FIRST VARIATION OF THE GENERAL
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ABSTRACT. We consider general surface energies, which are weighted integrals
over a closed surface with a weight function depending on the position, the
unit normal and the total curvature of the surface. Energies of this form have
applications in many areas, such as materials science, biology and image pro-
cessing. Often one is interested in finding a surface that minimizes such an
energy, which entails finding its first variation with respect to perturbations
of the surface. We present a concise derivation of the first variation of the
general surface energy using tools from shape differential calculus. We first
derive a scalar strong form and next a vector weak form of the first varia-
tion. The latter reveals the variational structure of the first variation, avoids
dealing explicitly with the second fundamental form, and thus can be easily
discretized using parametric finite elements. Our results are valid for surfaces
in any number of dimensions and unify all previous results derived for specific
examples of such surface energies.

Keywords: Surface energy, gradient flow, mean curvature, Willmore func-
tional.

1. INTRODUCTION

We consider the general weighted surface energy
1) Ir) = [ vy as
r

for a smooth immersed orientable closed (d — 1) dimensional surface I' in R?. The
energy (1) is weighted by a smooth function v = v(z, v, k), which depends on the
surface point x, the unit normal v at x, and the total curvature Kk = Z?:_ll K; given
by the sum of the principal curvatures x; at x. We derive the first variation of the
energy (1) with respect to perturbations of the surface I': we first obtain a scalar
strong form and next a vector weak form of the first variation. The latter reveals
the variational structure of the first variation, avoids dealing explicitly with the
second fundamental form, and thus can be easily discretized using parametric finite
elements. We exploit further the vector formulation and describe gradient flows for
(1) that give descent directions for minimizing (1).

Examples of the surface energy. Energies of the form (1) have attracted
attention in various fields, such as materials science, biology and image processing.
Setting v(z, v, k) equal to specific forms in (1), we obtain many examples that are
of practical interest in these fields. The following are some of these examples.
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o Anisotropic surface energy: By restricting the weight v in (1) to

v =7z, v),

we obtain the general form for anisotropic surface energy that has been the
subject of extensive investigation in modeling of crystals [2, 1, 32, 41, 42, 44, 46]
in materials science. This form has also found application in the problems of
boundary detection [26] and 3d scene reconstruction [25] in image processing.

o Willmore functional: The special form of (1)

12
7_5’%a

models the bending energy of membranes and is significant in the study of bi-
ological vesicles [21, 23, 36]. We refer to the book [47] for more information.
The Willmore functional is also employed as a regularization term in boundary
detection problems in image processing [40].

e Spontaneous curvature: If the spatially-varying function xo(z), so-called spon-
taneous curvature, describes the preferred total curvature of an unconstrained
piece of membrane, then [21, 36] proposed the modified bending energy

1

T=3 (k — ,‘io(nc))2 )

It can be used to model the effect of an asymmetry in the membrane [16] or that
of an additional field, as in the theory of surfactants [12, 30, 33].

o Weighted Willmore functional: The modified form of the Willmore functional

v = g(x)K?,

has been recently proposed as a space-varying regularization term depending on
the image [40]. This form is also related to the modeling of biomembranes when
the concentration or composition of lipids changes spatially [7, 13, 45].

Other image processing applications that involve various effects of the curvature
in the minimization of the energy (1) are in shape matching [31] and in surface
restoration [14]. Also a curvature-dependent weight function v = (k) has been
used recently in [18] to achieve higher-order feature-preserving regularization in
image segmentation.

