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On the existence of optimal shapes in architecture

Michael Hinz* Frédéric MagoulésJr Anna Rozanova-Pierrat?
Marina Rynkovskaya§ Alexander TeplyaevqI
Abstract

We consider shape optimization problems for elasticity systems in architecture. A typi-
cal objective in this context is to identify a structure of maximal stability that is close to
an initially proposed one. For structures without external forces on varying parts, clas-
sical methods allow proving the existence of optimal shapes within well-known classes
of bounded uniformly Lipschitz domains. We discuss this for maximally stable roof
structures. We then introduce a more general framework that includes external forces
on varying parts (for instance, caused by loads of snow on roofs) and prove the exis-
tence of optimal shapes, now in a subclass of bounded uniformly Lipschitz domains,
endowed with generalized surface measures on their boundaries. These optimal shapes
realize the infimum of the corresponding energy of the system. Generalizing further to
yet another, very new framework, now involving classes of bounded uniform domains
with fractal measures on their boundaries, we finally prove the existence of optimal
architectural shapes that actually realize the minimum of the energy. As a by-product
we establish the well-posedness of the elasticity system on such domains. In an auxil-
iary result we show the convergence of energy functionals along a sequence of suitably
converging domains. This result is helpful for an efficient approximation of an optimal
shape by shapes that can be constructed in practice.

Keywords: Elasticity system; shape optimization; trace and extension; fractals; Mosco
convergence; stable roof structures under snow loads

1 Introduction

The identification of a maximally stable (or most lightweight etc.) structure is a natural task
in shape optimization. The main idea is to vary a shape within a chosen class of domains,
all satisfying certain industrial constraints (such as the quantity of material, spatial and
dimensional restrictions, or some similarity to a fixed form), and to search for an optimal
shape that minimizes a given target (energy) functional. The found optimal shape must
also belong to the chosen class of domains. There is a huge body of literature on differ-
ent numerical methods [4, 14,20, 34,45, 46] and on implemented packages [44] suitable for
simulations.

From the numerical point of view, finite-dimensional shape optimization problems are
always solvable: In a finite-dimensional model, a discretized domain is determined by a
finite mesh, so there are only finitely many possible changes of its boundary which respect
all given constraints, and one can find at least one optimal shape. Non-existence results
and other counterexamples usually come from the passage to the limit as the mesh becomes
finer and finer. If one abandons the discretized perspective and adopts a more theoretical
point of view, where the domains are subsets of R™ and the target functional is defined on
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infinite-dimensional space, the existence of an optimal shape is no longer trivial at all. There
are different classical examples of shape optimization problems for which no optimal shape
exists [22, Section 4.2].

We study a linear elasticity system (system (2) below) whose solution models the dis-
placement of an architectural structure such as a roof or a bridge. The domain is subject to
two types of boundary conditions: a Neumann (or ’stress’) boundary condition that models
external forces (tractions, effects of loads, etc.) affecting a part of the boundary of the struc-
ture, and a homogeneous Dirichlet boundary condition on another part of the boundary that
is clamped and therefore cannot be displaced. The problem to find an optimal shape that
minimizes the elastic energy of the system (cf. Remark 4) had been introduced in [14] under
the additional assumption that the Neumann boundary condition is homogeneous on those
parts of the boundary that can vary in the shape optimization. From a modeling perspective,
homogeneous Neumann conditions on the varying parts are adequate if there is no signifi-
cant external force acting on the structure’s surface’s corresponding parts. The existence of
an optimal shape for this problem had so far remained open. Here our first contribution is
proof of the existence of optimal shapes for this problem; we formulate this for the concrete
example of maximally stable roofs, Theorem 3. (We emphasize that roofs are considered
only as an illustrative example. The same method could be applied to other structures.) To
provide the existence proof, we invoke classical results on shape optimization for bounded
Lipschitz domains, mainly due to Chenais [11]. We refer to [22] for more details and further
references and to [12] for a survey on related well-posedness results for elasticity systems on
bounded Lipschitz domains. The assumption of homogeneous Neumann conditions on the
varying part of the boundary is essential for the classical methods [11] to work.

In practice, the ’varying’ parts of the surface may be subject to significant forces that
should be taken into account when searching for an optimal shape. For instance, in the case
of a roof, the upper surface could be subject to the weight of a heavy load of snow. Such
external forces correspond to inhomogeneous Neumann conditions on the varying parts of
the boundary. If such conditions are imposed, care is needed because boundary integrals
with respect to surface measures appear in the variational formulation (5) of the problem.
Varying the shape, the natural notion of convergence for these measures is weak convergence.
Mathematically this is delicate in the sense that the weak limit of a sequence of codimension
one Hausdorff measures (which are the 'natural’ surface measures on the boundary of a
Lipschitz domain) is not necessarily a Hausdorff measure itself [28]. This fact motivates us
to impose an additional condition on the Hausdorff measures on the boundaries (see (20)).
This condition ensures that the limit measure, even if it may not be Hausdorff, is still diffuse
enough to allow a variational analysis. Since we cannot guarantee that it is Hausdorff, an
optimal shape may not be an element of the domains’ initial class. Therefore it can realize
only the infimum of energies over this class, but not their minimum. This approach is based
on the methods recently introduced in the article [28], where the reader can find a detailed
discussion in the framework of linear acoustics. Here we apply it to the linear elasticity
system (2) and prove the existence of an optimal shape that realizes the infimum of the
target (energy) functional, Theorem 4.

