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3D-1D coupling on non conforming meshes via a
three-field optimization based domain decomposition

Stefano Berrone®, Denise Grappein?, Stefano Scialo®*

@ Dipartimento di Scienze Matematiche, Politecnico di Torino, Corso Duca degli Abruzzi 24,
10129 Torino, Italy. Member of INDAM research group GNCS.

Abstract

A new numerical approach is proposed for the simulation of coupled three-
dimensional and one-dimensional elliptic equations (3D-1D coupling) arising
from dimensionality reduction of 3D-3D problems with thin inclusions. The
method is based on a well posed mathematical formulation and results in a
numerical scheme with high flexibility in handling geometrical complexities.
This is achieved by means of a three-field approach to split the 1D problems
from the bulk 3D problem, and then resorting to the minimization of a properly
designed functional to impose matching conditions at the interfaces. Thanks
to the structure of the functional, the method allows the use of independent
meshes for the various subdomains.

Keywords: 3D-1D coupling, three-field, domain-decomposition, non
conforming mesh, optimization methods for elliptic problems
2010 MSC: 65N30, 66N50, 68U20, 86-08

1. Introduction

This work presents a new numerical approach to manage the coupling of
three-dimensional and one-dimensional elliptic equations (3D-1D coupling). This
kind of problems emerges, for example, in the numerical treatment of domains
with small tubular inclusions: in these cases, indeed, it might be computation-
ally convenient to approximate the small inclusions by one-dimensional (1D)
manifolds, in order to avoid the building of a three-dimensional grid within the
inclusion. Clearly this topological reduction can be a viable approach only if
one-dimensional modeling assumptions can be applied to the problem at hand.
Examples of application are: capillary networks exchanging flux with the sur-
rounding tissue [1, 2|, the interaction of plant roots with the soil [3, 4], a system
of wells in geological applications [5, 6, 7], or the modeling of fiber-reinforced
materials [8, 9].
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The definition of coupling conditions between a three-dimensional (3D) and
a 1D problem is not straightforward, as no bounded trace operator is defined in
standard functional spaces on manifolds with a dimensionality gap higher than
one. This problem was recently studied in [10, 11|, where suitably weighted
Sobolev spaces were introduced and a bounded trace operator from the 3D space
to the 1D space was defined, thus allowing to formulate a well posed coupled
problem, also resorting to the results in [12]. In [13] regularizing techniques are
proposed for singular terms. Three dimensional problems with singular sources
defined on lines are also studied in [14], where the nature of the irregularity is
analyzed and a method based on the splitting of the solution in a low regularity
part plus a regular correction is proposed. Problems with a source term on
manifolds with high dimensionality gaps are also studied in [15], where a lifting
technique of the irregular datum is used to reduce the dimensionality gap. In
[16], regularized singular source terms are introduced and scaling factors are
used to select the scale at which such source terms are activated, independently
from the mesh resolution. In the method proposed in [17], instead, the singu-
lar source terms arising from 3D-1D coupled problems are approximated in a
neighbourhood of the inclusions by custom kernel functions. In [18] a 3D-1D
coupled approach is derived starting from the fully 3D-3D coupled problem and
applying a topological model reduction through the definition of proper averag-
ing operators. Mixed dimensional PDEs on 3D-1D domains are also addressed
in [19], using Lagrange multipliers to enforce the coupling. A stabilization is
required to ensure well posedness of the discrete problem for some choices of
the space of multipliers.

In the present work a new numerical approach to this problem is proposed,
starting from modeling assumptions similar to those proposed in [18]. A re-
duced 3D-1D model approximating the original equi-dimensional 3D-3D prob-
lem is here obtained by introducing proper assumptions on the solution inside
the small inclusions and by defining suitable subspaces of the Sobolev spaces
typically employed in the variational formulation of partial differential equa-
tions. In this respect, the proposed approach differs from the others available in
literature, and in particular from the approach in [18]. Indeed, here a continuous
well posed 3D-1D coupled problem is obtained by assuming that the solution is
constant in the cross sectional area of the inclusions and introducing suitable ex-
tensions and trace operators. Thanks to this, the problem is treated, in practice,
as a 3D-1D reduced problem, but it can still be written as an equi-dimensional
problem, thus skipping the difficulties related to the 3D-1D coupling. The prob-
lems in the bulk 3D domain and in the small inclusions are splitted resorting
to a three-field based domain decomposition method, originally formulated in
[20] and already applied for domain decomposition in networks of fractures [21].
Suitable matching conditions are then enforced at the interface to recover the
solution on the whole domain. Here pressure continuity and flux conservation
constraints are assumed at the interfaces. This kind of interface conditions are
also considered in the approaches proposed in [19] and [8], for example, and are
relevant for applications, as, e.g., the simulation of leaky vessels in angiogene-
sis [22], thin membranes [23], or fiber-reinforced materials [8]. The advantages



of the three-field based approach with respect to other domain decomposition
methods lie in the possibility of defining stable locally conservative numerical
schemes on non conforming meshes [21], on the direct computation of the in-
terface variables, and on the definition of a well posed discrete problem on non
conforming meshes independently of the choice of the space of the discrete vari-
ables. Matching conditions at the interfaces are enforced by means of a PDE
constrained numerical scheme, already proposed for simulation of the flow in
poro-fractured media [24, 25, 26] and here proposed for 3D-1D coupling. The
method is based on the minimization of a cost functional expressing the error in
the fulfillment of interface conditions, constrained by constitutive laws on the
various subdomains. The advantages of such an approach lie in the possibility
of enforcing continuity and flux balance at the interfaces using completely inde-
pendent meshes on the sub-domains. This provides to the scheme an extreme
flexibility and robustness to geometrical complexities, which are critical features
for the applicability to real problems, where the nearly one dimensional inclu-
sions might form complex networks, possibly generated from random parameters
[27, 28]. Exploiting the properties of the functional spaces chosen for the solu-
tion, the functional can be reduced to the centrelines of the tubular inclusions
and used to control the continuity of the solution, whereas flux conservation
is strongly enforced thanks to the three-field formulation. High jumps of the
coeflicients across the interfaces are also permitted by the proposed approach.

The manuscript is organized as follows: in Section 2 notation is introduced
and the strong formulation of the 3D-3D problem is presented, along with the
hypotheses allowing its reduction to a 3D-1D problem. In Section 3 the weak
formulation of the 3D-1D coupled problem is worked out, while in Section 4 the
problem is re-written into a PDE-constrained optimization formulation. The
corresponding discrete approach is discussed in Section 6. Finally, in Section 7,
some numerical examples are described.