Related work and main contributions. Often one is interested in a mini-
mum or a stationary point of these energies. Therefore, the first variation of (1)
with respect to deformations of the surface I' becomes an essential step in this
investigation. Although the first variation of (1) has been derived in the special
cases v = (z,v) [8, 24, 32, 46, 42], v = $x? [47], v = g(x)x? [40], v = v(k) [18], a
general result for (1) in any number of dimensions, to our knowledge, does not exist.
We believe that derivation of the first variation of (1) in its general form is useful
to scientists working on the various problems involving surface energies, such as
those mentioned above, in that it makes it easier for them to experiment with dif-
ferent forms of y(x, v, k) taylored to their applications. Still the analytical formula
is only one part of the picture. Typically one would like to compute the configu-
rations predicted by the formulas as well, and this necessitates a discretization of
the analytical formula in a way suitable for numerical computations. This consti-
tutes our motivation and leads to the following two major contributions of our work:

e Scalar form of the first variation of energy (1): We derive, using shape differential
calculus [15, 39], the following expression for the first variation of (1) with respect
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to a given velocity V for a (d — 1) dimensional surface I':

(2 dIT;V) = /

(din [Yylr — Ar[y:] + v& — 72 Z kI + 8,/)/) V-vds.
r

Hereafter, the weight v = v(x,y, ) is a smooth function of its three arguments,
and 7z,7y,7. denote its partial derivatives. Moreover, given a function f =
f(z,y, z), the symbol [f] indicates the composite function F(z) = f(z,v(z), x(x))
for z € T'. We refer to Sections 2 and 4 for definitions of the tangential derivatives
and other details. This result not only unifies existing work on various forms of
the surface energy (1), but it also provides a concise rederivation of them. As
expected [15, 39], dJ(T; ‘7) in (1) depends solely on the normal velocity V' = Vv,
so all functions on the right-hand side are scalar. We thus call (2) scalar form.
The merit of scalar form (2) is that it clearly delineates how the form of the
weight function « and the geometry of the surface I' contribute to the first vari-
ation and related gradient descent flows. However, numerical discretization of
the expression (2) is awkward, because the principal curvatures k; need to be
approximated numerically. Thus we derive an alternate expression.

o Vector form of the first variation of energy (1): We derive a novel weak formu-
lation equivalent to (2), which involves vector quantities as well as first order
tangential derivatives and reads as follows:

dJ(T; ¢) = /F (I - (Vrz + VraT))Vré : VrZ

f/VTqug?Jr/vdiVFdﬂ/%ﬂ,
I T I

where ¢ is the vector perturbation or test function (replacing V in (2)) and
K, Z,Y are defined by the strong relations

(3)

K= —Arzx, 7 =, ?:’yy,

which can also be imposed weakly. Expression (3) reveals the variational struc-
ture of the first variation, avoids dealing explicitly with Y x? which relates to
the second fundamental form Vv, and is amenable to direct discretization by
C° parametric finite element methods. The latter is a key advantage of (3) over
(2). Nonetheless, we stress that the expression (3) is derived from (2) (using ten-
sor calculus) and could not be obtained without deriving (2) first (using shape
differential calculus). The result (3) is inspired by and extends the works of Rusu
[35], Dziuk [19], and Bonito, Nochetto and Pauletti [10]; expression (3) reduces
to that in [10] for the Willmore functional. A related expression for the case of
~v = v(x) was derived by Droske and Bertozzi in [18]. We discuss how to utilize
(3) to create a gradient flow for (1).

We should stress that the background required to derive these results are min-
imal, unlike some related results in literature requiring significant knowledge of
certain specialized areas, such as Riemannian geometry. In our case, it suffices
that the reader be familiar with basic geometric concepts only, such as the normal
and curvature of a surface. Otherwise our paper is mostly self-contained and our
derivations rely on multivariable calculus and elementary tensor algebra.

Some critical issues that we do not address in this paper are the existence, unique-
ness and regularity of the minimizers of the surface energy (1). The energy (1) is
too general (because of the arbitrariness of the weight function v(x,v, k)) for us
to make a comprehensive investigation of these issues. Thus, such an analysis is
not in the scope of this paper. There does exist work in literature addressing
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these issues in the case of Willmore functional. For these, we refer to the papers
[6, 20, 27, 28, 29, 37, 38].

