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Abstract

We compute first and second order shape sensitivities of integrals on smooth submanifolds
using a variant of shape differentiation. The result is a quadratic form in terms of one per-
turbation vector field that yields a second order quadratic model of the perturbed functional.
We discuss the structure of this derivative, derive domain expressions and Hadamard forms
in a general geometric framework, and give a detailed geometric interpretation of the arising
terms.
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1 Introduction

In this work we consider shape sensitivity analysis of functionals of the form

/Sf(:c) dx

with respect to perturbations of the smooth k-dimensional sub-manifold S C R¢ by one-parameter
families ¢(t,-) : S — R? of (orientation preserving) diffeomorphisms.

Since we are concerned here with issues of calculus, rather than questions of differentiability,
we assume that all quantities have sufficient smoothness. In particular, ¢, S, and its boundary
0S are assumed to be smooth enough to guarantee that all used quantities are well defined. For
example, we need a well defined tangent space at each point, and also (for the discussion of the
Hadamard form) a well defined second fundamental form and notions of curvature, derived from
it.

This question is classical in a couple of areas in mathematics. It is, for example, the theoretical
basis of shape optimization, but also plays a role - with slightly different perspective — in differential
geometry, in particular in the study of geodesics and minimal surfaces (cf. e.g. [8, Chapter XI] or
[14, Chapter 9]).

In shape optimization we find several different approaches to shape sensitivity analysis. They
usually start with a given vector field v on R? and construct a family of perturbations ¢(t,-),
such that ¢;(0,2) = v(x). They differ in the way, ¢(¢,-) is constructed from v. The so called
perturbation of identity method [9, 13, 5], defines ¢(t,z) = x + tv(x). The velocity method (cf.
e.g. [18, 19], the monograph [3], and for a similar approach [17]) defines ¢ as a flow of (possibly
time dependent) v. In [11] it was proposed to construct ¢ from v by geometrical considerations in
an infinite dimensional manifold of shapes, establishing also a framework for Newton methods in
shape spaces.

While the first shape derivatives coincide in all approaches, the second shape derivatives differ
among the approaches. The reason is that for given vector fields v the corresponding transfor-
mations ¢(t,-) differ up to second order. Moreover, in order to obtain a bilinear form, classical
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definitions of shape hessians employ two vector fields v; and two temporal parameters ¢;, the com-
bination of which defines ¢. For example in the perturbation of identity method the definition
@(t1,te,x) = & + tyv1 + towe has been considered in [12, 10, 5].

For the velocity method ¢(t1,ts,2) has been defined as the composition of two mappings [3,
Sect. 9.6]. Consequently ¢ depends on v; and v in a non-commutative way, which leads to a
non-symmetric shape hessian. A connection to the second Lie derivative has been drawn in [1, 7],
applications in image segmentation can be found in [6]. Relations between these variants and
application of Newton’s method have been discussed in [15].

In the approach proposed in this paper we start with a single family of transformations
¢(t,-)S — R%, use only a single vector field v = ¢4(0,-) on S and look for a quadratic approxima-
tion of the perturbed integral. We end up with a quadratic form ¢(v) in terms of a single vector
field. This contrasts with the approaches mentioned above which all yield bilinear forms in two
vector fields. In addition, we observe that a linear term arises that depends on an acceleration
field vy = ¢4(0,-). A symmetric bilinear form can be derived by differentiating ¢ with respect to v
twice. Our approach yields a unifying perspective on the shape hessian and a convenient basis for
a couple of applications, such as stability analysis (cf. e.g. [2]) and SQP-methods.

Concerning the geometry of S we choose a rather general setting, namely a k-dimensional sub-
manifold S C R? with (possibly empty) boundary. This includes the well known special cases
S = Q, where € is an open domain in R? and S = 9Q but also a couple of others, such as hyper-
surfaces with boundaries and curves. Except for [16], where a structure theorem is derived for first
order shape derivatives, little work on shape calculus has been done in this general setting. Apart
from the higher generality, a benefit is a unified view on the different cases of shape derivatives,
which are traditionally treated by separate computations. We also put emphasis on the use of
quantities, that are intrinsic to the given problem.

Much care is taken to the derivation and geometrical interpretation of the Hadamard form of the
second derivative which includes a splitting into normal and tangential components of the vector
fields. This allows to give each term of the Hadamard form a specific geometric interpretation,
which we try to illuminate, also with the help of geometric examples. Of particular interest is the
occurence of generalizations of the Gauss curvature of S and the Laplace-Beltrami operator on S.
The use of only one perturbation field v instead of two is very helpful here, in order to keep the
involved computations as concise as possible.

1.1 Embedding of the problem

Consider a one-parameter family of orientation preserving diffeomorphisms

¢:Ix8S—R?
(t,r) = ¢(t, z),

where I C R is an open interval, containing 0 and ¢(0,2) = « for all x € S. We define for t € T
the vector fields

v:IxS—R? v I xS —RY
v(t,z) = ¢e(t, ) ve(t, ) = du(t, x).

For brevity, we will write v = v(0) and v; = v;(0) as mappings S — RY. Thus, local Taylor
expansion around t = 0 yields:

1
(t,x) =+ vt + §vtt2 + o(t?).
For a kinematic interpretation of this approach, we may think about ¢ as (pseudo-)time, so that v
can be interpreted as a velocity field and v; as an acceleration.

Consider also two smooth functions F': I x R? = R and f: I x S — R, such that

F(t,é(t,z)) = f(t,x) Y(t,z)elx S
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and thus consequently
F(0,z) = f(0,z) VxeS.

By the chain rule we easily derive relations between the derivatives of F' and f at ¢t = 0:
Fx :fz7 Ft+Fm¢t :ft 1e Ft :ft—Fz'U on S (1)

The expression F} is commonly called shape derivative of f, while f; is called the material derivative
of f. This naming suggests a tacit identification of the two different functions f and F'. In fact
the notation f’ := F; for the shape derivative and f := f; for the material derivative of f is used
frequently.

Denoting X := ¢(t, ) we are interested in the time dependent integral:

I(t) == / F(t,X)dX, (2)
#(t,5)
and in particular in its first and second derivatives with respect to ¢. Since

10) = /S £(0,7) da

we will denote these derivatives as first and second order shape derivatives or shape sensitivities of
[s f(z) dz with respect to the embedding ¢(t,z) and f(t,z). In classical shape-optimization one
chooses F(t, X) constant in time. In view of (2) this corresponds to the geometrical intuition that
the integrand is chosen fixed in the back-ground, while the domain of integration evolves.

The basis of our considerations is the following integral transformation rule:

() = /¢ L Fexax = A F(t, 6t 2))J (1, 7) dz = /S F(t2) I (, 2) da. 3)

Here the well known measure tensor occurs:

J(t,2) = \/det(B(2)T 6, (t,2)7 6, (t, 2) B(x))

with B(z) € R¥* being a matrix whose columns consist an orthonormal basis {b;};—1. x of the
tangent space of S at x. It is easy to see that J is independent of the choice of basis.

Our task is now to compute the first and second derivative I;(0) and I+ (0) of I(t) with respect
to time. This can be done via the right-most expression in (3), because it is defined on a fixed
domain.

Theorem 1.1. The first and second order shape sensitivities satisfy:
I;(0) = / fit + fJedx (4)
s
I4(0) = / fee +2ftJe + fJe da. (5)
s

Proof. Straightforward application of the product rule to
10) = [ ft.0)(t.0) ds
S

taking into account that J(0,z) = v/det B(z)T B(z) = 1. O

The most involved part of this computation will be the derivation of Jy. Of course, the case
k = d, where J = | det ¢,| is well understood. For the case k = d — 1 one also finds results in the
literature (cf. e.g. [3, 4, 6]), where, however, a different representation of J, via a unit normal
field is employed. Our approach treats all cases in a unified way, which yields insights about the
common structure of first and second shape derivatives.
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In addition to the computation of the terms involved it is common to rearrange and analyse
them further, in order to get some geometric understanding of the situation. For example, we
expect that I(t) = const, if F' is constant in time and ¢ leaves S invariant. As a consequence,
only certain parts of the vector field v contribute to I;(0) and I;(0). Such formulas are known
as Hadamard forms of I; and I;;. It is known that the derivation of the Hadamard form requires
higher regularity of the manifold, since, e.g., curvature terms occur, but in turn yields additional
geometrical understanding.

Special care will be taken to use intrinsic quantities only. In particular, ¢ and thus also v and
v are only defined on S, and thus, the spatial derivatives v, and v, only make sense on S and
only in tangential direction. Similarly, f is only defined on S. However, F' has to be defined on R?,
or at least in a neighbourhood of S. We also stress that we do not need any extension of normal
fields from .S onto a neighbourhood of S.