It is desirable to know that there are optimal shapes realizing the minimum of the energy,
not just the infimum. As just discussed, this cannot be achieved in the context of bounded
(uniformly) Lipschitz domains with natural Hausdorff measures on their boundaries. We,
therefore, describe yet another framework. It is based on results in [23] and allows classes
of shapes that are (generally non-Lipschitz) bounded uniform domains with measures on
their boundaries that may have fractal features. The boundaries may have different parts of
different Hausdorff dimensions. In general, the measures we consider on these boundaries are
very different from Hausdorff measures, see [23] for a detailed discussion. For classes of such
general domains, we can prove the existence of optimal shapes that realize the minimum of
the energy, Theorem 5. In the particular case of roof shape optimization, this means that
if such general designs are permitted, maximally stable roof shapes can always be seen to
exist, Corollary 1. It may hardly be possible to construct such geometrically complicated



structures. However, numerical experiments conducted for other problems suggest that
optimal shapes can have a multiscale nature, see for instance [29, Section 5] (and also [39])
for shape optimization in the absorption of the acoustical energy for the Helmholtz equation
[23,28]. (It was even observed that, in order to absorb an infinite range of frequencies
"almost optimally’ [39, Section 3.4.1], the shape has to have obstacles at infinitely many
different scales.) These experiments indicate that non-classical shapes capture the physical
reality better than classical (smooth or Lipschitz) shapes in certain situations. Therefore,
it seems reasonable to allow such shapes, even if the reasons for their appearance may
not be so obvious. An irregular non-classical optimal shape can then be approximated by
simpler shapes that can actually be constructed but still retain unusual scaling properties.
(This is similar to the approximation of self-similar fractal boundaries by Lipschitz pre-
fractals [13,26].) Theorem 6 ensures that if this approximation is performed in suitable
topologies for domains, the energy, as a function of a domain, behaves continuously and
follows this approximation. Shapes that are approximately fractal have practical applications

in civil engineering [1]. A discussion of multiscale features in architecture can be found in [37].
Our research is connected to several types of theoretical analysis in fractal domains, such
as [7,8,10,27,35,41, and references therein)|.

In Theorem 2 we provide the well-posedness result for the elasticity system on uniform
bounded domains with fractal boundary measures. It is needed for the shape optimization
results mentioned above and relies on fairly general boundary trace and extension results
from [2,5,9,25,43] and on Korn’s inequality for uniform domains [16].

The complexity of the considered shape optimization problem for the elasticity system is
caused by exotic measures on the boundaries. This may be viewed as a geometric complica-
tion. In other specific results on elasticity difficulties may arise for different reasons. Often
the system itself is of high complexity, see for instance [30-32] for studies of di- and microp-
olar thermoelastic porous materials and [42] for elasticity results for multibody systems at
high velocities and under high loads.

In Section 2 we collect some notation. In Section 3 we introduce the elasticity system,
discuss trace and extension methods, Theorem 1, and verify the validity of a norm equiva-
lence with uniform constants, Lemma 1. We then define weak solutions (5) and obtain the
well-posedness result, Theorem 2. Shape optimization problems for the simple case of ho-
mogeneous Neumann boundary conditions on varying parts are discussed in Section 4 using
the well-known results from [11] and [22]. As a practical example, we address the existence
question for optimal shapes of a roof, Theorem 3, and we comment on a related problem
formulated in [14]. In Section 5, we follow the method of [28] to study a less simple gen-
eralization with possibly inhomogeneous Neumann boundary conditions on varying parts.
Section 6 addresses the uniform domain setup and states the existence of energy, minimizing
optimal shapes. In A we provide generalized Green’s formulas that justify our definition of
weak solution. In B we briefly comment on a technical detail in the proof of Lemma 1. C
contains an auxiliary result, namely the Mosco convergence of energy functionals for Robin
type problems along a sequence of suitably converging uniform domains.
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2 Some notation

For the Euclidean scalar product of two vectors &, € RY we write £ -7. By My we denote
the vector space of N x N-matrices with real entries, and by A : B we denote the full



contraction

N
A:B=tr AtB = Z aijbij (1)

ij=1
of two matrices A = (ai;)1<ij<n and B = (bij)1<ij<n from Mpy. Note that the full

contraction (1) provides a natural inner product on My. Let M3, be the subspace of My
consisting of symmetric matrices and given o > 0 and 8 > 0 let M% (e, 8) denote the
subspace of all invertible M € M3, such that M¢ - € > a¢|> and M~1¢ - € > BI¢)? for all
£ eRN.

Given a domain 2 C RY and a vector field v.€ W12(Q)" we denote the symmetric part
of its gradient by

e(v) = % (Vv +(Vv)).

The assumption on v implies that e(v) € L?*(Q, M%). Here W2(Q) is the classical
Sobolev space, and product norms on W12(Q)V are defined in the natural way. For an
element T = (Tj;)1<ij<n of WH2(Q)N*N we define div T € L%(Q)N as the vector field
(0 02, Ty 30y O, Tvg) -

By B(z,r) we denote the Euclidean open ball centered in x of the radius r > 0. We
use the symbol AV for the N-dimensional Lebesgue measure and the symbol HY for the
N-dimensional Hausdorff measure.

3 Variational formulation and well-posedness

We assume N > 2. Let Q C RN be a bounded domain and let I'p;; and I'xey be subsets of
its boundary 9. We assume that they are ’almost disjoint’ (in the sense that their overlap
has zero measure), this will be made precise below. Let A € L>®(Q, M% (a, 3)) and write
o(v) = Ae(v), v.e WH2(Q)N. We are interested in solutions u € W12(Q)¥ to problems of
type
—divo(u) =f inQ,
u =0 on FDir; (2)

ou)-n =g onI'Ney-

Here n denotes the outward unit normal. The domain 2 is 'clamped’ at I'p;,. The part
of I'new On which g is not zero is subjected to traction represented by the force field g. The
vector field f represents a force field experienced inside 2. The prospective solution u is the
(unknown) displacement vector field, e(u) is the strain tensor, and o(u) is the stress tensor,
determined by the given coefficient A, which is minus the elasticity tensor in Hooke’s law.

Remark 1

(i) A more common choice for o within the linear elasticity theory for isotropic materials
is o(v) = A(tre(v))I +2ue(v), where ;1 > 0 and A > —2u/N are the Lamé coefficients
of the material. See for instance [12, Section 6.2]. With insubstantial modifications
our results also apply to this case.