2. Notation and problem formulation

Let us here briefly recall the basic formulation of the problem of interest in
a simplified setting, the ideas here proposed being easily extendable to more
general cases. We refer to [18] for a broader presentation of the problem. Let
us consider a convex domain 2 C R? in which a generalized cylinder ¥ C R? is
embedded. The centreline of this cylinder is denoted by A = {\(s), s € (0,5)},
where A(s) is here assumed, for simplicity, to be a rectilinear segment in the
three-dimensional space. The symbol X(s) denotes the transversal section of
the cylinder at s € [0,5]. We assume that each section, whose boundary is
denoted by I'(s), has an elliptic shape, denoting by R the maximum axes length
of the ellipses as s ranges in the interval [0, 5]. The lateral surface of X is
I' = {I'(s), s €0,S5]}, while £y = £(0) and X5 = 3(S) are the two extreme
sections. The portion of the domain that does not include the cylinder is denoted
by D = Q\ X, with boundary 9D = 9Q U {T'UXyUXgs}, where 99 is the
boundary of 2. We refer to 0D¢ as the external boundary of D, coinciding with



0f) when the extreme sections of ¥ are inside 2. In case Xy and X g lie on the
boundary 02 we define D¢ = 9N\ {3y U Xs}.

Let us consider, in 2, a diffusion problem, with unknown pressures u in D
and 7 in X:

3D-problem on D: 3D-problem on X:
~V - (KVu) = f inD (1) -V-(KVi)=g in% (5)
u=0 ondD¢ (2) u=0 on 3o UZXs (6)
U, = onl (3) Up=v onT" (7)
KVu-n=¢ onl' (4 KVui-n=—¢ onT' (8)
Vectors n and 7 are the outward pointing unit normal vectors to I', respectively
for D and X, such that n = —n, K and K are positive scalars, and f and g are

source terms. The symbol ¥ denotes the unknown unique value of the pressure
on the interface I' while ¢ is the unknown flux through I, entering in D. For
the sake of simplicity we suppose here that the extreme sections ¥y and Xg lie
on 092, and we consider homogeneous Dirichlet boundary conditions on both of
them and on 0D°€, the extension to more general cases being straightforward.
Equations (3)-(4) and (7)-(8) enforce pressure continuity and flux conservation
constraints on the lateral surface I' of the cylinder, thus allowing us to couple the
two problems. We remark that different coupling conditions could be considered,
as the ones proposed in [18].

If the cross-section-size R of the cylinder ¥ becomes much smaller than both
the longitudinal length L and the characteristic dimension of 2, a model can be
introduced in order to reduce the computational cost of simulations. The key
point is that, as R < L, it is possible to assume that the variations of u on the
transversal sections of the cylinder are negligible, i.e., in cylindrical coordinates,

a(r,0,s) =u(s) Vrel[0,R], VO € [0,2m). 9)

This allows us to simplify problem (5)-(6) reducing it to a 1D problem defined
on the cylinder’s centerline A as

_ d% ([*{E(SNZ?) =3 for s € (0,9) (10)

a(0) = a(S) =0, (11)

where the new forcing term § now accounts for the original volumetric source g
and for the incoming flux from the boundary I' of the equi-dimensional problem.
Details of this geometrical reduction are provided in the next session. The clear
advantage of the reduced problem (10)-(11) is that solving a problem defined on
a segment instead of a problem defined on a small cylinder is computationally
much cheaper, and avoids the necessity of a 3D-1D trace operator.

In the next section an original formulation of the coupled 3D-1D problem
is derived, starting from a variational formulation of the fully dimensional 3D-
3D problem (1)-(2) and (5)-(6), and defining the proper functional spaces and
operators required to reduce this formulation to a well posed 3D-1D coupling.



3. Variational formulation
In this section we will adopt the following notation:
Hy(D)={ve H'(D):v,, =0}
Hy(%) = {1} c H(Y): Vg, = Vg, = 0}
H(A) = {v e H'(A) : v(0) = u(S) = 0}

and we will suppose that D¢ = 9Q \ {Zo UXg}, i.e. the extreme sections of
the cylinder lie on 0f). As aforementioned this assumption is introduced for the
sake of simplicity, the formulation being extendable to more general cases. Let
us define a trace operator

Y : HY(D)UH'(£) — H(T), such that v,v = v Yo € H'(D)UH(X) (12)
and two extension operators
£, H'(A) - H'(X) and &, : H'(A) — H*(I)

defined such that, given © € H(A), £, (d) is the uniform extension of the point-
wise value 9(s), s € [0,5], to the cross section 3(s) of the cylinder and £.(v)
the uniform extension of ¥ to the boundary I'(s) of the cross section, i.e.

E,0(x) =0(s) Ve € X(s) and E.0(x) = 0(s) Vo € T'(s).

Let us observe that £. = 7, o £.. Setting V = HZ(A), let us further consider
the spaces:

V={veH\Z):v=E0, deV},

H ={veH>():v=_E.0, vV},

Vp={veHyD):vveH"}.
such that V C H}(X) contains functions that are extensions to the whole %
of functions in V, H" C H 2(I') contains functions that are extensions to I' of
functions in V', and Vp C H}(D) only contains functions whose trace on I is a
function of H''. Denoting by (-,-), the L2-scalar product on a generic domain
%, and by X’ the dual of a generic space X, the variational problem arising

from the coupling of (1)-(2) and (5)-(6) through the continuity constraint can
be written as: find (u,a) € Vp x V such that

(KVu,Vo)p + (KVa,Vo)y = (f,v)p + (¢,0)x V(uv,8) € Vp xV  (13)
(Ve = Y8y M) gyr gy =0, vy e HY (14)
Remark 1. Let us consider the space V = {(v,f)) EVp XV iyuw= ’yF"D}.
Then, problem (13)-(14) is equivalent to: find (u,@) € V such that
(KVu,Vv)p + (KVa,Vi)s = (f,v)p + (9. 0)s V(v,7) €V



The well-posedness of the problem easily follows from Laz-Milgram theorem,
considering || - v = || - [l 0y + I - [l ()

Equation (13) can be split into two coupled equations introducing the un-
known flux ¢ through I', obtaining thus

(KVu, Vo) p — {6, 7:0) e g0 = (£r0)D VoeVp, peH”  (15)
(KV@,V0)s + (6,7:.0) 000 300 = (9.0)s vieV, geH”  (16)

Moreover, the continuity condition (14) can be rewritten introducing a new
variable 1) € HI as:

(Ve = 1,0y g0 =0 vneH" peH” (17)
<71"’a - 7/% 77>7-[F,H1"’ =0 VTI S HFIJ/) S HF. (18)

The set of equations (15), (16), (17) and (18) represent an application of the
three-field formulation presented in [20] and similarly applied in [21].

