii) the Neumann data f, = fn(t,Rin) are of the form (20), for given functions gy,
of regularity (17),
(iii) the Dirichlet data (ff, fR) are of regularity (14), and g, are the associated
functions defined by (19),
(iv) the compatibility conditions (27) hold.
Then, if there exists a unique solution (y;)icz € Hfil CH([0,4;] x [0,T];R2) to (15)
with initial and nodal data y? and g, (for some T > 0), there exists a unique solution
(pi, Ri)ier € Hf\il C%([0, £;]x[0, T]; R3xSO(3)) to (11) with initial data (p?, RY, p}, w?)
and nodal data f,, (fX, fR), and (y;)iez = T((pi, Ri)iez)-
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Remark 2.8. We have the following restriction on the form of the Neumann data fy:
it must be possible to express it as a function ¢, = q,(t) in the body-attached basis (see
Subsection 2.1).

The proof of Theorem 2.7, given in Section 5, consists in using the last six equations
of (15a) as compatibility conditions to prove that the transformation 7, defined in
(9), is bijective on some spaces (see Lemma 5.1); this relies on the use of quaternions
[6] to parametrize the rotations matrices, and existence and uniqueness results for
(seemingly overdetermined) first-order linear PDE systems. Once that this property
of the transformation is established, one recovers notably the governing system (11a)
by using the first six equations of (15a). The transmission conditions are recovered
by first showing that the rigid joint assumption (11c) is fulfilled and then deducing
(11b)-(11d) from (15b)-(15¢).

Corollary 2.9 below follows from Theorem 2.3 and Theorem 2.7.

Corollary 2.9. Consider a general network and suppose that the conditions (i)-(ii)-
(iii)- (iv) of Theorem 2.7 are fulfilled, suppose that the beam parameters (M;, C;) satisfy
Assumption 1, and that the compatibility conditions (28) hold. Then, for any T > 0,
there exists eg > 0 such that for all € € (0,e9), and for some 6 > 0, if moreover
v llca + lgnllcy <6, then there exists a unique solution (pi, R;)icz € 1Y, ([0, 4] x
0, T]; R3xSO(3)) to (11) with initial data (p?, RY, p},w)) and nodal data fn, (fr, f&).

)

Remark 2.10. Under (27), the conditions (28) are just an equivalent way of imposing
that yY fulfills the first-order compatibility conditions of (15), but expressed in terms of
the data of the GEB model.

Finally, from Theorems 2.5 and 2.7, one obtains Corollary 2.11 below.

Corollary 2.11. Consider the A-shaped network defined by (22), and assume that
(i) the beam parameters (M;, C;, R;) and initial data (py, RY, p},w?) have the reg-
ularity (4) and (12), the former satisfy Assumption 1 and the latter fulfill (27b),
and 49 is the associated function defined by (18),
(ii) the Neumann data fp, = fn(t,Rin), for n € {1,2,3} are of the form (20), for
given functions q, of regularity (17),
(iii) the compatibility conditions (28a)-(28b) for all n € {1,2,3} hold.
Let T > 0 be defined by (25). Then, for any T > T* > T, there exists g > 0
such that for all € € (0,ep), for some §,v > 0, and for any nodal profiles ¥,,yy €
CH([T*,T); R2) satisfying [Dillcy < v and the transmission conditions (15b)-(15¢) at
the node n = 1, if additionally ||y}|lc1 + [fullex <0 (i € Z, n € {1,2,3}), then
there exist controls fy, fs € C([0, T); R®) with [fullca < € such that System (11) with
initial data (pY, RY, p},w?) and boundary data (fn)nef1,2,3y, admits a unique solution
(Pi, Ra)iex € [TiL, C*([0, 4] x [0, T]; R3 x SO(3)), and (y)iez := T((pi, Ra)iex) fulfills
HyZ-HC;’t < & and the nodal profiles (26).
Remark 2.12. In Corollary 2.11,

1. the profiles given at the node n = 1 affect the intrinsic variables T;(p;, R;), for
i € {1,2}, and not directly the displacements and rotations (p;, Ri);
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2. for i € {4,5} the control f; is given by (20) where q; is the control provided
by Theorem 2.5 for System (15). The smallness of the C' norm of f; comes
from a combination of the fact that q; and y; (and thus, as can be seen in (6),
also the angular velocity W;) have small C' norms, and that the expression of
fi and % fi involves only the functions q;, W; and the unitary matrices R;, R;.
Indeed, f; = diag (Ri(&-, ), Ri(4;, ))qZ and one may compute that

S fi = ding(Ra(ts, ), Ra(ls, ) ar + ing (RaW,) (6, ), (R (65, i

3. EXISTENCE AND UNIQUENESS FOR THE IGEB NETWORK

We now turn to the proof of Theorem 2.3.

3.1. Hyperbolicity of the system. Let 7> 0,7 € Z and z € [0, ¢;]. One may quickly
verify that the matrix A;(z), defined in (8), has only real eigenvalues: six positive ones
which are the square roots of the eigenvalues of ©;(z) (defined in Assumption 1), and
six negative ones which are equal to the former but with a minus sign. Furthermore,
some computations yield the following lemma whose proof is given in [36, Section 4].