1.2 General structure

Before we carry out our computations in detail, we discuss the general structure that we expect,
in particular, concerning second derivatives.

In Section 2.3 we will see that J; depends linearly on v and Jy; is quadratic in v and linear in
v¢. Similarly, in the case there F' is constant in time, f; depends linearly on v and f;; contains
quadratic terms in v and linear terms in v;.

This yields that I;(0) is a linear form in v = ¢;(0):

1;(0) = I(v)
while I;:(0) is the sum of a quadratic form ¢(v), and a linear form I(v;):
I14(0) = U(ve) + q(v).

Very often v; is given as a quadratic function of v so that I(v:(v)) is quadratic in v and we can
define the following quadratic form in v:

q(v) = (v (v)) + q(v)

Once, the quadratic form ¢ has been computed, it is easy to construct a corresponding bilinear
form b(-,-), such that
b(v,v) = 4(v) Y.

Since ¢ is quadratic, its second derivative ¢” is independent of the point of differentiation and
symmetric as a bilinear form by the Schwarz theorem. We thus set

1 1
o, w) i= 53" (O)(v,w) = 53" (0)(w, ) = blw,v)
This may be useful in the context of SQP-methods for shape optimization. However, we will not
elaborate on this topic.

Relation to known approaches. Concerning the construction of ¢(t,z) there are two ap-
proaches which are commonly used and an additional, more recent approach. All of them construct
@(t, x) from a given velocity field:

i) The perturbation of identity method [13, 5] chooses ¢(t,z) := x + tvg(x), where vy : S — RY.
This means that ¢(t, z) satisfies the initial value problem:

¢(0,2) = x. ©)

Hence, ¢(t,x) may be interpreted as the flow of a moving vector field. Each point ¢(t, )
evolves with constant velocity vo(z).
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We see that v(t, z) = ¢¢(¢t, ) = vo(z) and
ve = ¢1(0,-) =0
q(v) = q(v),

bv, w) = %q"(O)(v,w).

ii) The velocity method [3] defines ¢(t, ) via the following modified initial value problem:

¢u(t,x) = V(o(t, x))

#(0,2) = x. @

In this construction we need V : R? — RY as a velocity field “in the back-ground” and ¢(¢, )
as the trajectory of a particle that moves in this field. More generally, V' may also depend
on t. It follows v(0,z) = V(z) and

= *V( ( ))|t 0= ’E¢t Vev = VTV,
q\V) =q(V) +UV.V),
b(V, W) = %q"(O)(V, W)+ %Z(VmW +WLV).

The non-symmetric shape hessian discussed in [3] is given by

BV, W) i= 5q" O)(V, W) + (VD)

ili) Alternatively, an approach via Riemannian shape manifolds can be chosen [11]. We only
sketch this approach. A second order initial value problem of the following form is used to
define ¢(t, x):

ve(t, ) = By,s) (2, v(t, 2),v(t, x))

¢t(tax) ’U(t,l‘)

v(0, ) = vo(x) ®
¢(0,2) = =.

Here B is a spray (cf. e.g. [8, IV.§3]) associated with the given Riemannian metric of the
infinite dimensional shape manifold. By ) is for each ¢ a bilinear mapping in v, which is
assumed to have appropriate transformation properties with changes of charts. We remark
that this spray is the infinite dimensional analogue to the well known Christoffel symbols
and depends on the metric of the shape manifold. The above initial value problem is used to
define geodesics on an infinite dimensional manifold of diffeomorphisms. We obtain

ve = (0, ) = Bs(v,v),
q(v) = q(v) +1(Bs(v,v)),

b(v,w) = %q"(O)(v,w) + %I(Bg(v,w)).

2 Shape derivatives in weak form

Throughout this paper we consider R4 equipped with the canonical basis {e;};=1.. 4 of unit vectors
and the standard scalar product
d
a-b:= Z a;b;.
i=1
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Let S ¢ R? be a smooth, ortiented, k-dimensional submanifold. We denote by 7, S the tangent
space of S at € S and by T'S the tangent bundle of S. Similarly N,S = (T,,S)" is its orthogonal
complement, the normal space of S at  and NS the normal bundle of S.

Using local charts on S we can define differentiability and derivatives of mappings g : S — Y,
where Y is some vector space. At a given point x we then obtain a linear mapping 1,9 : TS — Y,
which we sometimes denote by g, or gs.

2.1 Projection onto the tangent space

A central quantity in the differential geometry of submanifolds is the orthogonal projection P(x)
onto T,.S at a given point € S. We associate to each € S an orthonormal basis {by,..., b}
of T,,S, whose members form the columns of a matrix B = B(z). Then we define the unique
orthogonal projection onto 7, S as follows:
P(z) : R —» R?
w + P(x)w = B(x)BT (z)w.
We see that P(x) is independent of the choice of orthonormal basis B of T,,S: if B is replaced by BQ
and @ € R*** is an orthogonal matrix, then BQ(BQ)T = BBT. Recall that P(z)P(z) = P(x),

ran P(z) = T,S, and ker P(z) = N, S. By I — P(z) we obtain the projection onto N,S. Most of
the time we will drop the argument = and just write P instead of P(z).

Tangential trace and divergence. Consider the classical trace of a matrix A € R?*:

d
trA:= Zei - Ae;.
i=1

The tangential trace at a point = of a matrix A € R?*? (or more generally of a linear mapping
A:T,S — R?) can be defined as:

k
tr¢ A:=tr AP =tr BTAB = Z b; - Ab;.
i=1

Obviously trg does not depend on the particular choice of B and trg A = trg A”. With its help
we define corresponding symmetric non-negative bilinear forms for linear mappings:

k
(A1, Ag)os == trg(A] PAy) = > PA1b; - PAgb, (9)
i=1
k
(A1, Ag) o = trg(A] (I — P)Ag) = Y (I — P)Ayb; - (I — P)Asb;. (10)

i=1

From the expressions on the right we immediately see symmetry and positive semi-definiteness and
even positive definiteness on L(7,S5,T,S) and L(T,S,T,N), respectively. For (-,-)s,s we observe
additional symmetries:

<A?,A2>s_,5 = tI‘(AlpAQP) = tI‘(AgPAlp) = <A2T,A1>s_.5 = <A1,Ag>5_>s. (11)

Application of the tangential trace to the derivative v, : TS — R? of a differentiable vector field
v:S — R? yields the tangential divergence:

k
divgv :=trs v, = Zbi - Uzb;. (12)
i=1
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2.2 Derivatives of the measure tensor

In view of Theorem 1.1 we need expressions for the derivatives J; and Jy; of the measure tensor

\/det )T, (t, )T ¢y (t, x) B(x)).

Observe that J(¢,z) can be evaluated, using ¢, (t,z) = T, d(t,-) in tangential direction, i.e. in
ran B(x), only. Similarly, the expressions of its derivatives in Lemma 2.1 depend on v, = ¢4, (¢, -)
and vy, = ¢p(0, ) in tangential direction only.

Lemma 2.1. The first and second order sensitivities of the measure tensor are given by:

Jt = Jt(O, ) = diVS (% (].3)
Jit = Jut(0,-) = (divs v)? — (U1, V) sos + (Vi Vi) son + divig vy (14)

Proof. We abbreviate C(t,z) = ¢.(t,x)T ¢,(t,x) (known as the right Cauchy-Green tensor in
elasticity) and G(t,z) = BT (x)C(t, ) B(x) so that J(t,z) = \/det G(t, ).

(det G); = tr((det G)G'G}) = det G tr(G™1Gy)
tr(G71Gy), = tr(—G1G,G71G, + G71Gy),

so at t = 0, where G = I and ¢, = I; we have, inserting
Gy = BTCuB = BT (¢7 6y + 61,64) B = BT (v, +v7) B

and
Gy =B"CuB = BT(¢T¢ztt + ¢mtt z + 2¢ tPat)B = BT (Vat + Uft + QU;F%)B

we get
1
= ((det G)/?), = 5 (det G) M2 det Gtr(GT1Gy)

1 -7 1 1
= 5 (det G2 tr(G1Gy) 2 5 tr(G1) = 5 tr(B” (vs +v])B) = divs v,

1
Ju = ((det G)/?)y, = ((det GV, tr(GIGy) + 5 (det )2 tr(G7Gy),
1 1
= det GY2tr(G1Gy)% + 5 (det )Y tr(-GTIGGTIG + GTGy)
ag=11

=1Ly - 1tr(Gth) + %u(GH)
= (divgv)? — 5 tr BTC,BBTC,B + 3 trs(th + v .+ 2v; vx)
= (divg v)* — §<C't, C’tT)sﬁs 4+ divg vy + trg vax.
We continue
(Cy, CFY o s = (vp + 0T v, + 0 )5 0s (w (Ve + 07 v +02)es = 2trg(vy + 1) Puy.