Thanks to the assumptions on the introduced functional spaces, this problem
can be reduced to a 3D-1D coupled problem without encountering the aforemen-
tioned issues in the definition of a trace operator. In fact we only need to use
the trace operator v, (-), which is well-posed as defined from a three-dimensional
manifold to a two dimensional one. Let us observe that

S
(¢, 7Fv>Hp/’Hp = / ¢ yov dl = / ( @ YR dl)ds Yv e Vp
T 0 T'(s)

and let us denote by @(s) the mean value of ¢ on the border I'(s) of each
section. As v € Vp we know that y.v € H', ie. I € V : 40 = E.9. Thus

fr(s) v dl = |T'(s)]9(s) and
s

/OS( [ @ dl)ds = | ) ds = (13.9)5, 0

where |I'(s)| is the section perimeter size at s € [0,S]. The same holds if we

consider (¢, V.0)yr/ 4r. As © € V we know that 30 € V : o = £.0 and
consequently v,.0 = v,.€,0 = £.0, so that

<¢7 7F6>HF/,HF = <|F|$v @(S)>f//’f/ .
Similarly, ¥ € HY and Vp : p = &.p with p € V, we can write

(oo = | N [ )i = [ T II(s)ds = (5. [T g (19

where we have used fF(s) p dl = |T'(s)|p and 7j(s) is the mean value of 7 on the
border I'(s) of each section. Exploiting (19) we can rewrite conditions (17) and



(18) as
(et = mh e gars = (01— 0).7) . =0
(e = s M e = (D@ =), 77) . =0

VAL
where i@, € V are such that You = EU, P = 5F1ﬁ and v, 4 = 7. €, = E.4, as
u € V. Finally let us observe that

(KVi, va—/KVqu da—/ K|%( )|——ds
ds

where @, 9 € V are such that @ = £,1, 0 = £, and |$(s)] is the section area at
s € [0, S]. Problem (15)-(18) can now be rewritten as a reduced 3D-1D coupled
problem: Find (u, i) € Vp x V, ¢ € V' and ¢ € V such that:

(KVu,Vv)p — <|P|$,f}>‘~/, v = (f,v)p YveVp,0e€ Vo v =E.0 (20)

da dv — _ N

(RISI T+ (018,0) g, 5 = (S5, 0)a Vo€V (21)
(IDl@—d)m),, =0 su=éri ¥ieV” (22)
(IMf@—).m) =0  vieV’ (23)

with g(s) = m fZ(s) g do, being ¢ sufficiently regular.

Remark 2. Even if we started from the same modeling assumptions as in [18],
the formulation of the problem here proposed is different, for the choice of the
functional spaces of the solution. Indeed, here we assume that the solution is
constant on the cross-sections of the inclusion, and this reqularity assumption
1s actually used to allow for the dimensional reduction.

4. PDE-constrained optimization problem

The fulfillment of conditions (22) and (23) can be obtained through the
minimization of a cost functional. Since we want to formulate independent
problems on the various sub-domains, in order to guarantee the well posedness of
each problem independently from the imposed boundary conditions, we modify
equations (20)-(21) as follows:

(KVu, Vo)p + a(|T)a, 0)a — (016, 8) g, o = (f,0)p + a(|T)d, 9)a (24)
Yo e Vp, 0 eV vy =ED,

du @)

(RIZI5550) + 60T, 0)a + (03,8}, o = (5[5, 9)a + G(T, ) (25)

Vi e V.



with «,& > 0 being arbitrary parameters. Let us now define the following
functional

1@0) = 5 (1@ ) — vl Be + 3. 9) — vl
= 5 (Ieu@.9) — £l + Il £, ) — E91Bee) (26)

to be minimized constrained by (24) and (25). In order to rewrite the PDE-
constrained optimization problem in a compact form, we consider the linear
operatorsA VD%VD,A VoV, B:V V) B:V »V,C:V =V,
and C : V — V' such that:

eVimu=_E0 (27)

<AuvU>V5,VD = (KVu,Vv)p + a(|T|4,0)a v € Vp, v -
o _dade o
< u,v>v/7‘7 = (K|Z o £)A + &(|T|a, 0) A veV (28)
<B$,U>V£’,VD = <|F|$’{}>V/,V veVp, eV iy v=E7D (29)
(Ba,o) = (II3,0)p, 5 beV (30)
<C1/AJ,U>V/ . (D[, 9)a veVp, eV iyw=E7D (31)
<&$,@>V/ = allTlb. ) bev. (32)

The respective adjoints will be denoted as A* : Vp — V[, AV oV,
B*:Vp = V,B*:V 5V, C*:Vp = V', C*:V = V. Let us further define
F eV} st. Flv)=(f,v)p, veVp (33)
G eV’ st. G®) = (|Z[7,0)a, beV. (34)

Equations (24)-(25) can thus be written as:
Au—Bp—Cip=F (35)
At + Bé—Cip = G. (36)

If we now consider the space V.= Vp x V and we set W = (u, @) € V and
V = (v,9) € V, we can introduce the following operators:

A:V 5V st AW, V) = A(u,v) + A4, )
B:V' =V st. B($,V) = B(6,v) — B(¢,0)
C:V =V st C,V)=C(,v) + C(4h, )



and the PDE-constrained optimization problem can be written as

min J(¢, 1)) subject to (37)
(9:4)
AW — Bp —C = F, (38)

with F € V' s.t. F(V) = F(v) + G(9).

Let us now provide some results about the optimal control and the stepsize of
the steepest descent method for Problem (37)-(38). These results are given in
terms of propositions, for the proof of which we refer to the Appendix.

Proposition 1. Let us consider the trace operator . : Vp — HY and the
extension operators & :V =V and E. = 0&, V- ’HF, whose respective
adjoints are 7y} : H = Vi, V! =V and .7 - HY = V' and let
Oy : V =V and Oyr : HY — H" be Riesz isomorphisms. Then the optimal
control (¢,%) that provides the solution to (37)-(38) is such that

Oy (B*p— B*p) =0 (39)
O, (C*p+ C*p — £, Oyr (v u(d, ) + E.($,)) — 26,40)) =0 (40)

where p € Vp and p € V are the solutions respectively to

A'p = 7 Oqr (Yru(e, ) — ) (41)

(&,
Ap = €. Oyr (E0(D 1/}) 0 (42)

Starting from the derivatives computed in Proposition 1, let us define the quan-
tities
56 =0 (B*p—B*p) e V' (43)
0 =01 (C™p+ C*p — £ Opr (vou(, 1) + £, ) — 26,.49)) € V. (44)
Then the following proposition holds:

Proposition 2. Given the variable x = (¢, 1[)), let us increment it by a step {5y,
where X = (8¢, 0%)). The steepest descent method corresponds to the stepsize

) (66,69) , + (99 00)

<B5$ + 059, 5p>V/

D7VD
where

= u(06,50)) = A" (Bog + Coyb) € Vi,
54 = a(64,60) = A"Y(—=Bég + Cop) € V

+ (~Bog+ Cov, 6ﬁ>v,{ (€70 (ye0u + £.00— 26,69),80)



and 6p € Vp, 6p € V are such that:

A*6p = 770w (1 0u — €.6¢)
A*Sp = E.*Oyyr (E.60 — E,.51))