Outline of the paper. The rest of the paper is organized as follows. In
Section 2, we introduce the basic tools from shape differential calculus; we refer
to [15, 39| for details. These tools form the basis for the computations in later
sections. In Section 3, we derive auxiliary results of geometric nature via the
distance function to I'. In Section 4, we use those results to prove (2) and obtain
the first variation of specific forms of v(x,v, ). In Section 5, we derive (3) upon
changing scalar quantities in (2) with vector quantities, and examine the special
case v = g(x)(k — ro(z))%. In Section 6 we formulate gradient flows based on either
(2) or (3), the latter giving a novel variational formula for the L2-gradient flow of
(1). In Section 7, we recapitulate our main results.

2. SHAPE DIFFERENTIAL CALCULUS

We start by defining some of the notation used in the paper. Given dxd matrices
A and B, we define the product A : B = A;;B;;. The symbol ® denotes the tensor
product operation for two vectors and is defined by (v ® w);; = v;w;. Here we
use the Einstein convention, that repeated indices denote summation over those
indices.

Given a scalar function f = f(x, v, k) defined properly off the (d—1) dimensional
surface I' € R%, such that f depends on the surface point 2 € T', the unit surface
normal v € S9! at 2 and the total curvature x = Zf;ll k; € R given by the sum
of the principal curvatures k; at x, we write the derivatives of f as follows:

— The derivative f, (= Vf) denotes the gradient with respect to the spatial coor-

dinate x, namely fo = (fo .-+, fo )t
— The derivative f, denotes the gradient with respect to the normal variable v and

has the form f, = (fy,5- -+, fya)T-

— The derivative f, denotes the derivative with respect to the curvature variable

k and is a scalar function.

We define the notation for the second order derivatives by fii(= D?f), fyy, fszs
fay, -+, fzy, which are the matrices of the derivatives, for example,

(fez)ij = foiz;y 1=1,...,d, j=1,...,d.
The Laplacian of f is given by Af = fo00 + .- + foya,-

In contrast we define the total gradient by

V[f] = (flz + fykaxil/k + fzﬁxiﬁ")g:h
where the symbol [f] indicates the composite function F(z) = f(z,v(x), k(z)), and
the normal v and the curvature x have been extended properly off the surface I'.

It is critical to note the difference between V f and V[f] to follow the derivations
in the paper without any confusion. Similarly we have A[f] = div[V([f]] acting on
all components of f (compare with Af above).

The notation for the third derivatives of f follows the same conventions. Next
we introduce tangential derivatives.

2.1. Tangential Differentiation. Let us be given h € C?(I") and a smooth ex-
tension A of h, h € C?(U) and h|p = h on T' where U is a tubular neighborhood of
I"in R? (h does not depend on v or x). Then the tangential gradient Vrh of h is
defined as follows:

Vrh= (Vh—0,hv)lr,
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where v denotes the unit normal vector to I'. For W € [CH(T)]¢ properly extended
to a neighborhood of I', we define the tangential divergence of W by

(4) divp W = (divW —v-DW - v)|r,

where DW denotes the Jacobian matrix of W. Finally,the tangential Laplacian or
Laplace-Beltrami operator Ar on I' is defined as follows:

(5) Arh = divp(Vrh) = (Ah —v - D*h-v — K 9,h)|r.

In Section 3, we will present the formulas for the tangential derivatives of func-
tions that depend on v and k.

2.2. The Velocity Method. We consider now a hold-all domain D, which con-
tains the surface I', and a vector field V defined on D, which is used to define
the continuous sequence of perturbed surfaces {I';};>0, with I'g := I". Each point
x € T'g is continuously deformed by an ordinary differential equation (ODE) defined
by the field V. The parameter which controls the amplitude of the deformation is
denoted by t.