(i) Note that from (2) one can recover the system considered in [1/, Subsection 3.1,
formula (1)] if TNeu is split into a part where g is nonzero and one where it is zero.

We will give a rigorous meaning to (2) in terms of a variational formulation. This works
well if the boundary 0f) is the support of a suitable measure so that Sobolev functions,
fields, or tensors on 2 have well-defined traces on 0f).

Recall that given d > 0, a Borel measure pp on RY with F' = supp ur is said to be upper
d-regular if there is a constant c¢g > 0 such that

pr(B(z,r) <cqr?, zeF, 0<r<l. (3)



This property is well-known and widely used, we refer to [2] and [19]. Recall also that
a domain Q C R¥ is said to be an Wl2-extension domain if there is a bounded linear
extension operator E : WH2(Q) — WL2(RY), [24,35]. We state a trace result that follows
from a special case of [23, Theorem 5.1] and the finiteness of the measure on 992. The result
is based on [9, Corollaries 7.3 and 7.4], which in turn use [2, Theorems 7.2.2 and 7.3.2].

Theorem 1 Let Q C RY be a bounded W2 -extension domain. Suppose that jpq is a Borel
measure with supp paa = 02 and such that (3) holds with some N —2 < d < N.

(i) There are a compact linear operator Tr : W12(Q) — L2(09Q, usa) and a constant
cry > 0, depending only on N, ¢, d and cq, such that

HTerLZ(asz,u@Q) <cnm ||f|‘w1w2(sz) , fewh(Q).

Endowed with the norm

[l ez = inf{llglly12q) | ¢ = Trg},
the image Tr(W12(Q)) becomes a Hilbert space. The embedding
Te(Wh2(Q)) € L (89, pog)
18 compact.

(ii) There is a linear operator Hpq : Tr(WH2(Q)) — W2(Q) of norm one such that
Tr(Hpap) = ¢ for all p € Tr(W12(Q)).

The trace of vector fields or tensors is understood in the component-wise sense.
Remark 2
(i) The trace operator is defined by Tr f := g, where

- . 1
70 = i S By Lo SO (@)

is the pointwise redefinition of an extension g € W12(RN) of f. By the Lebesgue
differentiation theorem this limit exists outside a AN -null set, but due to the Sobolev
regqularity of g it exists outside a much smaller set, as can be made precise using
capacities, [2, 33]. Since poq satisfies (3) with d as stated, the set of points of 09
where this limit exists is of full psa-measure, [2, Section 7]. The independence of the
chosen extension is proved in [0, Theorem 6.1], another proof is given in [/3, Theorem

1].

(ii) The extension operator Hpq is defined as the 1-harmonic extension: Given ¢ €
Tr(Wh2(Q)), Haqp is the (unique) element w of WH2(Q) such that Trw = ¢ and
Aw =w in Q in the weak sense. Details can be found in [23, Section 5].

(iii) Clearly the Hausdorff dimension of 092 is at least N — 1. If the maximal possible
exponent d in (3) is less than N — 1 then ugq is singular with respect to the (N — 1)-
dimensional Hausdorff measure HN =1 and assigns positive mass also to some parts of
09 that have Hausdorff dimension less than N — 1.

Let Q and pyq be as in Theorem 1. For a fixed Borel subset I'p;, of 02 we also consider
the closed subspace

V(Q,FDir) = {’U S W1’2(Q)| Trov =0 ppn-a.e. on FDir}

of W12(Q).



Now suppose that I'p;; and I'ney are two Borel subsets of €2 such that 02 = I'piy UT'Neu
and oo (I'pir NT'New) = 0. Then a rigorous meaning can be given to the system (2) in terms
of the following variational formulation. We say that a vector field u € V(€,I'py;)" is a
weak solution to (2) with data f € L2(Q)Y and g € L?(Tnew)? if

/J(u) :oe(f)dr = /f - 0dz Jr/ g - Trd duso, 0 € V(QTpw)". (5)
Q Q I'Neu

A generalized Green formula guarantees that in cases when Q, A, f and g are smooth and
classical solutions exist, these are also weak solutions, see formula (26) of Proposition 2 in
A.

We establish the existence of weak solutions for a specific class of W !2-extension domains.
Recall that a domain © of RV is an (g,00)-domain, ¢ > 0, if for any z,y € Q there is a
rectifiable arc v C Q with length £() joining x to y and satisfying

1. L(y) < l2=4l and

€

2. d(z,0Q) > el|z — z|% for z € 4.

By [24, Theorem 1] any (g, c0)-domain is a W!?-extension domain.
We quote the following special case of the Korn inequality proved in [16, Theorem 2.1]. A
more standard version for bounded Lipschitz domains can be found in [12, Theorem 6.3-3].

Proposition 1 Let ) C R™ be a bounded (¢, 00)-domain. There is a constant Ck (e, N,diam(Q2)) >
0 depending only on e, N and diam(f2) such that

[ullwran < Ck(e, N, diam(Q)) (|l 2 (o)x + lle(w)ll 20w =) (6)

1
for allu € WH2(Q)N. The norm u — (Hu||2L2(Q)N + He(u)H%z(Q)NxN)2 is equivalent to
|- [lwrz@ny on WH2(@)N.

If Q is a bounded (g, 00)-domain then the embedding W12(Q2) — L?(Q) is compact. (This
is actually true for all bounded W12-extension domains [6,10].) Combining the compactness
of this embedding and (6) one obtains the following equivalence of the norms on V (£, I'p;; ).

Lemma 1

(i) Let Q CRYN be a bounded (g, 00)-domain and ppq a Borel measure with supp pag = 0
and such that (3) holds with some N —2 < d < N. Suppose that I'p;, is a Borel subset
of 0 and pea(Tpir) > 0. Then there is a constant cx (Q, oo, Ipir) > 0 such that

ek (S o, Toir) [ullwrz @y < lle(u)][L2@nvxn < [lullwrzo)y (7)
for allu € V(Q, Tpi) .