Hence,

1
—§<Ct,C’t )s_,5—|—trgv vx:—trs(vw—kv )va—ktrsv Vg

= —trg v, Pv; + trg vy, (I P) <U§,’Ux>s_,5 + <U£K’U$>S—>N'

Summing up, this yields the claimed representation of Jy. O]
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As a short hand notation we introduce the bilinear form:
Q(v,w) = divgvdivgw — (v;wz}%s + (Vg Wa) sy (15)

which is symmetric by (10) and (11). Observe again that v,, and w, only have to be evaluated
in tangential direction here. This follows from the explicit expressions in (9), (10) and (12). We
obtain:

Ju = Q(’U, U) + divg vy.

2.3 First and second shape derivatives

Inserting the results from Lemma 2.1 into the formulas of Theorem 1.1 yields:
I;(0) = / fi + fdivsvdx
s
I:(0) = / fie +2frdivg v + f(Q(v, v) + divg vt) dx.
s

As already mentioned, v only needs to be defined on S to evaluate these expressions. Also, up to
now f, f; and fi only need to be defined on S.

Classical shape sensitivity analysis often uses a time-independent integrand F : R — R as
data. Thus, we formulate our derivatives in terms of F'. Since f = F and f; = F} + F,v on S we
obtain

I;(0) = / F; + F,v+ Fdivsvdx.
s

If we define
I(Fv):= / Fyv+ Fdivsvdx (16)
s

we can write

1,(0) = / Fydx + I(F,v). (17)
S
Differentiating F; + F,v = f; once more with respect to t we obtain at ¢t = 0:
Ftt + 2thU —|— Fxx’l}2 —|— Faf’Ut = ftt~ (18)

This yields a volume formulation of the second derivative:
I.(0) = /s Fy + 2(Fipv + Frdivg v) + (Fpo + Fdivs vy) dx
+ /S For(v,v) 4+ 2F,vdivg v+ FQ(v,v) dz.
If we define ¢(F,v) as the integral in the second line of this equation:
q(F,v) ::/SFM(U, v) + 2Fvdivg v + F((divg v)2 — (0T vy) ss + (Vg Vg)son ) da (19)
and [ is given by (16) we obtain:
14(0) = /S Fiu da + 20(Fy,v) + U(F, v0) + a(F, v). (20)

The representation of (17) is sometimes called domain expression or weak form of the shape
derivative. We stress that F : I x R* — R cannot be replaced by f : I x S — R in this expression,
since, e.g., f,v may not be well defined, unless v is a tangential vector field.
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3 Concepts from differential geometry

Our next aim is to analyse (16) and (19) further by deriving the Hadamard form of these ex-
pressions. This will yield a deeper geometrical understanding of I; and I;;. It will turn out that
only certain parts of v enter into the shape derivatives, reflecting that some deformations leave S
invariant. Further, the curvature of S and its boundary 95 will play an important role.

To carry out this plan we need some concepts from differential geometry of submanifolds. For
convenience of the reader we will give a concise self contained exposition (the notation varies in
the literature), based on the orthogonal projection P(z) onto T3S and its derivative T,,P. Readers
familiar with these concepts may want to browse quickly over this section.

Orthogonal splittings of vector fields. Let v : S — R? be a vector field on S. By Pv we
denote the vector-field, defined by (Pv)(z) = P(x)v(z) for all € S. In this way we can split v
orthogonally into a tangential field s : S — T'S, where s(x) € T,,S, and a normal field n : S — NS,
where n(z) € N,S:

v=Pv+ (I —Plv=s+n.

Similarly, we can split the derivative F, of a function F : R? — R as follows into a normal and a

tangential part:
F,=F,P+F,(I-P)=F;+F,,

so that Fyv = F,Pv = F,s and F,v = F,(I — P)v = Fyn.

Further, just as the gradient VF(z) € R? is defined as the unique vector, such that VF(z)-w =
F.(z)w for all w € R, we define the tangential gradient VF(z) € T,S via V F(z) - w = Fs(z)w
for all w € T,,S.

Derivative of P. We assume that the mapping:
P:S — L(RYRY)
x — P(x)

is differentiable with respect to x in tangential direction. The derivative of P at z is a linear

mapping
T,P:T,S — L(RY RY).

Thus, for each b € T,.S the directional derivative T,,P(b) € L(R?,R%) is a linear mapping. We
write T, P(b)v € RY to denote the derivative of P at z € S in direction b € T,,S, applied to v € R%.
From the product rule we obtain for any vector field v: S — R?% at 2 € S and b € T, S:

(Pv)zb =T, P(b)v + Puvb. (21)
We summarize some well known results on T, P from differential geometry:

Lemma 3.1. Let b € T,.S be arbitrary. Let s be a tangential and n a normal vector field on S.
Then the following relations hold:
T.P(b)s = (I — P)s;b € N,.S, (22)
T,P(b)n = —Pn,b € T,S. (23)

The following symmetries are valid:
S1,82 € TIS = TTP(Sl)SQ = TIP(SQ)Sl (24)
U1, V2 € Rd = U1 (Tmp(b)’l)g) = Vg (Txp(b)’l)l) (25)
i.e. TpP(b) = (T.P(b)T

S1,80 €TSS = 81 -NgS9 = Sg - NypS1. (26)
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Proof. Since Ps = s, (21) yields s,b = T, P(b)s + Ps;b and thus (22). Similarly, we use Pn = 0 to
deduce (23). For (24) we compute for two tangent vector fields:

TzP(81>82 — TwP(SQ)Sl = (I — P)(Sl’wSQ — 82,9381) = (I — P)[Sl, 52} = O7

since the Lie-Bracket [s1, s2] of two tangent vector fields lies again in the tangent space T,.S. Next,
(25) follows from differentiating the following identity w.r.t.  in direction b:

0 =wy - P(x)vg — vy - P(x)vy,

which expresses the symmetry of the orthogonal projection P(z). Finally, we show (26):

$1-NgpSy = 81 - Pngso i —s1 Ty P(s2)n (2 —n - T, P(s2)s1
2 —n - T, P(s1)s2 (28 —89 - T P(s1)n ) So - My S].
O
For any vector field © of constant norm, we have the identity:
O:%(ﬁ'f})xw:@zw-@ = 0w L0 Yw € R (27)
In particular, if dim.S = k£ — 1 and 7 is a unit normal field, we obtain
NgsLn = ngsel,S VseT,S = rann, CT,S.
3.1 Curvature and Laplace Beltrami operator
By (24) we see that the second fundamental form:
h:T,S%xT,S— N,S (28)

(s1,82) — h(s1,82) := =T, P(s1)s2
is well defined as a symmetric bilinear vector valued mapping (cf. e.g. [8, XIV §1]).

Additive curvature. If {b;};—1. ) is an orthonormal basis of T},.S, we define a curvature vector
Kk on S:

k
= h(bi,bi) ZT P(b;)b; € N,.S. (29)
i=1

Using the fact that each component of x can be written as a tangential trace over a matrix that
represents h, we see that this expression is independent of the choice of orthonormal basis. We
have chosen the sign of A(-,-), such that the corresponding curvature vector points outward, if S
is a sphere.

Proposition 3.2. For any normal vector field n we have the formula:
n -k =divgn. (30)
For any differentiable scalar function o : S — R it holds
divg an = adivg n. (31)
Proof. We compute:

divgn =trgn, = trg Pn, = — trsT P()n
k

:—Zb TP Zn TP i)l%-zZn-h(bi,bi)zn-/@.

i=1

With this we get adivgn = a(n - k) = (an) - k = divg an. O
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If S is a k = d — 1 dimensional manifold (a hypersurface), then N,S has dimension 1. Thus we
have (due to orientation) a unit normal field # on S with 7 -7 = 1 and h(s1, s2) is collinear with
7. In this case, the second fundamental form can also be defined as a scalar function:

iL(Sl, 82) =N h(Sh 82).

Since this is a symmetric bilinear form, we get an orthonormal basis of eigenvectors with eigenvalues
K1-...Kk, the principal curvatures. These are the eigenvectors and eigenvalues of the mapping
T, P()n:T,S — T,S (known as the shape operator). Further, we can define the (scalar valued)
additive curvature,

/%::ﬁﬁi:divsfz:trsﬁ(-,-) = Zlii e R,
which is related to the well known mean curvature H := k/k.