Lemma 3.1. Suppose that Assumption 1 is fulfilled and, for any i € I, let U;,
D; € C*([0,4;]);R%*Y) be the functions introduced in Assumption 1. Then, A; €
C2([0, 4;]; R*2*12) ‘may be diagonalized as follows. One has A; = L;7'D;L; in [0,4;],
where D;, L; € C?([0,4;); RY?*12) are defined by

u.Cc;”?  DU,C?
Dz’ = dia _DiaDi , Lz = ! l T ; 29
g( ) UiCi 1/2 —DiUiC;h ( )
and the inverse Li_1 € C%([0, £;]; R2X12) s given by
-1 _ 1 C;/QUiT Czl'/QUiT 30
"2 |c;fuipt —cfuTpst| (30)

3.2. Change of variable to Riemann invariants. Now, we can write (15) in diag-
onal form by applying the change of variable

ri(z,t) = Lij(x)y;(z, 1), for all z € [0,¢4;], t € [0,T], i € Z. (31)

The first (resp. last) six components of r; correspond to the negative (resp. positive)
eigenvalues of A;, thus, for all ¢ € Z, we denote

= [H .o, 0,6] x [0,T] — RS,

70
%

In addition, in order to write the transmission conditions concisely, we introduce the
invertible matrix 7' and positive definite symmetric matrix o'

= RCIUNGD, o = (RC; PUTDUCT PR ()

for all n € N and i € Z". Notice that o'} = Ri(X?)C;l/QUJDfl.
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» leaving

leaving

entering

, entering
0 4

(a) Characteristic curves (x(t),t) with (1) = A(x(t)),

where either A(s) > 0 or A(s) < 0 for all s € [0, ¢;].

(b) Form of Z,, at a node n.

Ficure 3. Outgoing and incoming information.

Then, taking (29)-(30) into account, the system obtained by applying the change of
variable (31) to System (15) reads

Oyri + D0y + Biry = gi(-, 1), in (0,6;) x (0,T7),i €T (32a)
Wy D) (1)

=l (T + 1) (X, 1), te(0,T),i€I" neNy (32b)
> oy =) = qu(B)2 € (0,T), n e Ny (82¢)
ISYAL
(rjn = i) (Xjn, 1) y

= 274 (DinUin C07) (x4 ) gn () € (0,T), n € N (32d)
(i +750) (X, 1) y

=2(UnCp ") (xfn)an(t),  t€(0,T), n e NY (32e)
ri(x,0) = rd(z), x € (0,4;),1€T. (32f)

In the governing system (32a), the coefficient B; € C'([0,4;]; R?*12) is defined by
Bi(z) = Li(x)Bi(x)Li(x)~! + Li(az)Ai(x)%Li_l(x), while the source is defined by
gi(w,u) = Li(2)g;(z, Li(z)"tu) for alli € Z, x € [0,4;] and u € R'2. The corresponding
initial data in (32f) for this system is rY = L;y?.

3.3. Outgoing and incoming information. For any n € N, let us denote by s,, €
{0,...,kn} (vesp. by ky, — s,) the number of beams ending (resp. starting) at the node
n; see Fig. 3b. More precisely, we suppose that

:{il,...,ikn} with 4 <idg <...<i,, and ig,411 <ig,42 <...<ik,,

and that 7' = —1 for all « € {1,...,s,}, while 7' = +1 for all @ € {s, +1,...,ky}.
This is not to be confused with the notation " introduced in (10).

For any node n and any incident edge i € Z", we call outgoing (resp. incoming)
information, the components of r; which correspond to characteristics entering (resp.
leaving) the domain [0, ¢;] x [0, +00) at this node (see Fig. (3a)).

Namely, here, the outgoing (resp. incoming) information at the node n is r;_(4;,,1)
(resp. rt(ﬁia,t)) for all o € {1,...,s,}, and r; (O t) (resp. r; (0,1)) for all k €

(2
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{sp +1,...,k,}. We then define the functions 7%, rin: [0, T] — R%n by

[y (Gist) T [ 7 (G, 1) ]
— : + :
ot | i, (Big, 1) P A (9 )
Tn (t) - 71‘ +I(O’t) ) Tn (t) = ’I'Z._s +1(O,t)
| 7y, (0,1) | | 75, (0,%) ]
We also denote 79" = ((rg®)T,..., (ro% )7), where rg%(¢) € R® for all aw € {1,..., kn};

a similar notation is used for 7!

Taking into account this notation, and the sign of 7", we observe that the Kirchhoff
condition (32c) is equivalent to

_Zgza’%a ; Ot + Z Uzk’sz _ri:)(gik’t):2qn(t)’

k=s,+1

which can also be ertten in the form
ZUZZ’YZL rot (1) ZU" YR (E) + 200 (t).