(ii) Let @ C D C RY be bounded (g,00)-domains and pop, poo Borel measures with
supp pop = OD and supp pso = OQ and such that for both (3) holds with some
N —2 < d < N. Suppose that T'pi; is a Borel subset of 0D N IN with pop(Tpir) > 0
and 1oa|rp,. = HoD|rp,- Then the constant cx (2, poq, Tpir) in (7) can be replaced
by another constant ck (e, N, D, usp,I'pir) > 0 depending only on e, N, D, psp and
I'pir. Moreover, the Poincaré inequality

/u-udxﬁCP(E,N,D,MaD,FDir)/ Vu:Vudz (8)
Q Q

holds for all u € V(Q, T'pi)Y, where Cp(e, N, D, pop,I'pir) > 0 is a constant depend-
ing only on e, N, D, upp and I'pj;.



Proof: Statement (i) can be proved by the same arguments as used in [12, Theorem 6.3-4,
step (iil) in the proof]. To see (ii) recall that according to [24, Theorem 2] there exists an
extension operator Eq taking u into a locally integrable function Equ on RY with gradient
in L2(RN)N*N such that

IVEQul| L2 pyvxv < [VEQu| p2@vyvan < Crxi(e, N) [Vl 2 gynn 9)

where Cixt (e, N) is a constant depending only on € and N. By adding two inequalities we

can see the same holds with e(u) in place of Vu. The pointwise redefinition Equ of Equ in
the sense of (4) satisfies

Equ=0 ppp-ae. on Ipi, (10)

see B for details of the brief argument. Using (10) and the boundedness of D one can then
follow a standard pattern, see [17, Proposition 7.1] or [18], to obtain the Poincaré inequality

/ Extou-Extoudx < Cp(e, N, D,MaD,FDir)/ V Extgu: VExtoudzx (11)
D D

for all u € V(2,I'pi;)™. An application of (i) to D yields

i (D, pop, I'oin) IV Extoul| 2 pyvxn < [le(Extou)l] 2 pynvs
< Cixi(e, N) He(u)||L2(Q)N><N )

and combining with (11), we arrive at

CP (Da HoD, FDir)l/QCExt (Ea N)
ck (D, pop; T'pir)

||U-HL2(Q)N < He(u)Hm(sz)NxN'
Plugging this into (6), we obtain the first claim in (ii). Slight modifications of the preceding
arguments also give (8). See also ( [15, Theorem 10]) for a similar scalar result. O

We obtain the following well-posedness result:

Theorem 2 Let Q C RN be a bounded (e,00)-extension domain. Suppose that ppg is
a Borel measure with supp uga = 9Q and such that (3) holds with some N —2 < d <
N. Suppose that I'piy and I'new are Borel subsets of 02 such that 02 = I'pir U I'veu,
HoQ (FDir N FNeu) =0 and 1oy (FDir) > 0.

Then for all g € [Tr(WL2(Q)]N and £ € L2(Q)N there is a unique weak solution u €
V(Q,Tpi)N of (5). Moreover, there is a constant C > 0 such that

[ullwrz@y < C (Ifll2@)y + lgllmmwre@yy) - (12)

Proof : Theorem 2 is a direct consequence of the Lax-Milgram Lemma. Indeed, by the
definition of o(u) and (7),

/ o(v) :e(v)dr > a/ e(v) :e(v)dr > ac_1|\v||%,vl,2(9)w, v e V(Q,I'pi)?.
Q Q

Also the continuity of the bilinear form is seen easily. The continuity of the linear functional
0 [, f-0dx+ fFN g - Tr0dusa on V(Q, i)Y follows using Theorem 1, and by the same
theorem we obtain estimate (12). O

Remark 3 If Q in Theorem 2 satisfies the hypotheses of Lemma 1 (ii) then (12) holds with
a constant C > 0 depending only on e, N, D, psp and I'p;;.



4 Lipschitz optimal shapes for homogeneous Neumann
conditions

We proceed to the existence of optimal shapes for the elasticity system (2). In this section, we
prove it for a practical example within a well-known setup involving Lipschitz domains and
explain possible generalizations and the difficulties involved. This may be seen as motivation
for our new existence results in Sections 5 and 6.

For A as in (2), and Q, psq, I'pir, ['New as in Theorem 2 we can define the functional

J(Q, poq,v) = c1/ |v|?dz + 02/ Ae(v) s e(v)dz, veV(QTI'py)", (13)
Q Q

where ¢; and ¢y are fixed nonnegative constants. Suppose that f and g are fixed data, that
we can find a class of domains within which ) can vary but I'p;, is kept fixed and that for
each Q from that class Theorem 2 yields a unique weak solution u(2, psq) to (2) with the
same data f and g. Then we may interpret

Q= J(Q, pog, u(S, poa)) (14)

as a functional on this class of domains, and we may attempt to minimize it.
Remark 4

(i) For ¢y = 0 and ca = 1 the value J(Q, poq,u(Q, uaq)) is the elastic energy stored
in Q (the compliance of 1), [1/, Subsection 3.1]. For ¢y = 1 and c3 = 0 the value
J(Q, oa, u(, uoq)) is the square of the L*-norm of the displacement field, and the
minimization of this norm may be viewed as a mathematically tractable substitute for
the (intractable) minimization of the L>-norm.

(i) For a mized boundary value problem for the Helmholtz equation functionals similar to
(14), but with an additional boundary term, are studied in [23, Section 7].