Gaussian curvature. Next, we indicate the geometrical meaning of some expressions that arise
in the Hadamard form, derived below. We insert a purely normal field v = n and v; = 0 into (14):

Jtt = Q(n7n) = ((leS n>2 - <n3;) na;>54,5> + <na:; nI>SA>N'
We will see that the sum of the first two terms
K(n,n) := (divgn)* — <nf, Ny ) ss (32)

and also the last term (n;,n,)s,y have a clear geometric interpretation.
The first part K(n,n) of Ji; can be seen as a generalization of the Gaussian curvature. Taking
into account that T, (b)n € TS for all b € T,,.S we observe:

(0T ) ss 2 (g ) ss 2 (Tu P, ToP()nYs s = ZT P(b)n - Ty P(b)n

and thus:
K(n,n) = (k-n)? = (TuP(-)n, T, P(-)n) ss-

K (n,n) does not depend on the derivatives of the normal field n and is thus a tensor field on S.
The following proposition gives K(n,n) a geometric interpretation:

Proposition 3.3. For the term K(n,n) we distinguish the following special cases:
i) for k € {0,1,d} we have K(n,n) =0.

i) for k = d—1 let n = nh, where 7 is a unit normal field and n : S — R. Then with the
principal curvatures K1 ...Ki and
K = Z RiKj

1<i<j<k
we have .
K(n,n) =n*K(n,n) = n*2K.
In particular, K = k1ks is the Gaussian curvature for k =2 and K =0 for k = 1.

Proof. It k = 0, then T,,S = {0} and all terms vanish, if k¥ = d, then n = 0 and all terms vanish.
For the remaining cases we recall that T, P(-)n : T,S — T,S is symmetric, and thus there is
an orthonormal basis {b;};=1.r of T, S, consisting of eigenvectors of T,,P(-)n with eigenvalues
A1, ..., A\k. Further, we compute

k k k
_n.ﬁzzn.Twp b_Zb () Zb-AibizzAi,

1
k k
(T P(-)yn, T, P(-) SﬁS_ZTP - TuP(bi)n = Nibi - Aib = » A7,



3.2  Gauss’s Divergence Theorem 12

Thus we obtain:
k

n) = (Z/\)Q —zijf = 3 2w

1<i<j<k
For k = 1 this sum is empty, for kK = d — 1 and n = nn we have T, P(-)n = nT,P(-)n and thus
Ai = nk;, with the principal curvatures ;. Hence in this case
K(n,n) = (n-r)? — (T,P(-)n, T, P(-)n)ss = Z 2\ = 2n° Z Kik; = 2° K.
1<i<j<k 1<i<j<k

O

The scalar quantity K that is defined for hypersurfaces thus adds up products of pairs of
principal curvatures. In other words, K is the sum of second order minors of h( ). For k =2
there is only one such minor, namely det h( ;) = K. Later K helps to approximate to second
order how much S is stretched, if moved in direction 7.

Laplace-Beltrami Operator. Next, we relate the term (n,,n,)s.~ to the Laplace-Beltrami
operator on S in weak form.
Proposition 3.4. For the term (ng,ng)s.n we distinguish the following special cases:
i) for k € {0,d} it holds (ngy,ng)s.n =0.
1) for k =1 we have (ny,nz)s.n = (I — P)ns - (I — P)ns.
iit) for k =d—1 let n = nn, where 1 is a unit normal field. Then:

Mgy Naz) sy = Vsn - Vsn (Laplace-Beltrami Operator) .

Proof. If k=0or k =d, (ny,n)s,y is an empty expression. The case k = 1 follows simply from
the definition of (-, )¢y and the relation ns = n,b;, where by is the only basis vector of T,.S.
Consider the case k =d — 1. Let b € T,,S. Then we compute:

A ngh = (77)gb = A - bR + 1A - figh = b,

With this we get for an orthonormal basis {b;}i=1. x:

n

Mgy Ny son = Z(I — P)ngb; - (I — Z Ny b; (ngb))n = Z(%bi)2 =V,n- V.
k=1

k=1 k=1

3.2 Gauss’s Divergence Theorem

To formulate Gauss’s divergence theorem we will also consider the boundary 95 of S. We will
assume that 0 is either empty or a k — 1 dimensional submanifold of R? with orientation induced
from S. In the latter case there exists a unique field of outer unit normals o, where o(z) €
N,0S5 NT,S. This yields orthogonal splittings:

T,S =span {0} ® T, 0S5, N,0S =span{v}® N,S, R? = N, S @ span {v} ® T,0S.

Of course, also 05 has, as any oriented, smooth, k — 1-dimensional submanifold of R?, a projection
Pys : R — R? with range 7,05 and kernel N,0S, a tangential trace trpg A = tr APsg, a
divergence divgg v = tryg vz, a second fundamental form:

has : TlaS X T;&S — NlaS

hos(o1,02) = =T Pys(01)02,
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and a curvature vector (here {f;}i=1.. k-1 is an orthonormal basis of T,,05):
k-1
Kos i= Zhas(ﬂi,ﬁi) € N,05S.

=1

Since 9S has a unique outer normal field o € N,0S NT,S it is reasonable to define an additive
curvature of 0 relative to S as above by:

kos ;=D - Kkys € R.
Lemma 3.5. For x € S and n € N, S and vector fields v : S — R? we have the splittings:

k-n=(kas + h(P,0))-n (33)
divgv =divgsgv + U - v . (34)

Proof. If n € NS is a normal vector and oy, 09 € T,,0S, then

mn- h(Ul,Ug) = —N"- (I — P)017z02 = 7([ — P)Tl . O'LIO'Q = 7([ — Pas)’ll . 0'1@0'2 (35)
= —n-(I — Pys)o1,,02 =n-has(o1,02).
The third step is possible, because n € N, S C N,9S and so n = (I — P)n = (I — Pyg)n.
With the orthonormal basis {51,. .., 8k—1,0} of TS = T,,0S @ span {¥} we compute:
k—1
Ken=Y h(B;B;) n+h(i,0) n
i=1
55) k—1
=" " hos(Bi, Bi) - n+ h(D,0) - n = Kos - n+ h(D,D) - n.
i=1
Similarly we obtain
k—1
divgv = Zﬂi 0B 4 U vpl = divag v + D - vgD.
i=1
O

If s is a tangential vector field, divg s is the intrinsic divergence on the manifold S and we have
Gauss’s integral theorem (or divergence theorem):

/divssdx:/ U-sdE. (36)
s s

In addition the following well known product rule with a scalar function f holds:
divg(fv) = fsv+ fdivgw. (37)

Proposition 3.6. For any vector field v=s+n = Pv+ (I — P)v on S we have the formula:

/divsvdx:/mndas—l—/ ﬁ-sd§=/ﬁ'vd$+/ v-vds. (38)
5 s as s as

If f is a scalar function on S then we have
/fdivsvdx:/fn~n—fxsdx+ fv-sdé. (39)
5 5 as
Proof. (38) follows from (30) by linearity of divg and (36). For the second identity in (38) we note

that K € NS, sov-k =n-k and ¥ € T,.S, so that v = s-¥. Finally, (36) follows from (38) and
the product rule (37). O
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The theorem of Gauss can be used to connect the weak and the classical form of the Laplace-
Beltrami operator of a scalar function n : S — R:

/ Vsp-Vende = / ws(Vsn) dx = / divg(pVsn) — p(divg Ven) dz
s s s

:/w(—divsvsn)dx—k/ ©Vsn-vdf Yo e C(S,R).
s a8

A lemma on nested divergence. In the derivation of the Hadamard form we will observe
the nested occurrence of divg. The following lemma yields a useful formula that preceeds the
application of Gauss’s theorem.

Lemma 3.7. For a vector field v on S and a tangential vector field s on S we have:
Qv,s) =divgvdivg s — (vg, Sz)sos + (Vs Sz)son = divg((divg v)s — vg8).

Proof. Using a local chart ¢ of R? around a given point g, which maps S to a k-dimensional linear
subspace S of R%, we may extend v : S — R? locally to a smooth vector field in a neighbourhood
of zy in R? by setting v(z) := v(p (), for p(z) = §+y., where § € S and y; € S*. In this
way, the expression v,w is defined at xq for all w € R%. This simplifies the following computations.
Our result, however, is independent of the chosen extension.