5. Managing multiple cylinders and their intersections

The previous discussion can be readily adapted to the case of multiple, say
Z, small cylindrical inclusions X¥;, with lateral surface I'; and centreline A;,
i=1,...,7. Let us first assume that the inclusions are disjoint, i.e. ¥;NY; =0
for k #j =1,...Z. Function spaces V, 17, H' are introduced on each segment
and denoted by Vi, Vi, H'¢, while trace operator ., extension operator &.
and &, are easily re-defined for each segment and denoted by v, , &. and &, ,
respectively. Operators (27)-(32) are re-written as:

T
(Au,0)y, v, = (KVu, Vo)p +a (T, 6)a,

i=1
Yo e Vp, o €Vi: Yo, v =Ep, 0 Vi=1,.. T

<2A > —(f(|z|dﬁ" d@") + a(|Ts s, 67) Yoy € V;
iWi, Vg ‘A/i/,f/i - 7|~ dS, ds A, @ i| Uiy Vi) A4 (% 7
<Bziz, rUi>V£),VD = <|Fl‘$l,’[}z>‘z,7m YvoeV: ")/Fi’U = ng‘ {)i’ 731' € ‘A/z
<Bi$i’@>vf,vi = (IT3lB0, 0)g, 4, Vo € Vi
<Cﬂﬁi,v> :a(|Fi\1ﬂ,{1)A, Yo e Vp, v €V, e v =& 0
V}.\Vb ’ : i
<aﬂﬁi,ﬁ>v, o = &(|Talehi, 9)a, eV

Problem (35)-(36) can be finally re-written for an arbitrary set of Z centrelines
as:
Au— B¢, — Cith; = F (45)
Ayit; + Big, — Ciny = G, (46)
in which we consider different 1D variables 1;, ¢;, 1[)1- on the different 1D domains.
The definition of G; follows from the definition of an operator in the form of
(34) for each segment.
In case cylindrical inclusions with centrelines intersecting in a point, i.e.

such that A;NA; = P, i,j € [1,...,Z], we can still adopt formulation (45)-(46)
by splitting the intersecting centrelines into non intersecting sub-segments and

10



Extended
intersection volume

Figure 1: Two intersecting cylinders 31 and Yo

then adding continuity conditions at the intersection points P;. The considered
situation is depicted in Figure 1, in which an extended intersection volume is
highlighted. According to model assumptions, in this volume the solution has
a unique constant value, coinciding with the value in P, and the extension
and trace operators . , & and & are still well defined for the two original
cylinders. Faces 22,07 k=1,...,4, belonging to the boundary of the extended
intersection volume, can be considered as the extreme sections of the four sub-
cylinders. We need however to assume that the diameter of the extended inter-
section volume, defined as the maximum distance between two points belonging
to the volume, is small if compared to the minimum length of the intersecting
inclusions. Different intersection modes, such as, e.g. cylinders with intersect-
ing lateral surfaces and non-intersecting centrelines, or cylinders with (partially)
overlapping centrelines, are, instead, excluded.

Finally, the cost functional is re-written as:

T A
1 — . .
I =3 dii= 30 5 (e @i ) = eillde + e a(Bis i) = il ) (47)
i=1

k=1

where 4; = 5& 1; and Y; = Sriiﬂi.

6. Discrete matrix formulation

Here the discrete matrix form of problem (37)-(38) is presented. The 3D-
1D coupling is trivial in the discrete approximation spaces, given the regularity
properties of the function spaces commonly used for discretization. Nonetheless,
the present approach has the advantage of having a well posed mathematical
formulation, and it even allows the use of non conforming meshes at the inter-
faces of the subdomains. Indeed, thanks to the optimization framework, it is
possible to use completely independent meshes for the various domains and also
for the interface variables, without any theoretical constraint on mesh sizes.

11



For the sake of generality we will consider, from the beginning, the presence
of multiple segments crossing domain €2. Let us consider Z segments of different
length and orientation, defined ad A; = {A;(s),s € (0,S;)}, i =1,...,Z. Let us
extend the domain D to the whole Q and let us consider a tetrahedral mesh 7
of domain €2, and let us define, on this mesh, Lagrangian finite element basis
functions {gok}fcvzl, such that U = Ziv:l Uir is the discrete approximation of

pressure u. Let us then build three partitions of each segment A;, named 7}, Tf
and Tiw , defined independently from each other and from 7. Let us further define

. . LN o N? ® NY o
the basis functions {@; x},2; on T;, {0ix},2y on 77 and {n;},2, on 7", with
Ni, Nf and Niw denoting the number of DOFs of the discrete approximations
of the variables ;, ¢, and 1); respectively, having set:

%, N? Ny
Ui = Z Ui,k@i,ka q)l = Z ¢i7k9i,k}’ qji = Z \I’i,k:’r}i,k
k=1 k=1 k=1
We then define the following matrices:

T
AN st (A= [ KVaVardotaY [ slon, o, d
Q =170

; % N A = dpi dd; . R
A,; S RN'iXNi s.t. (Ai)kl = / K,|E(Sz)| 5 k SOl ds + Oé/ ‘F(Si)‘@i,k@i,l ds
A; S dS A;

B; e RV st (B :/A [D(si)ln, i1 ds
B; e RV N st (Bi)w :/A IT(5:)|@sx 0 ds
co e RNXNY o+ (COV = a/A. D (si)low,, mig ds
Co e RVONY g6 (6" = d/A IT(si)[Bik My ds,

and the vectors

feRY sit. fk:/fsﬁk dw
Q
gi € RN st (gi)n :/ 12(si)|g @ik ds.
A

Setting N = Zizzl N;, NV = Eil Niw and N¢ = Zil Nf, we can group the
matrices as follows for all the segments in the domain:

B =[By,Bs,...Bf] e RN B — diag (Bl, ...,BI) e RExN?

~

C* =[C1,Cs,...Cgl e RVN' €2 = diag (CF,..,C3) e RV

12



and, for non intersecting segments, we have:
A = diag (As,.., Az) e RVY,

whereas, for groups of intersecting segments, we proceed as described in Sec-
tion 5 and we enforce continuity through Lagrange multipliers. For each con-
nected group of segments we thus have:

AZ _ diag (ACv "'7ACn> QT
0
where matrix @ simply equates the DOFs at the extrema of connected sub-
segments. Matrices Af, for ¢ spanning the whole number of connected groups

of segments, are assembled block diagonally to form matrix A. Please note that,
for disconnected segments, each matrix A7 coincides with matrix A¢. Finally
we can write

AU —-Bd-C*V = f (48)
AU+ B - CT =g (49)
with
2 T AT N T T T N
U: |:U1 7"'7UI:| GR ; 92[917927"'791'] ER

®=[o7,. . oL e RN, w=[ul, . L] crN

In order to get a more compact form of the previous equations, let us set
W = (U,U) and

1A 0 | B o« |C” f
Ao dl m-l) e-le] e[
so that the discrete constraint equations become:

AW — Bd — C*U = F. (51)