We consider the system of autonomous ODEs

(6) W V@), w1,  20)=X,
where X € I'g = I'. This defines the mapping

(7) z(t,-): X €T — z(t, X) € RY,

and also the perturbed sets

(8) Iy ={z(t,X): X €Ty}

We recall that the family of perturbed sets has its regularity preserved for V smooth
enough [39]: if I'y is of class C, then for any ¢ € [0,77], I'; is also of class C".

2.3. Derivative of Shape Functionals. Let J(I') be a shape functional. The
Eulerian derivative, or shape derivative, of the functional J(T') at T, in the direction
of the vector field V is defined as the limit

) 4.J(; V) = lim % (J(T)) — J(T)).

Let B be a Hilbert space of perturbating vector fields. The functional J(T') is said
to be shape differentiable at I' in B if the shape derivative d.J(I'; V) exists for all
V € B and the mapping V- dJ(T; ‘7) is linear and continuous on B.

We now recall a series of results from shape differential calculus in R?. We start
with the shape derivative of surface integrals of functions that do not depend on
the geometry.

Lemma 2.1 ([39, Prop. 2.50 and (2.145)]). Let ¢ € W2Y(R?) and T be of class
C?. Then the functional J(T') = fr YdS is shape differentiable and the derivative
(10) dJ(I;V) = / (V- V +diveV)dS = / (8,9 + r) VS,

r r

depends on the normal component V = Vv of the velocity V.

Let us now consider more general functionals J(I'). We are interested in com-
puting sensitivities for functionals of the form

(11) J(T) = / o(z,T)dS,

where the function ¢(-,I") : I' — R itself depends on the geometric variable I'. To
handle the computation of the sensitivities of such functionals we need to take care
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of the derivative of ¢ with respect to I'. For this we recall the notions of material
deriative and shape derivative.
Definition 2.1 ([39, Prop.2.71]). The material derivative $(T;V) of ¢ at T in
direction V' is defined as follows

T 1

where the mapping x(t,-) is defined as in (7). A similar definition holds for func-
tions ¢(-, Q) which depend on domains Q) instead of surfaces T'.

Definition 2.2 ([39, Def. 2.85, Def 2.88]). The shape derivative ¢'(;V) of a
domain function ¢(2) : Q@ — R at Q in the direction V is defined to be

(13) ¢ (V)= (V) = Vo V.
Accordingly, for surface functions p(T) : T — R, the shape derivative is defined as
(14) ¢ (T;V) = p(T; V) = Vrg - Vp.

Theorem 2.1 ([39, Sect. 2.31, 2.33]). Let ¢ = ¢(x,I") be given so that the material

—

derivative $(T'; V) and the shape derivative @' (I; V) exist. Then, the cost functional
J(T) in (11) is shape differentiable and we have

dJ(I;V) = / @' (D3 V)dS + / KV dS,
T T

whereas if ¢ = (-, Q)|r (Y defined off the surface T, as opposed to ¢ defined only
on T'), then we obtain

(15) dJ(T; V) :/z//(ﬂ; V)Irds+/ (0,1 + kp)VdS,
r r
where V.=V - v is the normal component of the velocity V.

3. THE DISTANCE FUNCTION AND BASIC GEOMETRY

In this section we employ the distance function to I' to derive a few geometric
results, which are useful later to obtain the first variation of the surface energy (1).

Lemma 3.1 ([22, Sect.3]|). The shape derivatives of the normal v and the total
curvature k of a surface T of class C? with respect to velocity V € C? are given by
(16) V=T V) = -VrV,

(17) K =k (V)= —ArV,

where V.=V - v is the normal component of the velocity.