By the product rule (37) we obtain:

divg(divg vs — v,s) = divgvdivg s + (divg v) s — divg vys.
Now we analyse (divg v),s — divg v,s further:
(divg v)zs = (tr v, P)ys = tr(va T P(8) + Vga (s, P+)) = tr(v,Tp P(s)) + trg va.(s, ),
divs vys = trs((ve8)s) = trs Ve (s, ) + trs(vess).
We observe that v,, cancels out:
(divg v)es — divs(ves) = tr(vaToP(s)) — trg(vesa)
— (0, T P()(I — P)) + trs (va(Tu P(s) — 5).
For the first term of the right hand side we compute:

tr(v. To P(s)(I — P)) 2 te(v, PT, P(s)(I — P)) = tx(Ty P(s)(I — P)v, P)
= (T, P(5)T 02 s AT P(5), 0) e = (T = P 0a)sm = (50 V) siom-
For the second term we obtain:
trg (v (TuP(s) — 8z)) = trg(ve (I — P)sy — 85)) = — trg(vaPsz) = 7<v_z, Sz) o8-

Adding everything up yields the desired result. O

4 Shape derivatives in Hadamard form

To derive Hadamard forms we split our perturbation field v on S into a tangential part s and a
normal part n, i.e.,
v=s+n=Pv+ (I —P)v.

Further, let s be a tangential vector field on S. Then on 95 we split s as follows:
SZJ—I—I/:P,aSs—‘r(I—Pas)S

into a normal part v and tangential part ¢ with respect to the boundary 0S. Thus on 05 we can
write v =0 4+ v + n.
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4 P

4.1 First shape derivative

Application of Gauss’s theorem (38) immediately yields the well known Hadamard form of the first
shape derivative. Recall the definition of the curvature vector x in (29) and the outer unit normal
v of 0S.

Theorem 4.1. The first shape derivative is given by the following formulas:
s
where

l(f,v):/S(Fn—i-F/f-)vdx—F/a Fo-vdg. (41)

S

Proof. We compute straightforwardly, using the product rule for divg and Gauss’s theorem:

It(o):/ft+thdl':/Ft+FzU+Fd1VS7)d$
S S

30 / Fy + Fov + divg Fo — Foda = / F, + Fv + divg Foda
S S

(?é)/Ft+an+Fm-vdw+/ Fi - vde.
S oS

O

Taking into account that F,,v = Fyn, k-v =k -n, and v -0 = v - U we can write alternatively:

It(O):/SFt+(Fz+Fﬁ-)ndaz+/ast>.ud§. (42)

4.2 Second shape derivative

We recall that the second shape derivative in volume form reads:
Itt(()) = / Ftt dzx + QZ(Ft, U) + l(_F7 Ut) + q(F, U).
s

Since the Hadamard form of the linear term [ is already known, it remains to analyse the quadratic
part:

q(F,v) = / Fr(v,v) 4+ 2F,vdivg v+ FQ(v,v) du.
s
Our strategy is the same as for the first shape derivative. First, we split v = s + n and use
the product rule to write as many terms as possible as tangential divergence of some vector fields.

Second we apply Gauss’s theorem on S to interpret them as boundary terms. Finally, an additional
application of Gauss’s theorem on 9§ yields further information.

Lemma 4.2. For v = s+ n the integrand in q(F,v) can be split as follows:

FQv,v) + 2F,vdivs v + Fpp(v,v) = FQ(n,n) + 2F,n(kn) + Fpz(n,n) — Fp(s+2n),s (43)
+divg (F(divs(s+2n) — (s +2n),)s + Fy(s + 2n)s).
Proof. By Lemma 3.7 we compute (taking into account the symmetry of @):
Qv,v) — Q(n,n) =Qw +n,v—n)=Q(s+ 2n,s) = divs(divg(s + 2n)s — (s + 2n).s).

and thus
FQ(v,v) = Fdivg (divs(s + 2n)s — (s + 2n),s) + FQ(n,n).
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To pull F into the divergence term we compute by the product rule:

Fdivg(divg(s +2n)s — (s + 2n),s) — divs (F(divs(s + 2n) — (s + 2n),)s — (Fys)s)

(20 —F(divg(s 4+ 2n)s — (s + 2n),s) + Fpsdivg s + (Fy5)ss

= Fs(s+2n)y8 + Frp(s,8) + Frpsps — Fpsdivg(2n)
(2 (Fs+ Fp)$28 4+ 2Fsngs + Fip(s, s) — divs ((Fis)2n)
and conclude

FQv,v) = divs(F(divs(s + 2n) — (s +2n),)s) + FQ(n,n)

44
—divg(Frs(s+2n)) + (Fs + F)sz8 + 2Fsngs + Fpu(s, s). (44)

The terms in the first line of (44) can already be found in (43). Next, we compute:
2F,vdivgv=2divg(Fyvv)—2(F,v)sv=2divg(F,vv) — 2F,v,8 — 2F ;. (v, 8). (45)

To show (43) we have to add (44), (45), and Fy.(v,v), and then simplify the expression. In
particular, we observe:

—divg(Fps(s +2n)) + 2divg(Frov) = dive(—Fps(s + 2n) + 2F,sv + 2F,nv)

= divg(Fyss) + 2divg(Fyns) + 2dive (Fynn) = divs(Fy(s + 2n)s) + 2F,n(k - n),

(Fs + Fy)$28 4+ 2Fsngs — 2Fv,8 = (—Fy, 4 2F,)sp8 — 2F 0,8 + 2Fsng s

= —F,8:8 — 2Fyngs + 2Fn,s = —Fp8,8 — 2Fn,s = —Fp(s+ 2n),s,

Fru(s,s) —2F,(v,8) + Fpp(v,v) = Frp(v,n) — Frz(n, s) = Frpz(n,n).

Taking all this into account finally yields (43). O

Next, we apply Gauss’s theorem on S to the second line of (43) and then, in Lemma 4.4, a
second time to some terms on 95. Although the resulting formulas will be rather lengthy, we will
see in the following section that each term can be given a distinct geometric interpretation.

Theorem 4.3. The second shape derivative is given by the formula
Itt(O) :/ Fttd$+2l(Ft,’U)+l(F,Ut)+q(F,U) (46)
s
where

l(R”):L(Fn+Fﬁ')Ud$+/asFﬁ'Udf

and

q(F,v) = / Fi-(hos(o,0) = 2(n+v),0) + (Fy + Fras) (v + 2n)(v-0) d§
a8 (47)
+/S(Fn+Fn')(h(s, $)—2n,8)+F(K(n,n)+(ng, ng) s ) +2Fn(nk)+ Fpp(n,n) da.

Proof. We apply Gauss’s theorem to the integral over the second line of (43) and obtain, taking
into account k- s = 0:

/Sdivs (F(divs(s +2n) — (s + 2n)s)s + Fy(s 4 2n)s) do = /S —Fk-((s+2n)ys)de + Ips (48)

with the boundary term

Ips = /BS F(divs(s +2n)(s-0) — ((s +2n),s)-0) + Fy(s + 2n)(s-0) d€.
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Adding the right hand side of the first line of (43) to the first integral on the right hand side of
(48) we can also define a full term:

Is = / —(Fn 4+ Fr)((s +2n)8) + FQ(n,n) + 2F,n(kn) + Fyz(n,n) dx (49)
s
and thus split (43) as follows:
Q(Fvv) = lps +Is.

We will prove that Iys and Ig are equal to the first and the second line in (47), respectively.

We begin with Ig. Taking into account (15) the last three terms of the integrand in (49) can easily
be identified in the second line of (47). Concerning the first term, we note that for any vector field
w

(F+ Fr)w = (F, + Fr-)(I — P)w

and thus may compute
(Fp+ Fr)sps = (Fp, + Fr)(I — P)sgs = (F, + Fr)T,P(s)s = —(F, + Fr-)h(s, s),

and conclude

/ —(F, + Fr)((s +2n),s) dx = /(Fn + Fr-)(h(s,s) — 2n,s) dz.
s s

Summing up yields the integral terms over S as stated in (47).