Concerning the cost functional in (26), first we define matrices
G; e RV*N st (Gi)w :/ k|, Pl dS
A, Ve

G; e RV Ni st (G :/ Pik Pil ds
A

P P
G;” e RNV st (G :/ Nik Mi 1 ds

i

P
C; e RN st (Ci)p =/ Pk, it ds
A

i

A T N A R
C; e RVND st (G =/ Pik Miy ds
A.

i



and then
- I N G 0
G=Y G eRVN G =ding(G],..CF) eRVN  g= { G}

i=1

G¥ = diag (G‘{’, Gg) e RNV XN?

b N N N Y b C
C =[C4,Cs,....Cz] e RN*N" & = diag (cl,...,cz> e RVNY ¢ = H
The discrete cost functional then reads:

- 1 N PN PN
j=s (UTGU —UTCY —WTCTU + UTGU — 0T ¢V — wTET0 + wTG%) —

1
= (WTgW —wTew —vTeTW + 2\1/TG%) . (53)
The discrete matrix formulation of the 3D-1D problem finally takes the form:
in J(®, ¥) subject to (51). 54
(%17%1)(, ) subject to (51) (54)

First order optimality conditions for the above problem correspond to the saddle-
point system:

g 0 -C AT
0 0 o© BT
S=1em 0 v (—c)r (55)
A B -C* 0
W F
) 0
Slyl=1lo (56)
-pP 0

Proposition 3. Matriz S in (55) is non-singular and the unique solution of
(56) is equivalent to the solution of the optimization problem (54).

The proof of Proposition 3 derives from classical arguments of quadratic
programming once the following lemma is proven:

Lemma 1. Let matriz A* € RINFNX(NANENCENT) 3o o0
A =[A B —C%]

and let G* € RINHN+EN?ENY)X(N+N+N+NY) be defined as

G 0 -C
G=| 0 0 0
¢t o0 2G¥

Then matriz A* is full rank and matriz G* is symmetric positive definite on

ker(A*).

14



Proof. The proof is adapted from the one provided in [21], we report here the key
steps. Matrix A is full rank and matrix G* is symmetric positive semi-definite
by construction. We thus need to show that ker (G*) N ker (A*) = {0}. Let us

consider the canonical basis for RN +N" and let e, denote the k-th element of
such basis, k =1,..., N® + NY. Let z; € ker (\A*) be defined as:

_ A71 [B —Ca] €L

€k

2k

Let us assume that 1 < k < N2, thus corresponding to a non null value of the
variable ® on one segment. This in turn gives a non null value U and U on the
traces and thus a non null value of the functional, or zgg*zk > 0. If instead
N® 41 <k < NY, this corresponds to a non-null variable ¥ := e;,. Since the
solution to (56) is the same for every value of @ and @&, included o = & = 0 (the
consistent terms depending on « and & are only required for the independent
resolution on the sub-domains [24]), we choose here o = & = 0, so that:

SRS

€Lk €k

thus U, U are null, and therefore we can conclude that szgzk > 0 also in
this case (see [21] for the proof with a,& > 0). Summarizing we have shown
that 25, € ker (G*) for any k = 1,..., N® + N¥. The vector space ker (A*) =
span{z1, ..., 2N +N"} is a subspace of Im(G*), and ker (G*) M ker (A*) = {0}.

O

System (56) can be used to obtain a numerical solution to problem (54). For
very large problems instead, the above system might become computationally
expensive to solve, and thus an alternative resolution strategy is proposed, as
described below, which allows the use of iterative solvers and is ready for parallel
implementation. By formally replacing W = A~ '(B® — C*¥ + F) in the
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functional (53), we obtain

1
JH(®, 1) = 5((,zrlzzscp +ATCOT + AT F)TGATIBD + ATICOT + ATLF) 4
—(AT'BO+ATICT + AT F)TCU+
9T (AT Be + ATICU + A_1]-")> -

T A-Ta -1 BTA TgA 'co+
1 B'AGA'B BT AT
= [T v T A-Tp p—1pa +
2 T A-Tp A1 CcH*A"gA CH+
(C ) JéTAg:/ﬁB B+ _cTA—Tcoz_|_ i}
- —(C")TA-'C+2GY
+r77 A TgAa'B A TgAa e - ATC] m +
1 T A—T -1 o
+5(FrATTgATF) =
1
=5 (XTMX +2d"X + q). (57)

Matrix M is symmetric positive definite as follows from the equivalence of this
formulation with the previous saddle point system (56), and thus the minimiza-
tion of the unconstrained problem (57) can be performed via a gradient based
scheme. It is however to remark that the computation of gradient direction at
point X¥ ie. VJ*(X*) = MX¥ +d, can be performed in a matrix free format
and involves the independent factorization of the 1D matrices A;, i = 1,...,L
and of the 3D elliptic matrix A, which are all non singular as long as «, & > 0,
thus allowing for parallel computing. It is to remark that saddle point matrices
as the one in (55) can be ill conditioned. The use of a resolution strategy based
on a gradient based scheme for the minimization of the unconstrained func-
tional is expected to result in a problem with a mitigated condition number,
actually coinciding with the application of a null-space based preconditioning
technique [29]. The analysis of this solving strategy and of its potential for
parallel computing is deferred to a forthcoming work.

7. Numerical results

In this section we propose some numerical test to validate the proposed ap-
proach and to show its applicability to the problem of interest. Three numerical
tests are proposed. A first problem called Test Problem 1 (TP1) takes into
account a single cylindrical inclusion and has a smooth analytical solution, thus
allowing to evaluate convergence trends for the error. The second test, called
Test Problem 2 (TP2), takes into account a different problem with no known
analytical solution on a similar geometry. In this case, the obtained solution is
compared to a 3D-3D simulation with standard conforming finite elements, and
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Induced 0uy=1 0,=0.5

Figure 2: Highlight on the tetrahedra intersected by a segment and consequently induced
mesh; on the right equispaced partitions of the segment for §,, = 1 and for 6,, = 0.5.

different values of the coefficient K are considered. Finally an example with
multiple intersecting inclusions is proposed, to test the behavior of the method
in more general settings. In this case, a qualitative evaluation on the behavior
of the numerical solution is proposed, along with a quantitative evaluation of a
proposed error indicator.