We discuss a practical application. Suppose that we are searching for the most stable
(strongest) roof for a building and model it by a domain Q@ C R3. We assume that the
moving part I'ney of the boundary 0 is the union of two disjoint parts I'ypper and I'ower
which model the upper and the lower side of the roof. The set I'p;, models vertical boundary
parts of the roof at which it is fixed by a structural connection to other parts of the building.
See Fig. 1. We impose the condition that the volume ¢, > 0 of the roof itself remains fixed
and that I'ypper and T'ower are always parallel with a vertical distance

c
ho(Q) = ————. (15)
,U(Flower)
Since ¢, is kept constant, h,(2) will typically change when I'ypper and I'ower move. We
assume that g = 0 and set

f= pth(Q)eZa (16)

where pg > 0 is a constant (mass) density and e, = (0,0,1). The field £f(Q) represents the
weight of the roof Q.

To introduce suitable classes of domains let us recall the following from [3,11]. Given
e > 0, a domain Q C R¥ is said to have the e-cone property if for all x € 9 there exists
&, € RY with ||&;|| = 1 such that for all y € QN B(z,¢)

C(y. & e) = {2 € RY|(z —y, &) 2 cos(e)l|lz —yll and 0 < ||z —y|| <} €

It is well-known that a domain €2 with bounded boundary 0f2 has the e-cone property for
some ¢ > 0 if and only if it is a Lipschitz domain, [22, Theorem 2.4.7]. Now let D C R3 be
a bounded Lipschitz domain and € > 0. Somewhat similarly to [22, Section 2.4] we write

O(D,e) :={Q C D | Q is a domain satisfying the e-cone property}. (17)



I'pir

Figure 1: The boundary parts I'ypper and I'igwer remain parallel to each other with distance
h, as defined in (16). The lower part I'jower 1S supposed to stay within the closure of a fixed
open set G. We assume that all possible shapes Q) (and therefore also the set G) are subsets
of a fixed open set D.

Let G be a nonempty open proper subset of D, I'p;, a compact subset of 9D with H?(I'pi,) >
0,let € >0, ¢, >0and 0 < ¥{y < ¥£;. We define a class of admissible shapes by

Uad(D, G, €,y Lo, 01, Tpir) = {Q € O(D,e) | N*(Q) = ¢, lo < H*(09) < {1,
99 = I'pir UTNews H2(Tpir N TNen) = 0, T'piy = 0Q N D,
FNeu = Flower U Fupper; Flower - 67 Fupper = Flower + hzez} (18)

In this case the existence of an optimal shape realizing the minimum of the functional
on U,a(D, G, e, ¢y, 8,41, Tpir) follows from the results of Chenais [11]. By [22, Theorem
2.4.10] the collection O(D,¢) of domains having the e-cone property and contained in D
is compact with respect to the convergence in the sense of characteristic functions, the
convergence in the Hausdorff sense and the convergence in the sense of compacts. For
any sequence ), — § of sets in this class coverging in all three senses, their boundaries
0, — 00 and also their closures ,, — Q converge in the Hausdorff sense. The set of
domains U,q(D, G, e, ¢y, o, €1, Tpir) defined in (18) is a closed subset of the class O(D,¢)
and therefore compact. Note also that each Q € U,q(D, G, ¢, ¢y, 4o, £1,Tpir), together with
poa = H?|sq, satisfies the hypotheses of Theorem 2. Proceeding as in [22, Theorem 4.3.1]
we obtain the following result for the case of zero Neumann data.

Theorem 3 Let Uyq(D, G, ¢, ¢y, o, £1,Tpir) be as in (18), po > 0, ¢1 > 0 and ¢ca > 0. For
each Q € Uua(D, G, €, ¢y, Lo, 01, Tpir) let u(Q, H?) denote the unique weak solution to (2) on
Q with g =0 and f = £(Q) defined as in (16). Let J be the energy functional defined in (13).

Then there is an optimal shape Qopt € Uaa(D, G, €, ¢y, Lo, ¢1,T'pix) realizing the minimum
of (14) over Uaa(D, G, ¢, ¢y, Lo, {1, pir)-

Remark 5

(i) A similar example of a shape optimization problem is studied in [1/]. There the authors
propose to minimize (14) with ¢ =0 and co2 = 1 in (13) in a setup where I'pi; and a



part I'eu,fix 0f INeu are fized and only I' := I'neu \ I'Neu,fix; on which g is assumed to
be zero, can move. On the fired part I'new,ax the function g can be nonzero. They keep
the volume of ) constant and introduce a penalization term in the functional which
restricts the area of the possible changes of T'. This term is based on the (signed)
distance to an initially given shape T'y.

(i) The idea to restrict the possible shapes to a neigborhood of a given shape is equivalent
to fizing a compact set G within which the moving boundary part is required to stay,
' C G. In [28], the latter condition is shown to be necessary to ensure the evistence
of an optimal shape. A comparable condition is also used in [23], where the domains
Q are required to contain another fixed open set Dy.

The sketched roof shape optimization problem can easily be generalized in the sense that
(14) could be minimized over

Uad(D7 Gv g, Cy, FDir7 FNeu,ﬁx) = {Q S O(D7 5) | )\N(Q) = Cy,
9 = Tpir UTNew, HY ' (Tpir N TNew) = 0, T'piy = 92N ID,
FNeu,ﬁx C FNEU7 FNeu \ 1—‘Neu,ﬁx C a}v (19)

where D, G, €, ¢,, I'pir are similarly as before. In this setup I'veu,ix C I'Neu is kept fixed
and only I' = I'neu \ I'Neu,fix can move, as in [14]. If g can be nonzero only on the fixed part
I'Neu,fix (but not on the moving part I') then one can still prove the existence of an optimal
shape by the method of [22, Theorem 4.3.1].