The continuity condltlon (32b) is equlvalent to

v iy ) (G ) = i () (kg 1) forall a € {2, k)

which can be seen to also write as

VTN () — Al () = =R () AR (t) forall a € {2,... Ky}

Hence, at any multiple node n, the transmission conditions (32c)-(32b) are equivalent
to the following system:

AnGrd™(t) = BpGyrin(t) + {026;1"5?1] :

where A, B,,, G,, € R6nx6kn gre defined by

_|an bn _ | an bn o n n
An = |:Cn Iﬁ(kn—l)} » Be= [Cn Iﬁ(kn—l):| » Gn= dlag(%l’m’%k")’
the sub-matrices a, € R%*¢ b, € R6x6(kn—1) and ¢, € R6Fn—1)x6 heing defined by
a,=o0p, by=[of ol ... o] Jandc,=—[IgIs ... Ig] .
The matrix G, is clearly invertible and one can check that A,, is also invertible (using
the same reasoning as [36, Lemma 4.4]). For any n € N, let us define B,, € R6%nx6kn

by

717

G, 'A'B,G, necNy
Bn =< I n e Név
— I nec NSD,
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as well as Q, € RO**%~ and g, € C*([0, T];R%") by

2G 1AL ne Ny
P 1/2 an(?) n € Ny

Qn = { 2 (DinUin CL)(x) neNY  qu(t) ={ |O6k.—61
2Upn C;,7) (x™) ne NP, an(t) n e Ns.

Then, System (32) also reads
Oyri + Di(x)0zri + Bi(x)ri = gi(w,ri) in (0,4;) x (0,T), 1€ L
O () = Bri®(t) + Qnan(t) te(0,T),neN

n

ri(z,0) = 7 (x) z€(0,4),i€el.

3.4. Proof of Theorem 2.3. Relying upon Subsections 3.1, 3.2 and 3.3, and [18, 50],
we now prove Theorem 2.3.

Proof of Theorem 2.3. The local and semi-global existence and uniqueness of C’%’t SO-
lutions to general one-dimensional quasilinear hyperbolic systems have been addressed
in [50, Lem. 2.3, Th. 2.1], which is an extension of [18, Lem. 2.3, Th. 2.5] to nonau-
tonomous systems.

Such results may be applied to the network system (15), since it can be written
as a single larger hyperbolic system. One needs only to apply the change of variable
(&, t) = ri(L71Et) for all i € Z, € € [0,4] and t € [0,T] for some £ > 0, in order to
make the spatial domain identical for all beams, and consider the larger R'?V-valued

unknown 7 = (7], ...,7})T. Then, 7 is governed by
O + D(€)8:7 + B(&)F = g(7) in (0,€) x (0,T)
Fout(t) = BFM(t) + Qq(t) te(0,7) (33)
7(£,0) = 7(€) £€(0,0),

where D, B, B, O, q, 71, 71 70 and § are defined by

D(-) = (diag ((7' Dy (6671), . I DN (InEL)),
(-) = diag (B1(£1¢7"), ..., By(Ent1)),

B=diag (Bi,...,Byy), O=diag(Qi,....Qun), a=(al....al)",
P = ()T, T T P = (T PRT)T

) = (0T, e )T)T

(vu) = (G u)T, g (N uy)T) T,

Il
o

=t

where we denoted u = (u],...,u})T with u; € R'? for all i € 7.

Due to Subsection 3.3, the boundary conditions of (33) are directly written in such
a way that the outgoing information for System (33) is a function of the incoming
information, a sufficient criteria in [18, 50] to deduce well-posedness of the system. [
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4. CONTROLLABILITY OF NODAL PROFILES FOR THE IGEB NETWORK

We now consider the A-shaped network defined by (22) and our aim is to prove
Theorem 2.5. As pointed out in Section 2, we will solve several forward and sidewise
problems for (15a) (see Steps 1.3, 1.4, 1.5). The existence and uniqueness of semi-
global in time solutions to these problems is provided by [18, 50], as in Section 3 for
the overall network.

Proof of Theorem 2.5. The proof is divided in three steps. We start by constructing a
solution satisfying all transmission conditions and the nodal profiles. The choice of T’
(see (25)), and thus 7™, is explained in Step 2.

Step 1.1 (826 Fig. 4 top-left). Consider the forward problem for the entire network
until time 7', where at the simple nodes n € {4,5}, the controls ¢4, g5 are replaced by
any functions q,,qs; € C*([0;T]; R®) satisfying the first-order compatibility conditions
of (15). By Theorem 2.3, for any v > 0 small enough, there exists § > 0 such that
(15) admits a unique solution (ylf)iez € vazl CL([0, 4;] x [0, T]; R'?) with Hyifﬂcl et
provided that [|y?[|c1 + lanllca + llarllcy <6 foralli € Z,n € {1,2,3} and k € {4,5}.

Similarly to the state y; (see (6)), we denote yl ((vf)T, (z-f)T)T, and later on, we

o i ) %
will also use such a notation for y;, ¥;, y; and y;.

Step 1.2. At the node n = 1, to obtain “data” y;,y, € C*([0,7]) for the entire time
interval with small C' norm and fulfilling the transmission conditions at this node, we
connect yzf (from Step 1.1), which is defined on [0, 7], to the nodal profiles y; defined
on [T%,T] (see (26)).