All the simulations are performed using finite elements on 3D and 1D non-
conforming meshes, independently generated on the sub-domains. A mesh pa-
rameter h is used to denote the maximum diameter of the tetrahedra for the 3D
mesh of 2, whereas the refinement level of the 1D meshes 7;, Tf’, Tiw, i=1,...7,
is provided in relation to the mesh-size of the 1D mesh induced on the segments
A; by the tetrahedral mesh, i.e. the 1D mesh given by the intersections of A;
with the tetrahedra in 7, see Figure 2. This is done in order to better high-
light the relative sizes of the various meshes. In particular the non-dimensional
number Su,i denotes the ratio between the number of elements of the mesh in
7; with respect to the number of elements of the induced mesh on A;, whereas
0g,; and dy ; the ratio between the number of elements in Tj), T;/’ , respectively,
and the induced mesh. Figure 2 shows the induced mesh, in the middle, and
two 1D meshes, e.g. for T corresponding to values of 5y =1 and §, = 0.5
and equally-spaced nodes. In the simulations, for simplicity, we will always use
equally-spaced nodes for the 1D meshes and unique different values of Su, 0
and dy, for the various segments, thus dropping, in the following, the reference to
segment index for these parameters. Even when it is not used for the description
of any 1D variable, the induced mesh is used for the computation of the integrals
between the basis functions of the 1D variables and the trace on each segment
of the 3D basis functions. Linear Lagrangian finite elements are used on T, 7T,
TZ/’ , whereas piece-wise constant basis functions are used to describe variables
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s1e01

Figure 3: TP1: on the left, section view of the starting 3D-3D domain for the TestProblem1
experiment; on the right solution obtained inside the cube and on the segment for h = 0.086,
51,, = 1, 5¢, = 0.5 and 511, = 0.5.

¢; on Tf, 1 =1,...Z. All numerical tests are performed using a = & = 1, even if
it is to remark that the value of such parameters has no impact on the solution,
and, as long as formulation (56) is used, & = & = 0 could have been also chosen.

7.1. Test Problem 1 (TP1)

Let us consider a cube Q of edge [ inscribed in a cylinder of radius R = %5
centered in the axis origin and with axis z = y = 0, and a cylinder % of radius
R < R and height i = | whose centreline A lies on the z axis (see Figure 3).
Let us denote by 9€;, 9, and 0 _ respectively the lateral, the top and the
bottom faces of the cube. Given a,b, c, k1, ko € R, let us consider a problem in
the form of (20)-(23), obtained by reducing ¥ to its centerline, with K = K =1
and

b
[ =——F=—=—4a,

Ve

The problem is completed with the appropriate boundary condition to have
the exact solution given by:

Q|
I
o

Uer (2, Y, 2) = a(a® + ) + b/ + 42 + ¢ in Q (58)
Uew(2,y,2) = k1 on A (59)
with 5 5
ko — k1 —2R(ko — k1) (ky — k1) R?
Q= —F—"—"= = = - Cc = = =
(R— Ry (k- R)? L (k- Ry

This reduced problem corresponds to an equi-dimensional problem satisfying
our modeling assumptions and having a constant solution equal to ki inside
the cylinder. Further, the flux through the interface is zero, as the solution is
C! in the whole domain. Results are obtained considering a cube of edge [ = 2
(R = v/2) and choosing R = 0.01, k; = 0.5 and ky = 5. Homogeneous Neumann
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Figure 4: TP1: trend of the L? and H!'-norms of the relative errors under mesh refinement.
On the left: error committed on the cube with respect to (58); on the right: error committed

on the segment with respect to (59). Other parameters: o, = 1, §,, = 64 = 0.5.

boundary conditions are imposed on 92 and 9€2_, whereas Dirichlet boundary
conditions are imposed on 0f2;. Dirichlet boundary conditions equal to k; are
imposed on segment endpoints. Figure 3 on the right shows the approximated
solutions U, U obtained inside the cube and on the segment for h = 0.086 and
5y = 1, corresponding to N = 3715 DOFs in the cube and N = 57 DOFs on the
segment. The other parameters are 4 = 0.5 and d,, = 0.5. Convergence curves
of the error can be computed and, given the regularity of the solution, optimal
convergence trends are expected for the used finite element approximation. Let
us introduce the errors 72, g1, for the 3D problem and 3 2 and 3 1 for the
1D problem, defined as follows:

Nuew = Ullr2(a) Nuew = Ul
ELQ = ng = -
HuemHm(Q) ||Uex||H1(Q)
s Nbex = Ullpe(a) s Mbex = Ulla(ay
L2 — ~ ) H! — ~
HuexHL?(A) ||uex||H1(A)

Figure 4 displays the convergence trends for the above quantities against mesh
refinement. Four meshes are considered, characterized by mesh parameters h =
0.215,0.136, 0.086, 0.054 respectively, corresponding to N = 229, 933, 3715, 14899
DOFs and N = 20,31,57,79 DOFs (5, = 1, §5 = 6, = 0.5), confirming the ex-
pected behaviors, with a convergence trend close to 0.33 and 0.66 for £r= and
Ex1, respectively, and of about 2 and 1 for &2 and £, respectively. For what
concerns the analysis of the behavior of the interface variables ® and ¥ under
mesh refinement let us introduce two further error estimators, i.e.

[thex — ¥|L2(a)

&0 = VHlloer = Bllia,  Ew = T

While é\w is in the same form of the error indicators given for the pressure

variables, the expression for §¢ is chosen to approximate the behavior of a H ™2
norm. According to the considered problem we have ¢., = 0 and Ve, = tUeg-
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Figure 5: TP1: trend of the error indicators for ® and ¥ under mesh refinement. On the left
&4, on the right £,. Other parameters: d, = 1, §,, = 4 = 0.5.

The values of these two error indicators are shown in Figure 5 against mesh
refinement: &, (Figure 5, left) and &, (Figure 5, right) are plotted against N¢
and NY respectively, denoting the number of DOFs for the interface variables
¢ and 1. We remark that both N® and N¥ increase as the 3D mesh is refined
since they are linked to the size of the induced mesh through 6, and d,,. We can
observe that éA’d, shows a convergence behavior very similar to the one of 3 2,
as expected. Also the indicator E¢ converges to the known solution even if not
monotonically and with a rate of about —0.42, due to the fact that we look for
a solution in H~2.

For this simple problem it is possible to compute the condition number of
the KKT optimality conditions (55), and analyze how it is affected by different
choices of the meshsize of the 1D meshes. Figure 6, on the left, reports the
condition number of the KKT system matrix as d4 varies between 0.1 and 1.5,
for values of &, between 0.6 and 2, being instead ¢, = 0.5 fixed. We can see
that J4 has a relatively small impact on the conditioning of the system as long
as 04 < 0, is chosen, otherwise a large rapid increase is observed as d, > 4,
grows. It is therefore advisable to choose a quite coarse mesh for variable ®
with respect to the mesh for U , even if no theoretical constraints emerged in
the analysis. It is however worth highlighting that finer meshes for ® can be
considered, by just increasing the value of 6y In particular, if b > 1, then
04 = 1 becomes a feasible choice with respect to the conditioning. This means
that, increasing properly Su, we can choose a mesh for the flux variable that has
the same dimension of the induced mesh, without an excessive growth of the
conditioning. Let us observe that this strategy to avoid high condition numbers
is not particularly computationally expensive, since only the refinement of a
1D partition, independent from the surrounding 3D mesh, is required. Finally
Figure 6, on the right, shows the conditioning of the KKT system matrix as d,
varies between 0.1 and 1.5, keeping this time §4 = 0.5 fixed. It can be seen that,
in this case, the conditioning is almost independent of d, for all the considered
values of Su
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Figure 6: TP1: trend of the conditioning of the KKT system under the variation of the 1D
mesh parameters. On the left variable d4 and different values of 0., while ,, = 0.5. On the
right varibale §,, and §4 = 0.5. In both cases h = 0.086.