Let us turn to Igg. First, we regroup terms as follows:
Ios = / F(divs(s +2n)(s9) — ((s + Qn)zs)'l?> (s + 2n)(s-0) de
as

:/ F((v-0)divg s — sps-0) d€ + / 2F ((k-n)(v-D) — (ngs)-0) + Fy(s + 2n)(v-0) d€.
as as

Now we apply Gauss’s theorem to the first integral of the second line, which is performed in detail
in Lemma 4.4, below. In the second integral we split k- n = (kogs + h(P,7))n by Lemma 3.5. By
these two operations and subsequent reordering of terms we get:

Tos = AéFﬁas-u)(u-ﬁ) + Fi - (hos(o,0) — 2vy0) — (Fpo)(v - D) d€

+ /83 QF(((HaS + h(D,0))n) (VD) — (ng(v + 0))~17> + Fp(o+v+2n)(vo)dE

= /asFﬁ - (has(o,0) = 2(n+v),0) + (Fp + Fras:) (v + 2n)(v-0) d§

+/ 2F ((h(D,0) - n)(v-D) — (ngv)-D) dE.
s

We observe that the third line of this computation coincides with the first line of (47). To show
that the fourth line vanishes, we compute, taking into account that o € T,.S:

v -0 = Prgv - 92 —T,Pw)n -5 % —T,PW)d-n=h(v,0)-n=(v-0)h(2,0) - n.

Thus, also Iss is equal to the boundary integral that appears in (47), as claimed. O

Lemma 4.4.
/ F((v-0)divg s — (sgs) - D) d§
oS

= /85 F(kosv)(v D)+ Fi-(hos(o,0) — 2v,0) — (Fpo)(v - D) dE.
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Proof. Application of the splitting formula (34) for divg on 95 and Gauss’s theorem (39) on 9.5,
using 9(9S) = 0 yields:

F(v-p)divssdé = | F(v-0)(dives s+ (0 so0)) dé (51)
oS oS

D[ P00 ras 45 5.0) — (F (9ol

Here kgs € N,OS is the curvature vector of 9S and (F(v - ¥)), is the tangential derivative of
F(v-¥)in 9S. Now

(F(v-0))os = (F(v-0))g0 = F((vz0) - 0+ v+ 050) + Fpo(v - D).

Szl =

>

Since v and ¥ are collinear we have v-7,0 = 0 by (27) and also v = (v-0)P, implying (v-D)
U - sgv. So we obtain

F(vo)(v-kos + 0 550) — (F(vD))gs = F((v0)(v-kos) + 0+ (sgv — 130)) — Fpo(v-0).
Taking into account the term —s,s - in the left hand side of (50) we compute:
U (SgV — Vg0 — 858) = =0+ (830 + Vo) = =0 - (0,0 + 2v,0) = U - (hos(o,0) — 2v,0).

Inserting this into our previous computation yields the desired result. O

Extension to piecewise smooth boundaries. In applications one sometimes encounters do-
mains S with non-smooth boundaries, such as polygons. Let us discuss briefly changes of our
formula in the case that 05 is only piecewise smooth. It is well known that Gauss’s theorem on
a smooth manifold S can still be applied, under relatively weak assumptions on the smoothness
of 0S. By and large, 95 is allowed to be non-smooth on a set of 0S-measure zero. Under this
assumption, our first application of Gauss’s theorem in the proof of Theorem 4.3 is still feasible.

However, the second application of Gauss’s theorem in the proof of Lemma 4.4 has to be done
with care. Assume that 0S5 is the finite union of smooth manifolds 9.5; with unit outer normal
fields ;. Then the left hand side in (51) can be replaced by:

/as F(divs(s)(v - D) — (s25) - 0) d€ = ; /8& F(divs(s)(v-0) — (sg8) - ) d€

Assume further that each 95; has a smooth boundary 99S; = 9(9S;) with unit outer normal field
n;(x) € N,00S; NT,08;NT,S. Separate application of Gauss’s theorem to each of the summands
yields the following sum of boundary terms in addition to (51):

Z/Bas F(s- ) (s - ;) dr.

This sum then has to be added to (47). If two parts 0S; and 05, share part of their boundary,
then one can summarize the contribution of this part to ¢(f,v) as follows:

/ F((s- 0)(s - 5) + (5 97)(s - ) d. (52)
805,100

If the transition between 95; and 0S; is smooth, then this contribution vanishes, because then
ﬁi = l7j and ﬁl = —ﬁj.

Similarly, if S itself is non-smooth, but can be decomposed into finitely many smooth parts .S;,
then the results of Theorem 4.1 and Theorem 4.3 still apply to each S; and can be summed up.
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5 Geometric Interpretation

This section is devoted to the geometric interpretation of our formulas for I; and I;. It turns
out that each term of the Hadamard form models a distinct geometrical effect that occurs during
deformation of S. We will illustrate each of these effects by a simple geometrical example, where
we compare the k-volume I(t) with I;(0) and I;;(0).

5.1 Sensitivity of k-volumes

Of special interest and a little more concise than the general result is the case F = 1 = const,
which captures changes in the pure k-dimensional volume of S. First of all we note that all terms
with derivatives of F' drop out in (47) and we obtain the shorter formulas.

The first shape derivative is rather straightforward to interpret:

It(()):/sn-ndz+/asfx~udx. (53)

The first part of I;(0) reveals that S expands or shrinks in the presence of curvature x # 0 by
moving in normal direction, because normals spread or converge due to curvature. This is also
reflected by the identity x - n = divgn. Second, S expands or shrinks by moving across 05 in
direction of the outer unit normal o of 9S. This change is approximated by the second part of
I;(0). While 9S is moving, it sweeps over a certain k-dimensional submanifold of R?, a “boundary
strip”. The integrand - v can be interpreted the rate of change of the local width of this boundary
strip, thus the corresponding integral approximates the rate of change of its k-volume.
Also the second shape derivative

Itt(o) = / K- (h(s7 S) + v — 2”955) + K(TL,TL) + <nmanr>s~>N dx

; (54)

+ / v (has(o,0) + vy — 2(n+v),0) + Kas - (v + 2n)(v-D) dE.
as

consists of a full part that covers stretching and shrinking of .S and a boundary part that describes
how the k-volume of S changes if S moves. We observe purely normal, purely tangential and
mixed terms that we will discuss in detail in the following.

Indirect normal acceleration. According to (54) the acceleration field v; contributes to Iy

via the linear term
W(1l,v) = / /Q~vtdx+/ U v dE.
s as

Since kK € NS and ¥ € N_ 05, only the normal components of v; contribute to a change of
k-volume. In addition, (54) shows terms that have a similar effect on I+ as v, namely:

/ k- (h(s,8) — 2nys)dx + / U (hos(o,0) —2(n+v),0)dE.
S oS

This suggests that these terms reflect some acceleration of S and 95 into normal direction, caused
indirectly by tangential movement, which contributes to the change of k-volume of S in a similar
way as vy does.

Let us discuss the contributions of h(s,s) and —2n,s individually. The presence of the terms
h(s,s) and hps (o, o) indicates that straight movement along a purely tangential field in the presence
of curvature may result in an indirect acceleration of S and 0.5 into normal direction. The resulting
change of k-volume is reflected by the terms & - h(s, s) and ¥ - hgg(o, o).

We illustrate this by an example: let S C R? be a circle around 0 with radius rg and unit
tangent field 5. Its second fundamental form is known as h(as$, 83) = af/ro. For 7 € R consider
the purely tangential deformation

o(t,x) =z +tr8(x) = x + ts(x).
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Since z - §(x) = 0 we compute:

r(t,x) == /bt x) - (t,x) = /x - x + ts(x) - ts(x) = \/rd + t272.

Thus, r(¢,x) is independent of x and so ¢(t,S) is again a circle that erxpands as time progresses.
Differentiation of this formula with respect to time yields r;(0) = 0 as expected, but also a radial
acceleration ry(0) = 72/rg = h(s,s). This is the acceleration of S in normal direction, predicted
by our formula.

The remaining terms —2n, s and —2(n+v), o describe that tangential transport of non-constant
normal velocity also induces acceleration of S and 9.5 into normal direction, indirectly. Let us point
out the perfect analogy of these two terms:

—2n,s = —=2((I — P)v),Pv  and —2(n+v),0=—2((I — Pyg)v),Pssv.

For illustration consider the horizontal line S = span {e;} C R?, so fi = ey and introduce cartesian
coordinates © = &1e1 + &2e2. For 7,7 > 0 we define

o(t,x) == x + t(rer + nérea) = x + t(s + n(x)).

Each point of S moves to the right with tangential velocity s = 7e; and with normal velocity
n(x) = niea. We observe that ¢(t,S) is the graph of the linear function

62 = q(t7§1) = (51 - Tt)ﬁt7

evolving in ¢, where ¢;(0,&1) = n& and ¢(0,&1) = —27n = —2n,s. This indicates an acceleration
of S downwards, i.e., in negative normal direction.