We first find functions vy,2z; € CL([0, T]; R%) with [91llez + IZ1llcr < v and such
that

U1 , (34)

© {v{m,t) tel0T] {z{m,t) tel0T]

e terr DT mm e

completing the gap between via, for example, cubic Hermite splines fulfilling the values

and first derivatives prescribed by (34) at t = T and ¢t = T*. The C' norm of such

functions is bounded by that of vzf ,U; and zzf , Zi, respectively.

Then, we define Ty,zo € C([0,T];R%) by Ta(t) = (RyR1)(0)T1(t) and Zo(t) =
—(RyR1)(0)Z1(2), so that both the continuity and Kirchhoff conditions (15b)-(15c¢)
are fulfilled. Since R; (i € Z) is unitary and independent of time, one has |v;| =
|@:2| and |E:1\ = |z, as well as |%El| = \%62] and !%51’ = |%§2’, implying that
[v2llcx + lIZ2llep < -

Step 1.3 (see Fig. 4 top-right). Now that we have 7;, we consider the sidewise (right-
ward) problem on [0,4;] x [0,T] for the edges i € {1,2} (see Remark 2.6 5.), where
at x = 0 the “initial data” is g,;, at ¢ = 0 the “boundary condition” prescribes the
velocities as v;(z,0) = v?(x) (thus using a part of the initial conditions of System
(15)), and at t = T" we set the artificial “boundary condition” z;(z,T") = g;(z) for any

function g; € C'([0,4;];R5). Then, for any £; > 0 small enough, there exists d; > 0
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FIGURE 4. Steps 1.1, 1.3, 1.4, 1.5 of the construction of the solution (top
to bottom, left to right), where “A.C.” stands for “artificial conditions”.

such that the rightward problem admits a unique solution y; € C([0,4;] x [0,T]; R'2)
with [yl < 21, provided that [Tilley + [o0lcs + [@llcs < o for all § € {1,2).

Step 1.4 (see Fig. 4 bottom-left). Using y1(¢1,-), y2(f2,-) (from Step 1.3) as data,
consider the forward problem on [0, /3] x [0,T] for the edge i = 3, with the initial
conditions of (15), and, as boundary conditions at x = 0 and = = ¢3, the velocities
prescribed as

v3(0,t) = R3(0)TRy(¢1)v1 (41, 1), v3(03,t) = R3(l3)TRa(le)va(la,t), (35)

so that the obtained solution y3 together with yi,ys (provided by Step 1.3) fulfill the
continuity conditions (15b) at the nodes n € {2,3}. Then, for any €2 > 0 small enough,
there exists 6o > 0 such that this problem admits a unique solution yz € C*([0, £3] x
0,7} R12) with ysllcs | < ea, provided that [[gflle + o (lis )l + laalley < 62 for
all i € {1,2} and n € {2,3}.

Step 1.5 (see Fig. 4 bottom-right). Finally, using y1(¢1,-), y2(¢2,-) (from Step 1.1) and
y3(0, ), y3(¢3,-) (from Step 1.3) as data, consider the rightward problem on [0, ¢;] x [0, T']
for the edges i € {4,5} similar to that of Step 1.3 except for the choice of the “initial
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data” at x = 0, denoted by y;, that we define by
~ [ R4(0)T(Ryv1)(£1, ) ] (36)

Ys = R4(0)T((R1z1)(41,-) — (R323)(0,-) — q2)

7 = [ ~ R5(0)T(Rav2)(fa,-) }
R5(0)T((R222) (b2, ) + (Rsz23)(£s, ) — g3)
Then, for any €3 > 0 small enough, there exists d3 > 0 such that this problem admits a
unique solution y; € C1([0, 4;] x [0, T]; R'2) with ||y , < €3, provided that [ofllcr +
[1@illcy + llanllcp < 03 for alli € {4,5} and n € {2,3}, and [lyx(fk, )l cp + 1y3(0, )llep <
93 for all k € {1,2,3}.
Note that the y; for ¢ € {4,5} have been chosen in such a way that the solutions
Y4, Y5 together with y1,y2,y3 (provided by Step 1.1 and Step 1.3), necessarily fulfill the
transmission conditions (15b)-(15¢c) at the nodes n € {2, 3}.

(37)

It remains to prove that the solution (y;);ez constructed in Step 1 in fact also fulfills

the initial conditions (15f) of the overall network, by showing that y; coincides with yzf
on some domain including [0, ¢;] x {0} for all ¢ € Z.