7.2. Test Problem 2 (TP2)

The second example is set on a domain equal to the one of TP1. We consider
three different problems defined as in (20)-(23), characterized by three different
values of the coefficient K , equal to 1, 102 and 10° respectively, whereas K = 1,
f =1, g = 0 are fixed for all the problems. Even the boundary conditions are
shared: being 0., 92—, and 0€; defined as previously, homogeneous Dirichlet
boundary conditions are prescribed on 9., 0{2_ and at segment endpoints,
while homogeneous Neumann boundary conditions are set on 0€;.

The accuracy of the solution is evaluated by means of a comparison with
an equi-dimensional problem having a cylindrical inclusion of radius 0.01, with
centreline coinciding with the 1D domain of the reduced problem. Dirichlet
homogeneous boundary conditions are prescribed on the top and bottom faces
of the 3D domains and homogeneous Neumann boundary conditions are set on
the outer surface. A unitary forcing term is prescribed in the 3D domain outside
of the cylindrical inclusion, where, instead a null forcing is set. As K grows,
we move from a problem with a smooth solution to a problem with a strong
jump of the gradient across the interface between the bulk 3D domain and the
inclusion.

The equi-dimensional problem is solved on a fine mesh, refined around the
inclusion in order to match the geometry. The lateral surface of the cylindrical
inclusion is represented as an extruded regular polygon with 24 edges. The
used mesh, along with a detail near the inclusion, is shown in Figure 7, top.
As this picture shows, the mesh is strongly refined close to the inclusion, where
h =~ R/5, locally, in order to correctly catch the geometry and counts about 1.8
million elements and 307299 DOFs.

The reduced 3D-1D problem is solved on four different meshes: first a non
conforming mesh, slightly refined close to the inclusion area, is considered,
termed adapted mesh and having 2.8 x 10* elements and 4890 DOFs. This
mesh has h = R close to the inclusion and is thus much coarser than the refer-
ence mesh. It is shown in Figure 7, at the bottom, along with a detail of the zone
around the 1D domain to highlight the non conformity. Further, three uniformly
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Figure 9: TP2: comparison of the results obtained along the centerline of the cylinder in the
3D-3D conforming setting and by using the 3D-1D reduced model. Other parameters for the

3D-1D setting: 6, = 1 and d4 = &y, = 0.5.

Solution

[ 0.1
0.00+00

Figure 10: TP2: comparison of the solution obtained on the adapted mesh for the 3D-1D
problem with the reference solution on a plane parallel to y — z and containing the centreline

of the inclusion. K = 10°.
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refined meshes are considered, with mesh parameters h = 0.136,0.086, 0.054,
respectively, corresponding to N = 1287,4609,17164 DOFs. The intermediate
uniform mesh is shown in Figure 8.

The solution on the centreline of the inclusion obtained on the various consid-
ered meshes are compared to the reference solution on the centreline in Figure 9,
for K =1 on the top left, K = 100 on the top right, and for K = 10° on the
bottom. We can clearly see that, as long as the jump in the coefficient between
the bulk domain and the inclusion is relatively small, the proposed approach
correctly reproduces the solution on all the considered meshes. Instead, for
large jumps, as it is for & = 105, the solution on the uniformly refined meshes
are less accurate, whereas, the use of a slightly adapted mesh, even if still non
conforming, is capable of producing a solution in very good agreement with the
reference. This issue is related to the use of a non conforming mesh and is ob-
served also in other works, as e.g. [16, 2], requiring a mesh size of the order of
R near the inclusions. The proposed approach can be thus of help in mitigating
the overhead in mesh generation and to reduce problem size. A comparison
between the reference solution and the solution of the reduced 3D-1D problem
on the adapted mesh and with K = 10° is finally shown in Figure 10, on a slice
parallel to the y — z plane and containing the centreline. The plot of the two
solutions match well.

7.8. Test with multiple intersecting inclusions (MI)

As for the previous cases, let us consider a cube of edge | = 2 centered in the
axes origin. Let us then consider a set of 19 inclusions of radius R = 10~2, whose
centerlines intersect in 9 points. We impose homogeneous Dirichlet boundary
conditions on all the faces of the cube and at the dead ends of the network
intersecting cube top and bottom faces, as shown in Figure 11. Homogeneous
Neumann boundary conditions are imposed at segment endpoints lying inside
the cube. We consider a problem in the same form of (45)-(46), with i =
1,...,7 = 19, spanning the segments, that form a unique connected component,
as discussed in Section 6. Further, we consider K = 1, f = 0 and K; = 100,
g, =100Vi=1,...,19.

The problem is solved with both the proposed approach and with a different
method, in which the continuity condition U = U on all the segments is enforced
through the use of Lagrange multipliers, similarly to what suggested in [19] or
[8]. We denote this method, used as a comparison, the LM approach, whereas,
the three field optimization method is labeled TF. A 3D mesh, non conforming
to the inclusions, with h = 0.056 and N = 12873 and a 1D mesh with Su =1,
corresponding to N = 309 DOFs are used for both the methods. Parameters
04 = 0y = 0.5 are then used for the three field approach, whereas piece-wise
constant basis functions are chosen for the Lagrange multipliers for the LM
approach, on a 1D mesh of equally spaced-nodes counting one half of the nodes
of the mesh for U.

Figure 11 reports the solutions obtained with the two approaches on the
whole network of segments, whereas a comparison of the solutions on two se-
lected segments (as indicated in Figure 11) is reported in Figure 12 on the left,
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Figure 11: MI: Solution obtained on the centerlines of the inclusions for h = 0.054, 3u =1

and d4 = 6y = 0.5. Homogeneous Dirichlet boundary conditions are imposed at the points
marked in blue.
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Figure 12: MI: On the left: comparison of the solution on two selected segments with the TF
and the LM methods; On the right: solutions with TF and LM obtained inside the cube on
three different planes parallel to the z — y plane and located at z = —0.5, z =0 and z = 0.5.
Solution amplified by a factor 10 with respect to domain size.

showing a very good agreement. In Figure 12 on the right, instead, the solution
U obtained inside the cube is shown on three different planes, all parallel to the
x — y plane and located at z = —0.5, z = 0 and z = 0.5. The solutions with the
LM and TF methods are both reported and almost perfectly overlapped, even
if the solution is amplified by a factor 10, with respect to domain size in this
picture.

Figure 13 displays the behavior of the vector field —KVU, obtained with
the proposed three field approach.