Proof. The results for v’ and k' are due to [22]. We repeat the derivations for the
sake of completeness. The main idea is to consider the signed distance function
b(x) to the surface I'. Tt is defined as

dist(z,T) for z € R4 — Q
(18) b(x) = 0 forz el
—dist(x,T") for z € Q
where
dist(z,I') = inf |y — x|.
ist(z, I') = inf [y — 2]

The signed distance representation of I' allows us to extend v and s smoothly in a
tubular neighborhood. We use the fact that

(19) v=Vb(x)r, k=Ab)|r, Vrv= D)
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where Vrv denotes the second fundamental form (see [15, Sect. 8.5]). Once we
have the extensions, it is relatively straight-forward to compute v’ and «’. For this,
we use the result [22] that

(-9 € HEY(Q), (- Q)r =0,

implies existence of ¢/(Q; V) in H2+¢(Q) and
& (V)| = —0,0V]r.
Noting b|r = 0, we get
Vir = —0,blrV = —Vb-Vb|rV = V.

On the other hand

0= (1) = (Vb-Vb) =2V - Vb,
gives

VvV =V |p=VrV|r+ V| vv = Vb = -V V.

Similarly we compute ' = AV |r = —ArV, whose derivation we omit. O

Lemma 3.2 ([22, Sect.5]). The normal derivative of the total curvature of a surface
T of class C® is given by

(20) Ok = _Z"Q?

where k; denote the principal curvatures of the surface. For a two-dimensional
surface in 3d, this is equal to

Ok = — (K2 + K3) = —(K* = 2Kq)
where kg = k1Ko denotes the Gauss curvature.

Proof. To prove this result, we will work with the signed distance representation
b(x) of T, defined by (18). We proceed as follows

0 = A(l)=A(Vb-Vb) = 0,,0,,(9s,b0y,b)
= Oy, (00,2,000,b+ 0y;b 0 12,0) = 204, (0, b sy, b)
= 2(00,2,00,0:b + (Dr,0z,2,0) O, b)
= 2(D%: D*+ V(Ab) - Vb).
Then
dyk = V(AD) - Vblr = —|D?b’|p = —|Vrv|* = = > k7,

where | - | denotes the Frobenius norm of a matrix. To get this result we used the
fact that squared Frobenius norm of a square matrix is equal to the sum of the
squares of its eigenvalues, also that the eigenvalues of the second fundamental form
Vrv are the principal curvatures k;. O

Lemma 3.3. Let the scalar function f = f(x,v,k) and the vector function W =
W(x, v, k) on a C* surface be given such that f € C? and W € C'. Then the explicit
formulas for the (total) tangential gradient Vr[f], the (total) tangential divergence
divp [W] and the (total) tangential Laplacian Ar[f] are given by the following

(21) Vrlf(z,v,k)] = Vrof+Vrvf,+ f.Vrk,
(22)  divp[W(z,v,x)] = diveW + W, : Vrv + W, - Vrk,
(23) Ar[f(z,v,r)] = Arf+ fy - (Ve +vE]) + (Vrvfy,) - Vel

—’_szF"i + fzz|vl“"{|2 + (fzy + ;TI) : VFI/
+(f:rz + f2$) : VFH + (fyz + fzy) : (VFVVFH)v
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where Vr f, dinW,Apf denote the partial derivatives (see Section 2 for the dis-
tinction between the partial derivatives Vrp f,diveW ., Arf and the total derivatives

-

vF[f]a diVF[W]> AF[f])

Proof. We work with smooth extensions f7 W in a tubular neighborhood of T,
satisfying

flz, v, k) = f(z, Vb, Ab)|p,  W(x,v, k) = W(z, Vb, Ab)|r.

However we will continue to refer to f, W by f, W respectively for convenience.
We start by computing the first derivative of f.

or
(25) V[f(x,Vb,Ab)] = Vf + D?*bf, + f.VAD,

from which we can compute
V[f(x, Vb, Ab)] — V[f(z, Vb, Ab)] - VbVb
= (Vf+ D?*f, + f.VAb) — (Vf + D?bf, + f.VAb) - VbVb
= (Vf —Vf-VbVb) + D*bf, + f.(VAb — VAb - VbVb).