Our considerations suggest the introduction of a modified acceleration field U, on S x 9S as
follows:

- o h(s,s) + v, —2n,s : xze€S\0S
Ui(r) = { hos(o,0) +vs —2(n+v)0 : x€IS. (55)
Now we can write the second shape derivative in (54) more concisely:
1,(0) = 1(1, ) + / K (1) + (g 1) s dt +/ kos - (v +2m) (D), (56)
S s

and only three terms remain to be discussed.

Gaussian curvature. By Proposition 3.3 we can interpret the term K (n,n) in (56) as a sum of
increase of two-dimensional area. Recall that K describes the Gauss curvature K for d = 3 and
k = 2. Together with its first order counterpart « - n the term K (n,n) captures stretching of S
due to curvature and movement in normal direction n to second order.

Let us illustrate the role of K with an example: let S be a sphere in R3 around 0 with radius

70, 80 S = (). For nn € R define
o(t,z) ==z + tni(z) =z + tn(x).

Since 7 points in radial direction, the radius r(¢) of the sphere changes in time as r(t) = ro + tn.
We compute for the surface area I(t):

2
I(t) = / drx = 4nr(t)? = 4n(rg + tn)? = daro + t 8mnro + bl 8mn?.
s
Tt is known that the principal curvatures of the sphere satisfy k1 = ko = 1/rg so kK = k1 +k2 = 2/rg

and K = 1/r2. Now we can evaluate our formulas and confirm that they coincide with the second
order expansion of I(t):

I;(0) = / kndx = kn 471'7“[2) = 8mnry,
s

I:(0) = / 2Kn? dx = 2Kn? Anr? = 81
5
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Laplace-Beltrami operator. The term (n;,n.)s,y is present in (56) even for flat S and has
been identified in Proposition 3.4 as the Laplace-Beltrami operator on S if k =d — 1. It captures
stretching of S that occurs due to changes in curvature. A spatially varying normal field may
produce “wrinkles* in S, increasing its k-volume.

For illustration, let S be a relatively open subset of span {e1,ea} C R3, 1 : S — R a smooth
function and

o(t,z) =z +tn(z)es = z + n(x)

so that ¢(t,S) is the graph of ¢r. Then by the well known formula for the surface of graphs we

obtain:
2

I®=Lw+mmnwmmaéuimeMM+m%

2
to be compared to I;(0) = 0 and

1a(0) = [0z no)edo = [ (T oo

Boundary stretch and shift. The boundary integral term ks - (v + 2n)(v-¥) in (56) describes
change of k-volume of S that is caused by a combination of shifting S in direction © and at the
same time stretching 95. The quantities kgs - n and kyg - v describe the change of & — 1-volume
of 95 to first order when 95 is moved in direction n and v, respectively. This is then multiplied
by v - D, the rate of change of width of the boundary strip. The effect of n on the k-volume of S is
twice as large as the effect of v. We illustrate this term and the occurence of the factor 2 by two
examples.

To illustrate (kps - v)(v-P) let S be a disc in R? with center 0 and radius 7, so dS is a circle.
For n € R we define

o(t,x) =z +t(n/rox) = x + tv(x).
Then 7(t) = ro + tn and
2

I(t) = mr(t)? = n(ro + tn)? = 7rd +t 2mron + 5277772. (57)

Using kps = 1/ro 7, and v = n on 9S we compute via (56) in accordance with (57):
It(O):/ veovdé = ndé = 2mrom,
oS5 oS

I+(0) = /as(/ias ) (vD)dE = /as %nndﬁ = 2r .

To illustrate 2(kas - n)(v-P) let S be the lateral surface of a right circular cylinder of radius
ro and height hy. We choose the center line of the cylinder as [0, hges], where e3 points upwards
in vertical direction. Its boundary consists of two circles of radius ro: 9S at height 0 and 9S at
height hg. We expand the radius and the height of the cylinder using the deformation

n/To
¢(t7;p) =x+t ( n/ro I ) Tr=x+ t’U(Z‘), (58)

This yields r(t) = ro + nt and h(t) = ho + 7t for the expanded surface. Hence, its surface area can
be computed as

2
I(t) = 2nr(t)h(t) = 2w (ro + nt)(ho + Tt) = 2mhoro + t 2m(nho + T10) + 547r777.

We have k = 1/rg 7, K =0, and h(s,s) =0on S, kgs = 1/ron, v =e3, n =ni, and v = s = 70
on 05 and v =0 on 95, with which we compute via (56):

1
1;(0) :/ Kndx —l—/ vvdé = —ndx —|—/ Td€ = 27rr0hoﬂ + 27ro7 = 2w (hon + 707)
S as s To as To

1
I:(0) = /7 kos (v + 2n)(D-v)dE = 2m 7“0%(0 + 2n)T = 47T
GRS
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An example with piecewise smooth boundary. We illustrate the significance of (52) in the
presence of a boundary that is only piecewise smooth. Let S be a solid right circular cylinder with
radius rg, height hy and centerline [0, hoes]. Its boundary is the union of its lateral surface 95y,
and two discs of radius rg: its bottom S at height 0 and its top S at height hg. In view of the
additional terms in (52) that we have to take into account, we denote the corresponding boundaries
00S = 0(0S) and 99S = 9(dS), which are circles of radius ry. As above, we expand the cylinder
via the same deformation (58) as before, so that again h(t) = ho+7t and r(t) = ro+nt. Its volume
is given as:
2

I(t) = 7r(t)*h(t) = m(ro + nt)%(ho + 7t) = wrahg + tn(2rohon + 7r2) + %W(Zho?]Q + 4roTn).

It is easy to verify that kps, = 1/rolss, and v = nbgg, on ISL, ks = 0 and v = 0 on IS,
and kzg = 0 and v = Ti5g = Te3z on 9S. So we can evaluate our shape derivatives, which again
coincide with the exact formula, if (52) is taken into account:

It(O):/ ﬁ-udm:/ ndx—|—/ 7dx = 2nrohon + TraT,
oS as

Itt(o) = /35 (H65L~V)(U-ﬁasL) dzx —‘r/ (S%)(Sﬁﬁ) + (S-ﬁasL)(S-ﬁasL) d;

008
1 N N N
= 27rrohoa(l/-l/asL)2 + 27ro((s-e3)(s-Pas, ) + (s-Pas, ) (s-€3))

= 27rh0772 + 2nro(Tn +n7) = 7r(2hon2 + 4dro7).

5.2 Sensitivity of general integrals

Also for general integrands, we will give an interpretation of the arising terms. We start with the
first shape derivative and split it into three parts:

1,(0) :/SFtdz+/SFxnd:c+ {/SF(M) dx+/asF(ﬁ.y) d|.

The first integral captures the temporal change of F' on S. The second integral models how I(t)
changes for spatially non-constant F' due to a shift of S by ¢. The two integrals in square brackets
are known from Section 5.1. They approximate the change of I(¢) that is caused by a change of
k-volume of S, scaled by F'.

In full detail, the second shape derivative looks as follows:

Itt(O) = / Ftt dx +/ 2(th + Ftﬁ-)ndx +/ 2Ft (l/ﬁ) df
S S oS

—i—/s(Fn—i—F/v)(h(s, S) + v —2n,8)+F (K (n,n)+(ng, ng) s v ) +2Fpn(nk) + Fyp(n,n) do
+ /BS Fi-(hos(o,0) + v — 2(n + v),0) + (Fy + Frag:) (v + 2n)(v-0) d€.

In the first line we recognize the second order model Fy; for F in time and a mixed term 2{(F},v),
where [ is given by (41). This term combines first order temporal change of F' and first order
change of k-volume of S. Further, the first parts of the second and the third line are modified
acceleration fields, discussed in Section 5.1. Using the modified acceleration field ¥; from (55) they
can be summarized by I[(F, ;). Now our formula looks more concise:

Itt(O) = / Ftt dxr + 2l(Ft,'U) + Z(F, 'Dt)
s
—|—/ F(K(n,n)+ (ng,na)sow) + 2Fn (n'k) + Fup(n, n) da
s

+ / (Fpv + Frosv) (vD) + 2(Fpn+ Frasn) (v-0) dE.
s
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This form can be related to the structure theorem of the hessian, presented in [10].

Having discussed the first line of this expression, let us consider the integral over S in the
second line. It consists of three parts. The first part is a second order model for the k-volume
of S, as discussed in Section 5.1, scaled by F. The second term 2F;n(n-x) is a mixed term that
combines first order change of F' due to shifts of S in normal direction and first order change of the
k-volume of S. Finally, by F..(n,n) second order changes due to shifts of S in normal direction
are captured.