A quantitative evaluation of the numerical solution provided by the proposed

method is provided through an error indicator, denoted by Aﬁz, measuring

how well the continuity condition, enforced through the minimization of the
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Figure 13: MI: Behavior of the —KVU vector field. The chosen mesh parameters are h =
0.054, §, = 1, 84 = &, = 0.5.

functional (53), is satisfied. We thus introduce the quantity:

N VEL UL, = UlBe, (60)
b | max(U, U)|\/ltot

resulting in a non dimensional number, with l;,; denoting the total length of
the segments in the domain.

The trend of Aﬁz against 0, and dy, both ranging between 0.1 and 1, is
shown in Figure 14 on the left, still considering h = 0.054 and 6y = 1. As
expected, the error indicator decreases as the two parameters increase. The
impact of d4 appears to be stronger: for values of d, close to 1, almost two

orders of magnitude are swept by AﬁZ as 0y varies. The impact of d,, on the
continuity condition appears to be weaker, even if it can be seen that it becomes
more relevant for high values of d4, with almost one order of magnitude swept
by the error indicator as d, increases. Figure 14, on the right, shows instead
the trend of A{f against 5u, ranging between 0.6 and 2, for four values of
the mesh size h, namely h = 0.215,0.136,0.086,0.054, corresponding to N =
126, 646,2951,12873. The other parameters are 6, = d,, = 0.5. We can see that
the continuity error indicator is only marginally affected by the value of bus
whereas, it can be arbitrarily reduced by mesh refinement. It should be noted,
however, that, for a fixed value of b, a refinement of the 3D mesh also implies
a refinement of the 1D mesh for @, whereas, changes in Su, at fixed h only refine
the mesh of 4, leaving the 3D mesh unchanged.
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dp = 6y = 0.5.

8. Conclusions

A novel approach for 3D-1D coupled problems has been proposed. The
method derives from a mathematical formulation in proper functional spaces
that allows the definition of a well posed trace operator from functions in the
three dimensional space to one dimensional manifolds. The 1D problems are
decoupled from the problem on the bulk 3D domain and two interface vari-
ables are introduced in this domain decomposition process, thus resulting in a
three field formulation of the original problem. A cost functional is introduced
and minimized to impose matching conditions at the interfaces. The method
allows to enforce continuity conditions and flux balance at the interfaces be-
tween sub-problems on non-conforming meshes, thus strongly alleviating the
mesh generation process. Indeed meshes on the various sub-domains can be
independently generated. Numerical results on two simple test problem and on
a more complex configuration show the viability of the proposed approach and
are used to analyze the effect of method parameters on the condition number
of the discrete problem and on solution accuracy.

A formulation suitable for efficient resolution through iterative gradient-
based schemes is also envisaged and should be further investigated to allow
simulation on problems of high geometrical complexity.
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Appendix

We report in the following Appendix the proof of Proposition 1 and 2, whose
statement was provided in Section 4.
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Proof of Proposition 1

Proof. Let us compute the Frechet derivatives of the functional with respect to
the control variables ¢ and 9. To this end, we introduce increments d¢ € V' of
¢ and 51 € V of ¢ and we recall that 3 6y € H' : §¢p = £.6¢. We have:

2@ +06:0) = (1wu(@.9) = v u(@6.0)) + (3:0@,8) = 4,%,205,0)) =

(7@ 9) - £, 7, u(63,0)) |+ (WeEeit(6, ) — b7, £,2(56,0)) =
= (3 Our (1eu(@, ) = £:9),u(36,0)) |+ (£ Opr (@) — £:0),(68,0)) =

V5, Vo vV

A*p, Ale(S&)V/yVD - <A* A7Ale5¢>V/ .=

{
= (B'p.08)g ¢~ (B'0.6) = (00(B'p—~ B'9).06) :

5@ 0+ 80) = (1u@6) = ¥ 7u0,60) = 66) + (33@,9) — $,3:3(0,69) - )
= (wu(@.9) — Ebeu(0.69))  — (veu(d,d) - £5.6.08)  +
+ (@) ~ £ Eei0,00))  — (1@ V)~ ED.6.00) =
= (ApATC8)) = (& O (1B d) ~ £:0),00)
+ (A9, A71C00) — (& Our (E:i(b,0) - £:0),0 A>V/7V =
={(Cp.00) (& Our (u(5.0) —£:).00)
+(C000) (" Our (Ei6.0) ~ £:9).60) =
= (671 (Cp+ TP — & Oy ulB,¥) — £ Opur £,.(6,0) + 26, O30 £:10), 00
which yield the thesis. O

8.1. Proof of Proposition 2

Proof. Tt is sufficient to set to zero the derivative %JEC&X). In order to get a
lighter notation let us set

=u($,); du=u(0p,00);  a=u(g,P); du=u(dp,));
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T(x +Cox) = J(&+ 06, + (09) =
1 — — N _ — . .
= f( 0+ G081+ (o) — 1 — (o, 1y (@ + €56, + (o) — v — o)

HT

(G -+ COB. 1+ CO) — ¥ — O,y 0B+ CO6. 1+ CB) b~ Cow) =

U + C’YF(su - 51“’@[] - Cgré'lzjulyru + (’YF(SU - 51“12} - Cgrélzj)HF +

Il
l\D\H[\_’)‘,_; l\D\)—‘
A /\ A

Eyi ot (90— £ — (£, i+ (1 En00 — £ — (E.00) =

= J(3,9) + ¢ (7 é’r&,%éu—grw) +<(5Fa—5rzz,sréa—5razﬁ)w+
¢? ¢ ). 50— €50
+ 3( Su— E.00,7,.0u — & w) t+> (5 8t — £,.00, €61 — mw)w

9J(x +¢x) _ (

= Etp, o du — 5F51;)HF +(Ea - &0, & 00 5F5¢)HF +
e ('chSu S T 5F51[;)HF v (grsa — .50, €60 — EF&[))HF —0

(e — &cth, 7o 0u — EF&;)HF S AR EF&L)HF
(’yréu .00,y Ou — 5@&) ot (5F5a — .00, E,.51 — m&) "

= (=—

Rearranging properly the terms we get

(a7p, A (B6¢+C<Szp)> . +<A*p A= §5$+65u3)>4 — (& Oy (pu + End — 2603D), 51/3>A

‘= _<A’ (B8 + Coi)), A” 5p>%7VD <A (—Bég + Coip), A*6p> _ <5 0,1 (10U + £,.51 — 26,69, 5¢)> -

<B*p, 5$> <C*p, 51[;> - <§*ﬁ, 5$> <6*ﬁ, 5@0“‘7 <5F*@Hr (Ypu + Epit — 2601)), 51[;>V,’V

<B§¢> + O, 5p> v < Bog+ caw 5p> <5F *O4r (V0 + Ep 511 — 26.59)), 5@‘7, .

(62.95),, + (59 W)A
<B6¢> + o, 5p> v (~Bss+ Co, 5p> — (E:7 Oy (v du + En60 — 2669, ‘%>vxv

that yields the thems. O
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