Note that (D?bf,)- VbVb vanishes as D?bVb = 0. Then we restrict V[f(z, Vb, Ab)]
to I' and obtain

Vrlf(z,v, k)] =V [f(z, Vb, Ab)] |r = Vrf + Vrvfy, + f.Vrk.
Now we differentiate (24) once more to compute the second derivative of f
O, [f (2, V0, AY)] = fuia; + frigpbupa; + Foizbopape; + Fopa;Oupas
+ fyrubaraibiz; + Fyzbaizia;0zpa; + Fybapei; + fra;bopaia,
+ fepbararziboz; + Foborarabniziz; + Feboyoraia;
or, by reorganizing the terms,
O, Lf (2, V0, AD)] = fo,a; + fybaroin; + fynyboraibaa,
+ [2bayaizin; + fozboore,boizia,
(26) + (foignbana; + fypw;bayas)
+ (foizborana; + foa,boranas)
+ (fyrzbriza; bopas + foyDorarwbayay)-
From (26), we can compute the Laplacian of f,
Opia; [f (2, Vb, Ab)]| = fr,o; + [y bzpziz: + Fypy baya; Oz
+ [obepapaizs + [ozborora; bnizs
+ (foiypbuos + Fyraibopas)
+ (foizboraras + foaborara,)
+ (fyrzbuizieiOeras + oy bayara, buz,)s
or
A[f(z,Vb,Ab)] = Af + fy - VAb+ D?*b- f,, - D*b
+ foAAb+ f..VAb-VAD
+ (foy + fyz) : D*b 4 (faz + foa) - VAD
+ (fyz + f2y) - (D*bVAD).

(27)
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We intend to compute Arf by
gAr[f(z,v, k)] = (A[f(z, Vb, Ab)]
— Vb - D?[f(z, Vb, Ab)] - Vb — AbV[f(x, Vb, Ab)] - Vb)|r.
Therefore we also need to compute the normal component of D?[f(x, Vb, Ab)] from
(26)
b, Oy, [f (2, Vb, Ab)|by; = b, fria;bn; + [y 0, Onpaiz;ba; + Fypy ba;buya; beya; ba,
+ [2ba, b2 222,005 + [2202,00000, 000000, ba,
+ (ba; friynbaya; be; + bz, fyea,; Onypabe;)
+ (fei2bebepapa; by + fow;bebupaya; be;)
+ (fyrzbaizyz; be;Oupa; On; + Foyboywyw be,beya;be;)-

In this expression, the terms with by, by, = 0 and by, by w002, = —bu,a,, 02,0,z
vanish, so that we have

ba, Oy [f (2, VO, AD) by = b, frria;bzy + fobubuyaywian; bay + Fozbebepapa,Onyzia; ba;
+ (fr:i2b0,b2 2005005 + fon; bz, 00,2,2,02; ),
or
Vb - D*[f(x, Vb, Ab)] - Vb = VbD?fVb + f.VbD? AbVb
(28) + f..Vb- VAV - VAD
+ Vb £, VAb-Vb+ Vb f,,VAb- Vb.
Now we can combine (27) and (28) to write
Alf(z, Vb, Ab)|=Vb - D*[f(x, Vb, Ab)] - Vb — AbV[f(x, Vb, Ab)] - Vb
=Af —VbD?fVb— Abf, - Vb
+ f.(AAD — VOD?AbVH — ALV AD - Vb)
+ f.2(VAb- VAb — Vb - VAbVD - VAD)
+ (foy + [on) : D*b+ fy - VAb+ (D?bfy,) : D*b"
+ foz - (VAL — VA - VbVD) + fo0 - (VAL — VAb - VHVD)
+ (fyz + foy) - (VABD?b — VAD - VOD?*bV)),
the restriction of which to I' yields
Ar[f(z,v,K)] = Arf+ fy - (Vrw +vER7) + (Vrvfy,) : Vvl
+F2Ark + foa| Vs + (foy + ;";) : Vrv
+(faz + foz) - Vrr + (fyz + f2) - (VT Vrs).