Step 2.1 (see Fig. 5 leftmost). First, consider the edges i € {1,2}. We will see that
not only y; fulfills (15f), but one also has (see (24))

yi(li t) =yl (6, 1), t € [0, max{Ty, T5}], i € {1,2}. (38)

Let i € {1,2}, and let t; € C'([0,4;]) be the function with derivative <Lt;(z) =
ming <x<12 /\%(x) in [0, 4;], which is also equal to —A;(z) (see (23)-(24)), and such that
t;(0) = Ti—l—IZnaX{TA;, T5}. Then, t; describes a curve in [0, 4;] X [0, T'] that passes through
(0,T; + max{Ty, T5}) and we may also write

ti(z) = T; + max{Ty, T5} — / Ai(s)ds.
0

The definition of 7; in (24) ensures that [0,4;] x [0, max{Ty,T5}| is a subset of the
domain R(i,t;) defined by

R(its) = {(z,8): 0 <z < £, 0 <t < ti(a)). (39)

Both y; and ylf are by definition solutions to the one-sided sidewise (rightward) problem
with “initial data” 7, at # = 0 and boundary data ’U? at t = 0. The definition of t;
ensures that any characteristic curve® of this problem passing by (z,t) € R(i,t;) is
necessarily entering the domain R(7,t;) at {0} x [0, T; + max{T4, T5}] or at [0, ¢;] x {0}.
Thus, by [24, Section 1.7] the solution in C'(R(i,t;); R*?) to this sidewise problem is
T in R(i, t;).

unique, and y; = y;

Step 2.2 (see Fig. 5 center). Consider the edge i = 3. We will show that not only y3
fulfills (15f), but also

y3(07 t) = y{{(oa t)a y3(£37 t) = yg(gfia t)a le [07 maX{T47 T5}] (4())

3By characteristic curves passing by (., t,), we mean the curves specified by the functions t¥ with
derivative LtF(s) = Af(s)™" and such that t;(z,) = to, for k € {1,...,12}.
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A t (time) A 1 (space)
i=3 i=4,5
K L
V' S
0
: o d :
0 l; z (time) 0 l3  x (space) O l;  x (time)

FIGURE 5. Recovering the initial conditions: meaning of the controlla-
bility time.

holds. Indeed, y3 and y;]; both solve the forward problem

Oys + Aidyys + Biys = G;(-,y3)in (0,£3) x (0, max{Ty,T5}) (41a)
v3(0,t) = R3(0)T(Ryv1)(¢1,t)(t) t € (0, max{Ty,T5}) (41b)
v3(l3,t) = R3(¢3)T(Rava)(l2,t) (¢} € (0, max{Ty, T5}) (41c)
ya(z,0) = y5(x) z € (0,4), (41d)

which admits a unique solution in C1([0, £3] x [0, max{Ty, T5}]; R'?). In fact, y3 fulfills
(41) by definition (see Step 3); concerning y:{ , it fulfills (41a) and (41d) by definition,
while (38) and (35) imply that y?{ fulfills (41b) and (41c).

Step 2.3 (see Fig. 5 rightmost). Finally, consider the edges i € {4,5}. Let t; be the
function defined just as in Step 2.1 except that t;(0) = 7;. In other words,

ti(z) =T, — /093 Ai(s)ds

Here, the definition of T; in (24) ensures that t;(¢;) = 0, and therefore the corresponding
domain R (3, t;) defined by (39), contains [0, ¢;] x {0}. Both y; and ny fulfill the following
one-sided rightward problem with unknown y;:

Owyi + A7 0y + A7 ' Biyi = (4;'9,) (Lys)  in R(G, t;) (42a)
vi(z,0) = 09 (z) x € (0,4;) (42b)

where y; is defined by (36)-(37). Indeed, while it is clear that y; fulfills (42) and ylf fulfills
(42a)-(42b) by definition, one also obtains, using (38), (40) and the fact that yzf satisfies

the transmission conditions (15b)-(15¢), that ylf also fulfills (42¢). The definition of
t; ensures that any characteristic curve of (42) passing through (z,t) € R(i,t;) is
necessarily entering this domain at {0} x [0,7;] or at [0, ¢;] x {0}. Hence, similarly to
Step 2.1, one can apply [24, Section 1.7] to obtain that the solution in C'(R(3,t;); R'?)
to (42) is unique.

Step 3. Finally, we choose ¢; defined by ¢;(t) = z;(¢;,t) for all t € [0,T],i € {4,5}. In
view of the uniqueness of the solution to (15), g4, g5 are controls satisfying the desired
conditions of Theorem 2.5. ]
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5. RELATIONSHIP BETWEEN THE GEB AND IGEB NETWORKS

As in Section 3, we now consider a general network, and seek to prove Theorem
2.7. To do so, in Lemma 5.1 below, we start by inverting, on some specific spaces, the
transformation 7 defined in (9) that relates the states of (11) and (15). Henceforth,
for any functions (u;);ez such that u;: [0,4;] x [0,7] — R'2, we use the notation u; =
(uf 1,5 ul )T, where w; g [0,6;] x [0,T] — R? for all k € {1,...,4}. Let us define the
spaces

= {(pi» Ri)ier € [T1L,C? ([0, 4] x [0, T]; R? x SO(3)) : (11f), (11g) hold}
{ Yi)ieT € HZ 101 ([0 4;] x [O,T];Ru) s u; = diag(Is, C;)y; satisfies
(43)-(44)-(45) },
where (43)-(44)-(45) are the following conditions:

for all i € Z, in (0,4;) x (0,7T)

U5,3 Ui 1 ;f’c €1 | [uin] _ |Wi2 Uil [wis3 (43)
O {UWJ — {uzz] B [03 Té] [uzJ - [03 ai,2:| [Ui,4] ’
foralli € Z, in (0,4), Lpf(-)=RI()(uis(-,0)+e1), )
ARI() =RIC)(@ial-,0) + Ti()),
P

for all n € N2, in (0,T), LfP(. Nin 1 (X, -,
i 2 (X, +).
The following result then holds.