As mentioned in the introduction, it may be desirable to allow nonzero Neumann data
g also on the moving part I" of the boundary (for instance, if we wish to include an external
force on the roof surface caused by the weight of snow). In the case of nonzero Neumann
data we need to follow our recent studies [23, 28] to obtain results on compactness and the
existence of optimal shapes. The main additional difficulty consists in the fact that nonzero
Neumann data on the moving part T' requires correct handling of the ’area measure’ paq|r
on this part, because the variational formulation (5) involves integrals with respect to it.
A sequence of domains from (19) converges to a domain in that class in the three senses
discussed above. However, the natural type of convergence of measures on the boundaries
is their weak convergence, and the weak limit of Hausdorfl measures is not necessarily a
Hausdorff measure, [28, Section 3].

In the next two sections, we present two results regarding this issue. The first, Theorem
4, states that for classes of admissible shapes built on O(D, ) we can find optimal shapes
that realize the infimum of the functional (14). The second, Theorem 5, considers wider
parametrized classes of admissible shapes, namely certain uniform domains whose boundaries
carry measures satisfying (3). It guarantees the existence of optimal shapes which then
indeed realize the minima of (14) over such classes. This may be viewed as a relaxation of
the Lipschitz boundary case.

5 Lipschitz optimal shapes realizing the infimum of the
energy

We follow the method in [28]. Given a bounded Lipschitz domain D C RY and & > 0
we write, similarly as before, O(D,¢) for the collection of all domains Q C D that satisfy
the e-cone property. Now suppose that G is a nonempty open proper subset of D, I'p;, a
compact subset of 9D with HN_l(FDir) >0and e >0, ¢, >0, ¢ > 0 are given constants.
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We define the class

Uaa(D, G, e, ¢y, &, Tpi) = {Q € O(D,e) | \N(Q) = ¢,
00 = T'pir UTNew, HY H(Tpir N TNew) =0, Tpir = 02N ID, Tnew € G
and HY "1 (Tneu N B(z, 7)) < érN71 for any 2 € Txew and 7 > 0}, (20)

Remark 6 Since D is bounded there is some €1 > 0, depending on ¢ > 0, such that for
all Q € Uya(D,G,e,¢y,¢,Tpir) we have HYN "' (Tnew) < f1, and a smaller ¢ leads to a
smaller bound ¢1. Clearly there is also some uniform lower bound £y for HN ' (T'xew), and
consequently ¢ must be chosen large enough to ensure the class Q € Una(D, G, e, ¢y, é,T'pir)
contains more than one domain.

Now suppose that f € La(D)Y and g € [Tr(W12(D))]¥ are given. For any domain
Q and Borel measure pgq on 99 satisfying the hypotheses of Theorem 2, let u(Q, uaoq)
denote the unique weak solution for (2) on Q with pgo on 9. Note that in particular each
Q € Uaa(D,G,e,cy, ¢, I'piy) satisfies these hypotheses with pupq = HY¥ ~1|sq, and similarly
as before we write u(Q2, H¥~1) for the corresponding weak solution.

We consider the functional (14) with ¢; > 0 and ¢z > 0 in (13). Ideally we would like to
minimize J(Q, Y1 u(Q, HV 1)) on Uaa(D, G, ¢, ¢y, ¢, I'pi). However, under the present
hypotheses one can only prove the following.

Theorem 4 Let Uaq(D, G, ¢, ¢y, ¢ pir) be as in (20), ¢1 > 0, cg > 0, f € Lay(D)N and
g € [Te(WH2(D)).

Then there are a domain Qopy € Uada(D, G, €, ¢y, ¢, I'ir) and a finite Borel measure f1oq
on 0Qopt, equivalent to HN =Y oq such that HY =1 (PNeu,opt) < 1020 (I'New,opt) and

opt

opt 7

I (Qopts K09 > W(Qopt, 100 )
= inf J(QHY T u(Q, HV ).

 QEUa(D,Goe,c0,8, i)
If poo.,, = HN"oq.,., then the infimum is actually a minimum.

Proof: Insubstantial modifications of [28, Lemma 3.1] guarantee that for fixed parameters
the class Una(D, G, &, ¢y, é,I'pir) is compact with respect to the convergence in the sense of
characteristic functions, the Hausdorff sense and the sense of compacts. Moreover, each
sequence (2,)p in Uaa(D, G, €, ¢y, ¢, I'pir) has a subsequence (€2, ) converging to a limit
domain 2, in the Hausdorff sense, the sense of characteristic functions and the sense of
compacts and for which the Hausdorfl measures poq,, = HN _1|39nk converge weakly to a

measure f15q, which is equivalent to HYN 1|5, and satisfies
HY T (Pxeu) < pog, (DNew.s)- (21)

Here we write I'ney,« for the part of 9Q, that corresponds to I'ney in (20), below we will use
a similar notation with analogous meaning.

Now suppose that this sequence (), C Uaa(D, G, €, ¢ ¢y, £1) is a minimizing sequence
of the energy functional (14), this minimizing sequence exists since the functional is nonnega-
tive. We relabel and denote the subsequence (£2,,, ) above by (2)x. Let ug, := u(Qy, HV 1)
denote the unique weak solution to (2) on € and let u, := u(Qx, noq,) denote that on Q.
with measure o, on the boundary.

Since all domains €2 have Lipschitz boundaries of finite Hausdorff measures, there are
extension operators F : W12(Q,)N — WH2(RM)N and a constant C > 0 independent of
k such that ||Eug|lw12pyy < Cgllugl|wizq,)~y for all k, see [11]. By Lemma 1 (ii) and
Theorem 2 (together with Theorem 1) we can find a constant C' > 0, independent of k, such
that

Sup [[ug w2 (@) < € (€l ooy + llgllmeqwr2(pyy~) -

11



This means that (Eug|p)y is bounded in W12(D)¥  and consequently there exists u* €
W2(D)N such that Eug|p — u* in WH2(D)V.
We define linear functionals Fj, and F on V(Q,T'p;)Y by

Fk[qﬁ]:/g U(uk):e(qb)da:—/Q f-0— i g pdHN L,
¢ € V(QaFDir)N, and
F[éb]:/Qa(u*):e(qb)d;pf/Q £o6— : g - ddu*.