In this derivation, we have replaced VAbD?b with VAbD?b — VAb - VbD?bVb
(because D?bVb = 0) in order to obtain the tangential derivative Vrx in the final
formula for Arf.

We conclude the proof by deriving the formula for the tangential divergence
divp[W (2, v, 5)]. For this, we compute the first derivative of the j component of
W (x, Vb, Ab)

O, W (2, Vb, AD)] = Wi, + W] by a, + WI(AD)s,,
also the divergence of W (z, Vb, Ab)
O, W', Vb, Ab)] = Wi + W, baya, + WI(AD),,,
and the normal component of D[W (x, Vb, Ab)]
ba, O, [W7 (2, Vb, Ab)by, = by, W by, + by, W (Ab) by, .
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Note by, 2, bz,
O, [W(z, Vb, Ab)] — by, 0y, [W (2, Vb, AD)]b,,
=W, —ba, Wi by, + W, ba,a, + WE(Ab)y, — (Ab)a,ba,ba,),
the restriction of which to I' results in
divp[W (z, v, k)] = divp W + Wy . Vrv + W, - Vrk.
This concludes the proof. O

Proposition 3.1 ([15, Sect. 8.5.5, (5.27)]). For a function f € C*(T) and a vector
G € CHT)?, we have the following tangential Green’s formula

(29) / fdivrd + Vpf - @dS = / K f@ - vdS.
N T

= 0. We can then write the following

4. FIRST VARIATION OF THE SURFACE ENERGY: SCALAR FORM

Now we present the main result of our paper: the first shape derivative of the
general weighted surface energy

(30) J() = /F (2, v, K)dS.

Theorem 4.1 (scalar form). The first shape derivative of the general weighted
surface energy (30) with v = vy(xz,v, k) at T with respect to velocity V s given by
(31) dJ(I;V) = / —y - VrV — 1. ApV + (w — Y K+ fm) Vds,

r

or

—

(32)  dJ(I;V) = /F (divr Ple — Arfys] + vk =7 Y K2+ ém) Vs,

where V.=V -v and []r denotes projection to the tangent plane. Also we have

(33) dive[yylr = dive[yy] — &y - v,

= divryy +Yyy : Vv 4+ vy - Ve — Ky - 1,
and
(34) Ar[y.] = Arv. + 7y - (Vrk +vER2) + (Vrvysyy) : Vev?

FY22 A0k + Yozz| VAP + (Vaay + Voya) : VIV
+(Vzwz +V2za) - Vrh + (Yayz + V2zy) - (VovVrk).
Proof. We use Theorem 2.1 with ¢ = vy(z,v, k). Then we have
V(D3 V) =y vV 4+ 7.6 = =7 - ViV — ALY,
using (16) and (17). We also compute 9, [y(z,v, k)]:
O [V(z,v, k)] = Ouy(z,v,K) + vy (z,v,K)Drv + v, (z, v, k)0 K
= Oy(z,v, k) — Y (2,1, K) Z K3

The second line follows from Lemma 3.2 and the fact that Dvy = 0. Then substi-
tuting ¢ and 9,9 in (15) we have

dJ(I;V) = — / Yy - VoV + 4. ArVdS + / (8,,7 -, Z K7+ ’YH) VdS.
r r

Integrating the first integral by parts with tangential Green’s formula (29), we
obtain

dJ(I;V) = /

(—divr [Yylr — Ar[y:] + 0y — 72 Z ki + 7/1) VdsS.
r
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r = divpd — k& -v. We can readily compute

Here we have used the fact that divp(d)
3.3). O

divr[y.]r and Ar[y,] using Lemma (

Remark 4.1. We can compare the results (31) and (32) with the one obtained in [18]
for the case of 7 = (k). The three terms in the middle of equation (32) are shared.
In our case, the dependence of v on x and v adds the first and the last terms in
the integral (32). More importantly, the simultaneous dependence on z, v,  results
in much richer structure in the tangential derivatives divp[y,|r and Ar[y,] and we
elucidate the structure of these terms in detail using Lemma 3.3. In contrast to
[18], which requires significant knowledge of Riemannian geometry for its deriva-
tions, we make use of shape differential calculus based on signed distance functions
representations. This results in a more transparent and self-contained derivation
using mostly multivariable calculus, without requiring substantial background in
Riemannian geometry.