Lemma 5.1. Assume that (p?, RY, fr, fR) are of reqularity (12) and (14), and fulfill
(27a). Then, the transformation T : E1 — Esa, defined in (9), is bijective.

Proof of Lemma 5.1. One can easily verify that (7;(pi, Ri))iez belongs to Es for any
given (pi, R;)icz € F1, and T is thus well defined.

Let (yi)iez € E2. We will now show that, there exists a unique (p;, R;)iez such that
T ((pisRi)iez) = (yi)iez- Consider (u;);ez defined by w; := diag(Is, C;)y;. Let i € T,
and let n be the index of any node such that i € Z".

There exists a unique solution R; € C2([0, ¢;] x [0,7T];SO(3)) to

&tRi = Riﬂi,g in (0,&) X (O,T) (46&)
9,R; = Ryl 4+ Y) in (0,4) x (0,T) (46b)
Ri(x},0) = R} (x}"). (46c¢)

To prove this, a possible way is to first rewrite (46), whose state has values in SO(3), as
a system with a R*-valued state (using [37, Lem. 4.1]) via a parametrization of rotation
matrices by quaternions [6], and then use (43) (last three equations) as compatibility
conditions in order to deduce that the obtained system is well-posed (using [37, Lem.
4.3]); this procedure is detailed in [37, Section 4].
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Having found R;, consider the following system
opi = Riui g in (0,4;) x (0,7 (47a)
Ozpi = Ri(ujz +e1) in (0,4;) x (0,7) (47b)
pi(x},0) = p}(x}). (47c)
Note that (47a) is equivalent to p;(z,t) = pi(z,0) —i—fOt(Rium)(a:, 7)dr. Without loss of
generality, assume that x} = 0 (in the alternative case, the end of the proof is the same
with each integral + [ below replaced by — ff”). By (44) (first equation) and (47c), in

the above expression for p;(,t), one may express the first term as p;(z,0) = p?(x?) +
[ (R?(ugﬁ +e1))(s)ds. Also, for any = € [0,¢;] and any 7 € [0,¢] the integrand in the

second term may be expressed as (Riui;1)(z, 7) = (Riuin)(x7,7) + [0 (Riui1) (s, 7)ds.

—

Hence, (47a) and (47c) are equivalent to

pi(z,t) = p?(x?) —i—/ (Riuiq1)(x3, 7)dr
r " t rx (48)
+ /X?(Rzo(ugg +e1))(s)ds +/0 /X? Oz (Rius1)(s, 7)drds.

On the other hand, we know that (48) fulfills O;p;(x},-) = (Rju;1)(x},-), while by
(43) (first three equations), one has 0;(Rjui1) = 0r(Ri(u;3 + e1)). The latter two
facts, together with (44) (second equation), permit us to deduce that (48) also writes
as pi(z,t) = p(x',t) + [, (Ri(uiz + €1))(t, s)ds. Thus, (48) is the unique solution to
(47). l

Finally, note that, because of (44), requiring (46¢) and (47¢) is equivalent to imposing
the initial conditions (11g). Moreover, in the case of n € NP, due to (27a) and (45),
requiring (46¢) and (47c) is equivalent to imposing the nodal conditions (11f). This
concludes the proof of Lemma 5.1. 0

We now have the tools to prove Theorem 2.7.

Proof of Theorem 2.7. We divide the proof in seven steps. Let (y;);cz be as in Theorem
2.7, and let (u;);ez be defined by w; = diag(Is, C;)y;.

Step 1: inverting the transformation. Since the last six equations in (15a) hold for
(yi)iez, we know that (43) is fulfilled. On the other hand, the last six equations of the
initial conditions (15f) with initial data (18) yield (44). Finally, the definition of the
boundary data (19), together with the nodal conditions (15e) on velocities, yield (45).
Hence, (y;)iez € E2, and by Lemma 5.1 there exists a unique (p;, R;)iez € E; such
that

yi = Ti(pi,Ry), forallieT, (49)

Now, we want to check that this “candidate” (p;, R;)iecz, satisfies the rest of system
(11).

Step 2: governing equations. Using (49) and the first six governing equations in (15a),
one can deduce that (p;, R;);cz satisfies the governing system (11a) after some com-
putations.
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Step 3: conditions at simple nodes. For n € N¥, from (49) together with the nodal
conditions (15d) on forces and moments and the definition of f,, (see (20)), one can
directly deduce that the nodal conditions (11e) hold.