We have written the integrand in the third line as a sum of two products. The first factors
(Fpv + Frpsv) and (Fyn + Frps-n) approximate to first order the change of fast§7 when
0S5 is moved in direction v and n, respectively. As in Section 5.1 the second factor (v-P) can be
interpreted as rate of change of local width of the boundary strip. Their product gives us a second
order term for the change of I(t) caused by movement of 9.

5.3 Specific dimensions and codimensions

In the following we consider a couple of special cases to relate our results to known formulas.
Throughout this section we consider the case that F' is constant in time (so F; = Fy, = 0) for the
sake of brevity.

Volume integrals. Consider the case that S is a smoothly bounded open subset of R?. This
implies that 7,5 = R? and thus v = s and n = 0. Moreover, h(-,-) = 0 and x = 0. Consequently,
the integral over S in I; and I;; vanishes. On 05 we can write s =v+o0c =00+ o0 with§ =v -0
and compute (kpsv)(v-D) = 0%(kasD) = 0*kgs. From (27) we obtain 7,0 - 7 = 0 and thus:

Vo -0 = (00),0 -0 = ((0,0)0 + 00,0) - U = 0,0.

Abbreviating F} := F,U we thus obtain the formulas:
1,(0) = / Fo de, (59)
2s
Itt(O)Z/ F(iLas((LJ) +v -0 —20,0) + QQ(F[, + Fros) dE. (60)
as

In I+(0) we observe a modified acceleration field and a purely normal contribution. If v = v is
purely normal on 95, F' = const, and v, = 0, we retrieve the well-known formula:

Itt(o) = 6‘2(Fl~,—|—F,‘%35) dg.
a8

Hypersurface integrals. In the case of a closed oriented hypersurface, where 05 = (), we have
a unit normal field n. Then we can write our splitting v = nn+ s on S where 1 : S — R is a scalar
function. The curvature vector can now be written as k = An, and thus

NS Kk = k(NN)zs - N = K(NeSh - A+ Nigs - 1) ) ANy S.
Moreover, by Proposition 3.4 (nw, Ne)sonw = V 77 Vsn is the Laplace-Beltrami Operator in weak
form on S. Using the notations h(-,-) = ( ) = Fyn and Fyj i= Fpp (0, 1) we obtain the

following formulas:
I;(0) = / n(Fy + FR)dz,
S
I4(0) = /(Fn—‘rFl%)(iL(S, ) + vpn—20,8) + 02 (2FK + 2F4i + Fap) + F(Vin - Van) dz.
S

The first term in 1,,(0) is again caused by a modified acceleration field. In Proposition 3.3 the role
of K has been discussed. It is the sum of the second order minors of the second fundamental form
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and thus 2n2f( describes the second order change of local area by normal translation. For d = 2
we have K = 0, while K is the Gauss curvature for d = 3.

The Laplace-Beltrami term V,n - Vgn takes into account changes of curvature due to non-
constant normal velocity. It is still present if S is flat and then reduces to the classical Laplace
operator.

A similar formula for I;; has been derived in [7]. However, the Laplace-Beltrami term seems to
be missing there. For normal fields v = n and v; = 0 this formula simplifies to

1,:(0) = /S 02 (Fan + 2Fnk + 2FK) + F(V - V1) da.

This formula can also be found in [6] for the special case d = 2 (so K = 0).
If S is not closed, then the boundary term in (47) must be added. However, no significant
simplifications arise in this case.

Line integrals. In this case we have a unit tangent field § and we may write v = n + 78, where
T = (s-5). Also we can define the vector ny = n,5. Now 95 consists of just two points, say z; and
zo and it holds 7 = +38, depending on the direction of §. Assuming that §(z1) = £(z1) we obtain
the opposite at zo. With this we can compute

It(O):/Fxn+F(n~n)dx+FT|z;.
S

By Proposition 3.3 we get K (n,n) = 0 and by Proposition 3.4 we obtain, setting s := (I — P)ns.
(ngyng)son = (I — P)ng - (I — P)ng = Mg - M.

Further, we observe x = h(3,3) and thus h(s,s) = 72h(3,3) = 72k, and n,s = ny(73) = ™ns. We
end up with the formula:

I:(0) = /S(Fn + Fr) (726 4+ vy — 27n) + (F (R i) + 2F,n(kn) + Fup(n,n)) do

x

+ (Fo(v+2n)7 + v+ 8)] )

QU[).
As usual we observe a modified acceleration field and the contribution of the normal field in the
full integral.

Point evaluations. For completeness we also consider the trivial case k = 0, so S = {x¢} is
a single point, S = 0, 7,8 = {0}, N,S = R? and v = n. In this case our formulas read, as
expected:

It(O) = F + Fpo,

I4(0) = Fyy + 2Fpv + Fpp(v,v) + Fpuy,

to be evaluated at xg.

References

[1] Dorin Bucur and Jean-Paul Zolésio. Anatomy of the shape Hessian via Lie brackets. Ann.
Mat. Pura Appl. (4), 173:127-143, 1997.

[2] Marc Dambrine and Jimmy Lamboley. Stability in shape optimization with second variation.
Technical Report <hal-01073089v4>, HAL, 2016.

[3] M. C. Delfour and J.-P. Zolésio. Shapes and geometries, volume 22 of Advances in Design and
Control. Society for Industrial and Applied Mathematics (STAM), Philadelphia, PA, second
edition, 2011. Metrics, analysis, differential calculus, and optimization.



References 25

[4]

[5]

[10]

[11]

[12]

F. R. Desaint and Jean-Paul Zolésio. Manifold derivative in the Laplace-Beltrami equation.
J. Funct. Anal., 151(1):234-269, 1997.

Antoine Henrot and Michel Pierre. Variation et optimisation de formes, volume 48 of
Mathématiques & Applications (Berlin). Springer, Berlin, 2005. Une analyse géométrique.

Michael Hintermiiller and Wolfgang Ring. A second order shape optimization approach for
image segmentation. STAM J. Appl. Math., 64(2):442-467, 2003/04.

Ralf Hiptmair and Jingzhi Li. Shape derivatives in differential forms I: an intrinsic perspective.
Ann. Mat. Pura Appl. (4), 192(6):1077-1098, 2013.

Serge Lang. Fundamentals of differential geometry, volume 191 of Graduate Texts in Mathe-
matics. Springer-Verlag, New York, 1999.

F. Murat and J. Simon. Etudes de problems d “optimal design. Lectures Notes in Computer
Science, 41:5462, 1976.

Arian Novruzi and Michel Pierre. Structure of shape derivatives. J. Evol. Equ., 2(3):365-382,
2002.

Volker H. Schulz. A Riemannian view on shape optimization. Found. Comput. Math.,
14(3):483-501, 2014.

J. Simon. Second variation for domain optimization problems. control and estimation of
distributed parameter systems. International Series of Numerical Mathematics, page 361378,
1989.

Jan Sokolowski and Jean-Paul Zolésio. Introduction to shape optimization, volume 16 of
Springer Series in Computational Mathematics. Springer-Verlag, Berlin, 1992. Shape sensi-
tivity analysis.

Michael Spivak. A comprehensive introduction to differential geometry. Vol. IV. Publish or
Perish, Inc., Wilmington, Del., second edition, 1979.

Kevin Sturm. Convergence of newton’s method in shape optimisation via approximate normal
functions. Technical Report arXiv:1608.02699, arXiv, 2016.

Kevin Sturm. A structure theorem for shape functions defined on submanifolds. Interfaces
Free Bound., 18(4):523-543, 2016.

Laurent Younes. Shapes and diffeomorphisms, volume 171 of Applied Mathematical Sciences.
Springer-Verlag, Berlin, 2010.

Jean-Paul Zolésio. Un résultat d’existence de vitesse convergente dans des problemes
d’identification de domaine. C. R. Acad. Sci. Paris Sér. A-B, 283(11):Aiii, A855-A858, 1976.

Jean-Paul Zolésio. The material derivative (or speed) method for shape optimization. In
Optimization of distributed parameter structures, Vol. II (Iowa City, Towa, 1980), volume 50
of NATO Adv. Study Inst. Ser. E: Appl. Sci., pages 1089-1151. Nijhoff, The Hague, 1981.



	Introduction
	Embedding of the problem
	General structure

	Shape derivatives in weak form
	Projection onto the tangent space
	Derivatives of the measure tensor
	First and second shape derivatives

	Concepts from differential geometry
	Curvature and Laplace Beltrami operator
	Gauss's Divergence Theorem

	Shape derivatives in Hadamard form
	First shape derivative
	Second shape derivative

	Geometric Interpretation
	Sensitivity of k-volumes
	Sensitivity of general integrals
	Specific dimensions and codimensions