Following the proof of [28, Theorem 3.2| one can see that F[¢] = limy Fi[¢] = 0 for all
¢ € V(D,I'pi)V, which implies that F[¢] = 0, ¢ € V(D,I'pi)N. By the uniqueness
established in Theorem 2 we must have u*|g, = u..

Using (5) it is not difficult to show that

h}gnHIleVEukHLQ(D)NXN = ||]IQVEU*HL2(D)NXN .

Since by the Rellich-Kondrachov theorem also limy, Fuy, = u* strongly in L?(D)¥, it follows
that limy J(Q, Y71 ug) = J(Qu, poa. , us), so that Qopt == Q. and HQope = MOQ, Are as
desired. See [28] for more details. O

6 Relaxation and optimal shapes realizing the energy
minimum

Choosing a larger class of admissible shapes, we can ensure the existence of an optimal shape
which actually realizes the minimum of (14). Following [23] we relax the restriction on the
domains €2 to be Lipschitz domains and the restriction on the measures on the boundaries
to be Hausdorff measures.

Let D C RY be a bounded Lipschitz domain and ¢ > 0. By @(D,s) we denote the
collection of all (g, 00)-domains Q C D. We require the measures on the boundary to satisfy
the upper regularity condition (3) and a second, somewhat complementary scaling condition.
Given s > 0 and a Borel measure pr on RY with F = supp ur we say that pp is lower
s-reqular in the closed ball sense if there is a constant ¢; > 0 such that

prp(B(xz,r)) >¢sr®, zeF, 0<r<l1. (22)

Now let Dy be a non-empty Lipschitz domain and a proper subset of D and suppose
that T'p;, C @D N ODg has positive measure HY = (T'p;,) > 0. Givene >0, N -1 < s < N,
0<d<s,¢>0andcqg >0 let

Uad(D, Do, e,cy,8,d,Cs, Cq, FDir) = {(Q, ‘LLBQ) | Qe @(D, E), Dy C Q,
MV(Q) = ¢y, 9 =Tpir UTNew, Ipir = 02N ID, poo = HY o, + ke s
Uy, With supp pry., = I'eu satisfies (3) and (22), poo(Tpir N Txew) =0} (23)

Using [23, Theorem 3] it can be seen that Uyq(D, Do, €, ¢y, $,d, Cs, ¢4, I'Dir) 18 compact
with respect to the convergence in the Hausdorff sense, the sense of compacts, the sense
of characteristic functions and the sense of weak convergence of the measures g on the
boundaries. By Lemma 1 (ii) and Theorem 2 we have (12) with a uniform constant for all
(Q, noq) € Uaa(D, Dy, e, ¢y, $,d, Cs, cd, I'pir). This, together with uniform estimates for the
norms of extension operators, allows to obtain the following result by similar arguments as
in the Lipschitz case.

12



Theorem 5 Let U,q(D, Dy, ¢, ¢y, 8,d, Cs, ca, I'bir) be as in (23), ¢1 > 0 and c2 > 0 in (13).
Let £ € Ly(D)N and g € [Tr(WH2(D))]V.
Then there is (Qopt, 1oy, ) € Uad(D, Do, €, ¢y, 8,d, Cs, ¢4, I'pir) such that

J(Qopt; HOQps 5 u(QaQopt y HOQopt ))
= min J(Q, ,u(9, .
(Q,p60)EUaa(D,Do,e,cCy,8,d,Cs,¢d,'Dir) ( Hoq ( MBQ))
Slight modifications of Theorems 4 and 5 yield generalizations of Theorem 3 on optimal
roof shapes, such as the following. Let N = 3 and let D C R? be a bounded Lipschitz
domain, G a nonempty open proper subset of D and I'p;, a compact subset of 0D with
H2(I'pir) > 0 as in Section 4. Consider the class

Uaa(D, G, ¢, ¢y, 8,d, s, ca, Toir) = {(Q, paq) | Q € O(D,¢), \3(Q) = ¢,
99 = I'pir UTNew, Ipir = 92N 0D, poo = HY o, + frens
Ul e, With supp pry., = I'Neu satisfies (3) and (22), uoa(Tpir N eu) = 0,
I'Neu = Dlower U Tuppers Tlower € G5 Tupper = Dlower + hz€2 ). (24)

This class is compact with respect to the same four types of convergences as (23). (We
point out that [23, Theorem 3] can be used without problems because the domains € are
nonempty by construction.) The following result, which roughly speaking is a corollary of
Theorem 5, generalizes Theorem 3 to the case of possibly nonzero Neumann data g on the
moving parts.

Corollary 1 Let Una(D, G, e, ¢y, 8,d,Cs,¢q,pir) be as in (24), po > 0, ¢1 > 0 and c3 > 0.
For each (Q,poq) € Uaa(D, G, ¢, ¢y, 8,d,Cs,ca, Tpir) let u(, poq) denote the unique weak
solution to (2) with g € [Tr(WH2(D))]® and f = £(Q) defined as in (16). Let J be the energy
functional defined in (13).

Then there is an optimal shape (Qopt, o, ) € Uad(D, G, €, ¢y, 5,d, Cs, cq,'pir) realizing
the minimum of (14) over Uaa(D, G, ¢, ¢y, $,d, s, ¢4, I'Dir)-

7 Conclusions

For the linear elasticity system (2) with homogeneous Neumann conditions on the varying
parts, optimal (energy minimizing) roof shapes always exist in classes (18) based on the
well-known classes (17) of bounded Lipschitz domains, Theorem 3. This result had not
been known before, but it relies on classical methods. Suppose inhomogeneous Neumann
conditions on the varying parts are imposed. In that case, optimal shapes realizing the
infimum of the energy always exist in classes (20) of bounded Lipschitz domains with gener-
alized boundary measures. This result is new, and it was obtained using the novel methods
in [28]. To ensure the existence of optimal shapes that realize the minimum of the energy
under inhomogeneous Neumann conditions, we need to allow fractal boundaries and dis-
cuss measures (not only shapes). If we do so, energy minimizing optimal shapes in classes
(23) of bounded uniform domains always exist, Theorem 5, and in particular, optimal roof
shapes exist, Corollary 1. This result is new, and it is based on the completely novel ap-
proach introduced in [23]. Future work will include more specific numerical experiments and
also theoretical generalizations, for instance, existence results for optimal shapes for Robin
boundary value problems in elasticity.