For n € N¥, from (49) together with the nodal conditions (15e) on velocities and
initial conditions (11g), we deduce that (pi=(x},-), Rin(x[n,-)) satisfies

Ly =swal @), )= p0al () in (0.7)

(. 8)(0) = (Pfn, R ) (xf1),

of unknown state (c, 3), where we denote g, = ((¢¥)7, (¢V)T)T with ¢V, ¢!V € C*([0, T]; R?).
Due to (19) and (27a), (f¥, f®) also satisfies (50). One may see that (50) admits a
unique solution in C?([0, T]; R x SO(3)). Indeed, as in the proof of Lemma 5.1, one
may replace (50) (first equation) by an equivalent equation whose unknown state is
the quaternion [6] parametrizing the rotation matrix 8 = 3(t) (see [37, Section 4] for
more detail). Having then only vector valued unknowns, one can use the classical ODE
theory. Thus, (pin, Rin)(X%, ) = (f¥, fR), and the nodal conditions (11f) hold.

Step 4: remaining initial conditions. One recovers the initial conditions (11h) directly
from the first six equations in (15f) and the definition of y? (18), together with (49).

(50)

Step 5: rigid joint condition. In order to show that (p;, R;);e7 fulfills the transmission
conditions of (11), we start with the rigid joint condition. Let n € Nj;. For all
i € I, let us define A; € C1([0, T); R3*3) by A;(t) = (R;R])(x?,t). By the continuity
condition (15b) (last three equations),

(A A] = ($An) AL, in (0,7), for all i € Z". (51)

Let F,, := (%Ain) Al and a, = (RnR%.T)(x%). By (51), (27b) (second equation)
and the fact that (11g) holds (by Step 1), for all ¢ € Z™, A; fulfills

%Ai(t) = F,(t)A;(t) forallte (0,7)

Ai (0) = Qp,

which admits a unique C*([0, T]; R3*3) solution (see [44, Sec. 2.1 and Th. 4.1.1 or Coro.
2.4.4], for instance). Hence, A; = A; for all 4, j € 7", and the rigid joint condition (11c)
holds.

As (11c¢) holds, we can now deduce the transmission conditions of (11) that remain.

Step 6: continuity of the displacement. Let n € Nys. By (49) together with the rigid
joint condition (11c) and the continuity condition (15b) (first three equations), one
deduces that

Opi (X', t) = Opin (Xin,t), 1in (0,7, for all ¢ € I".

Using additionally (11g) with (27b) (first equation), we deduce that for all i € Z™, the
function p;(x7, -) fulfills the problem
{atpi(x?, t) = hyn(t) for all t € (0,T)

52
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where we denote h, = Opin(x%h, ) and a, = pY(x%). Since the C1([0,T];R?)
solution to (52) is unique, we conclude that (11b) holds.

Step 7: Kirchhoff condition. One recovers the Kirchhoff condition (11d) from the rigid
joint assumption (11c) together with (15¢) and (49).

To finish, the uniqueness of the solution to (11) is a consequence of the uniqueness
of the solution to (15) (Theorem 2.3) and of the bijectivity of the transformation 7~
(Lemma 5.1). This concludes the proof. O

6. CONCLUDING REMARKS AND OUTLOOK

In this article, we have studied networks, possibly with cycles, of geometrically exact
beams. Notably, we considered the representations of such beams in terms of either
displacements and rotations expressed in a fixed coordinate system (GEB model), or ve-
locities and internal forces/moments expressed in a moving coordinate system attached
to the beam (IGEB model), reflecting on the advantages and drawbacks of these two
points of view, and the relationship between them. For these beam networks, we ad-
dressed the problem of local exact controllability of nodal profiles in the special case of
a network containing one cycle: the A-shaped network depicted in Fig. 2c.

The fact that one has the possibility of expressing the beam model as a first-order
semilinear hyperbolic system — the IGEB model — while keeping track of the link with
the GEB model, permits us to give a proof of nodal profile controllability in line with
works done on other one-dimensional hyperbolic systems — e.g., wave equation, Saint-
Venant equations, Euler equations [10, 11, 12, 19, 24, 45, 46, 49, 52]. Namely, we used
the existence and uniqueness theory of semi-global classical solutions to the network
system, combined with a constructive method as in [52] to obtain adequate controls.

Local nature of the results. Let us give some comments about the local nature
of the nodal profile controllability result, Theorem 2.5. This theorem notably implies
that even though there might be large displacements and rotations of the beam — due
to the use of a geometrically exact (thus nonlinear) beam model —, we apply controls
that subsequently keep these motions small. As noted in Remark 2.6 1., Theorem 2.5
focuses on the small data scenario and could possibly be a preliminary step in view of
obtaining a global result.

Besides, in the proof of Theorem 2.5, some “degree of freedom” has not been used,
as we rely on an existence and uniqueness result which has been established for general
one-dimensional first-order quasilinear hyperbolic systems. Since we are considering a
very specific model — the IGEB model — it would be interesting to establish an appro-
priate well-posedness result and keep track of the bounds on the initial and boundary
data to obtain more quantitative information.

On another hand, as explained in the introduction, the GEB and IGEB models are
valid as long as the strains s;(z,t) are small enough. The latter being proportional to
the the internal forces and moments z;(z,t) (more precisely, they are given by s; = C;z;
where we recall that C;(x) denotes the flexibility matrix), comparing this assumption
to the smallness of the internal forces and moments required in Theorem 2.5 would also
be of interest.
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FIGURE 6. Other networks for which local exact controllability of nodal
profiles is achievable by following Algorithm 1 (the numbers refer to the
variable step).

More general networks. The A-shaped network is an illustrative example where the
controllability of nodal profiles is achievable for a network with a cycle, but let us stress
that similar arguments to those used in Section 4 apply for various other networks, and
with controls at different locations.

Let us introduce some more notation. For any given network, we denote by P and C
the set of indexes of the charged nodes and controlled nodes (see Section 1), respectively.
Given a charged node n € P and a controlled node m € C, a control path between n
and m [49], is any connected subgraph (of the current graph representing the beam
network) forming a path graph* whose nodes of degree 1 are n and m. In Fig. 6,
examples of control paths are highlighted by blue arrows.

On a tree-shaped network — hence without loop —, some conditions were proved to
be sufficient for the exact controllability of nodal profiles to be achieved [10, 11, 24,
45, 46, 49]. In [49] the authors are concerned with the wave equation and provide a
controllability result for any given tree-shaped network with possibly several charged
nodes. Moreover, in [49], at a charged node n € P, profiles may be prescribed for only
some (rather than all) of the edges incident with n, and profiles may be prescribed
for only part of the state (which would translate in the case of (15) to prescribing the
velocities only, or the internal forces and moments only, for example). This type of
problem, which is then called partial nodal profile controllability, is not considered here.

The nodal profile controllability has also been established for the Saint-Venant sys-
tem [26, 52] for numerous networks with cycles, of various shapes and with several
charged nodes.

It arises, from these works, a series of conditions on the number and location of the
charged nodes, which are sufficient to achieve the respective controllability goals. We
refer notably to [49, Theorem 5.1], and to [26, Sections 7 and 8§].

4 path graph is an oriented graph without cycle such that two of its nodes are of degree 1, and all
other nodes have a degree equal to 2.



NODAL PROFILE CONTROL FOR NETWORKS OF GEB 30

Algorithm 1: Steps of controllability proof for other networks

Input: Z, N, Ng, ky, // edges, nodes, simple nodes, degrees
I" for alln € N // edges incident to the node n
NiforallieZ // nodes at the tips of the edge i
P, C // charged nodes, controlled nodes
S // edges on control paths

1 J«+ [0, forn=1...#N]; for alln € P do (J(n) < k, —1);

// amount J(n) of data available at m to solve sidewise

2 F « 0; // solved edges
3 step < 1; moved < false; // to count the steps
4 M + PU{n € N: n not incident with any edge in S};
5 while 7 # 7 do // while entire network not solved
6 for m=#M,...,3,2,1 do // Principle 1
7 for all NT C M such that #N T =m do
8 if there exists a connected subgraph with nodes N1 and edges IT, such
that ' N (SUF) = () then
9 solve forward problem for the network (ZT,/\/ T);
10 for alln € Nt do (J(n) + J(n) +1);
11 M+~ MUNT F«— FUIZ';, moved < true;
12 if moved = true then (step < step +1; moved < false);
13 for alln € M do // Principle 2
14 if J(n) =k, — 1 then // if enough data at n
15 for alli € 7" N (S\ F) do
16 solve sidewise problem for the edge ¢ with “initial
conditions” at the node n;
18 M~ MUNY F+ Fuiil;
19 for allm € N“ do (J(m) < J(m) +1);
20 moved < true;
21 if moved = true then (step < step +1; moved < false);

22 Compute controls g, by evaluating the trace at nodes n € C;

In the case of the beam networks considered in this article, these conditions become
(recall that k,, is defined as the degree of the node n)

1.
2.

3.

The total number of controlled nodes #C is equal to ) p kn.

For any n € P, there are k,, controlled nodes connecting with it through control
paths. These control paths have the charged node n for sole common node.
The control paths corresponding to different charged nodes do not have any
common node.

Let us stress again that we are restricting ourselves to the type of systems presented in
Subsection 2.2. Namely, if a multiple node is controlled, then the control is applied at
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the Kirchhoff condition, while if a simple node is controlled, then the control is applied
at either the first six (velocities) or last six (internal forces and moments) components
of the state y;, and at any charged node n € P profiles are prescribed for all incident
beams ¢ € Z" and for the entire state y;.

Then, one may use the constructive method as in Section 4, by following the steps
instructed by Algorithm 1, for different networks; see Fig. 6. We can assert that this
algorithm yields a proof of controllability for the networks defined in Fig. 6, but not
that it constitutes a proof for any given network.

In Algorithm 1, edges belonging to control paths are solved according to the Principle
2 — solving a sidewise problem as in the Steps 1.3 and 1.5 of the proof of Theorem
2.5 — while the other edges are solved according to the Principle 1 — solving a forward
problem similar to the Step 1.4 of the proof of Theorem 2.5.

As noted here and in the above cited works, the conditions given to obtain control-
lability of nodal profiles are only sufficient to ensure the controllability result and the
search for necessary and sufficient conditions is open.
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