A  Green’s formulas

We provide versions of Green’s formulas in the context of Theorem 1. They are not used
explicitely in our results, but they provide the correct justification of the variational formu-
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lation (2). Consider the space
H(div,Q) = {u= (u1,...,un) : Q= R uy,...unx € L*(Q), divu € L3(Q)},

it is a Hilbert space corresponding to the norm
1

. 2
lullaive = (ulaays + Idivalisg)

Proposition 2 Let Q C RN be a bounded W'2-extension domain. Suppose that ppq is a
Borel measure with supp paoq = 9 and such that (3) holds with some N —2 <d < N. For
all u € H(div,Q) we can define a bounded linear functional u-n € (Tr(WH2(Q)))’ by the
identity

(u -1, T‘I"LU>(Tr(Wl,z(Q)))/ﬁf[\r(Wl,z(Q)) = / u-Vwdr — / (diV u)w d.%', (25)
Q Q
w e WhH2(Q).
For all T € H(div, Q)N we can define a bounded linear functional T-n € [(Tr(W2(Q)))"]V
by

<T - n, Tr 9>[(TT(W1,2(Q)))/]N,[Tr(wl,Q(Q))]N = /( T : V9 dZE — /( (le T) . Hd.’L', (26)
2 2
0 € Wh2(Q)N.

For the special case that €2 is a Lipschitz domain and ppq equals HY ! a proof of formula
(25) can be found in [21, Theorem 2.5 and formula (2.17)]. The same proof, combined with
Theorem 1, yields (25). (Note also that a particular version of (25) had been proved in [13]
for a specific domain €2.) Formula (26) is just its matrix form and an immediate consequence
of (25). See [12, p. 69] for a version of this formula for smooth domains and tensors.

B A technical remark

We comment briefly on how to see the claimed identity (10) in the proof of Lemma 1, i.e.,
that E/(;Il = 0 ppp-a.e. on I'pj. One can argue as follows: If u; are the components of
u then the vector fields u®), M > 1, with components uz(-M) = (=M) V (u; A M) satisty
limps oo Hu(M) — uHWLQ(Q)N = 0, what by (9) is inherited to their extensions. Therefore
(and by Theorem 1) it suffices to show (10) for u with bounded components. If x is a
smooth cut-off function with compact support inside an open ball B D D then we have
(xEqu)~ = Equ on D. Since L*-functions with finite Dirichlet integral form an algebra
and Poincaré’s inequality holds for B, the product xEqu is an clement of W12(B), and we
can use standard capacity arguments based on this space instead of W2(RY). In particular,
adequate modifications of [9, Theorems 5.2 and 5.4] now allow to conclude (10) similarly as
in [9, Theorem 6.1].

C On the Mosco convergence of energy functionals

In this auxiliary section we consider energy functionals for Robin problems of type

—dive(u) =f inQ,
e(u)-n+alru =0 on I,

where o > 0 and IT" is a subset of 9€). We show that if a sequence of domains converges
in a suitable sense then these energy functionals on the domains converge in the sense of
Mosco [36].

Let H be a Hilbert space. Recall from [30, Definition 2.1.1] that a sequence of quadratic
forms a,(,-) : H X H — (—00,400] is said to M-converge on H to a quadratic form
a(,-): Hx H— (—o00,4o00] if
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L. For every u € H there is a sequence (u,), C H, convergent to u and such that
limy, s 00 @n (Un, tn) < a(u, u).

2. For every sequence (vy,), C H converging weakly to u € H we have lim an,(Vn, Up) >

au,u).

T —r 00

Let N > 2 and let 2 C RY be a bounded domain. Suppose that urp, and ur are Borel
measures with supp pry,, = I'pir and supp ur = I' such that 9Q = I'p;, UT" and I'p;, N T is
a zero set for both prpy,. and pur. For each n > 1 let Q,, C RY a domain and let ur, be a
Borel measure with supp ur,, = I'y, such that 09Q,, = I'piy UT',, and I'p;, N Ty, is a zero set
for both urp,, and ur,. If all domains are W'2-extension domains contained in a bounded
Lipschitz domain D and all prp,., pur and ur, satisfy (3) with N —2 < d < N then for any
non-negative real numbers o and «,, we can define quadratic forms on L?(D)" by

an(uau) =
[ e():e(u)dz + [ Ju]*dz + a, [ |Trul?dur,, u € V(Q,,Ipi)V,
Qn Qp 1%
400, otherwise
and
a(uu) =

{ Je():e(u)dz + [ [u’dz + o [ |Trul?dur, u € V(Q,pi)Y,
Q Q r

400, otherwise.

The following convergence result can be obtained by the same arguments as [23, Theo-
rem 8].

Theorem 6 Let € > 0, let (), be a sequence of (¢,00)-domains Q, C D. Let I'py,
Ty, and pry,., pr, be as above and assume that all ur, satisfy (3) with the same exponent
N —1<d< N and the same constant cq.

If lim,, Q,, = Q in the Hausdorff sense and in the sense of characteristic functions and
lim,, ap o, = o in the sense of weak convergence, then we have

lima, =a
n
in the sense of M-convergence on L?(D).

Remark 7 For simplicity, and because it is sufficient for many practical purposes, I'pi, is
assumed to be fized in the above setup. It would be sufficient to keep the set I'piy N1y, fized,
see [15, Theorem 10].
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