Given the first shape derivative for the general weighted surface energy (30),
we can easily compute the shape derivatives for the special cases mentioned in the
introduction.

Anisotropic surface energy. The anisotropic surface energy is given by setting
v = y(z,v) in (30). Energies of this form, more specifically v = (), have been
used to model anisotropic crystalline surface energy in material science [2, 1, 32,
41, 42, 44, 46]. Such energies have also been used for boundary detection [26] and
3d scene reconstruction [24] problems in image processing. The first variation for
~v = v(v) was given in references [2, 32, 42, 46, 44|, of which the latter three made
use of a phase-field representation. The result for v = (x,v) was obtained in [8]
using tools from Finsler geometry and in [24] for 2d surfaces using a parametric
representation. In the following we obtain the first variation in a very concise way
as a corollary of Theorem 4.1.

Corollary 4.1. The first shape derivative of the surface energy (30) for v = v(z,v)
(with no curvature dependence) at T with respect to velocity V is given by

dJ(T;V) zi/(K7+3JﬂV?HW~VFVdS
r

(35) = / (ky + 0y + divp[yy]r) VS,
r

where V.=V -v and
divp[yy]r = divelyy] — kyy - v = diveyy + gy : Vv — K7y - V.

Proof. As v does not depend on k, we have 7, = 0 and +,, = 0. Dropping these
terms from (32) and (33) respectively, we easily obtain the results for the case
v =7(,v). O

Remark 4.2. In the materials science literature [2, 11, 32, 42, 46, 44], one is often
interested in anisotropic surface energies of the form

(36) J(T) = /F (v)dS,

where v : §971 — Rt is a smooth function, positively homogeneous of degree 1,
that is, v(Ay) = |A|y(y) for A € R. Note that the homogeneity assumption implies

(37) Yy (W) -y =(y)-

To compute the first variation of (36), one defines the Cahn-Hoffman vector [11]

(38) Vy = 'Yy(V)
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and the anisotropic mean curvature
(39) Ky = divp[v,] = divp[y,].

Then the first variation can be shown to be

dJ(T;V) = / K,V dS.
r
This gives rise to the anisotropic mean curvature motion.
Now we will rederive this result using Corollary 4.1. First note that 9,y = 0 as
in (36) does not depend on z, also that

(40) divplyy]r = dive[y] — &7y - v = Ky — K7,
because of the definition (39) and the property (37). If we substitute (40) in (35),

dJ(I;V) = /(m + 9,y + dive[y,]r)VdS
T

= /(/w + Kky — kY)VdS
r

= / K4V dS.
r

Thus we have obtained the same result in a few lines as a special case of Corol-
lary (4.1).

Isotropic energy with curvature. We also consider the case with v = v(z, k),
where the weight does not depend on the normal v. This form generalizes several
curvature-dependent surface energy models used in material science, biology and
image processing [7, 12, 13, 14, 23, 30, 31, 33, 40, 45]. The first variation for energies
of this general form is not given in the literature to the best of our knowledge.
However the result follows easily from Theorem 4.1.

Corollary 4.2. The first shape derivative of the surface energy (30) for vy = v(z, k)
(with no normal dependence) at T' with respect to normal velocity V is given by

—

(41) dJ(T;V) = /F (—Ar[vz] tyR = > kit 8w) Vs,

where V.=V v and
(42) AI‘["YZ] = AF’)/Z + "YzzAF’f + 72zz|vFﬁ|2 + ("szz + '7zzr) . VFK:~

Proof. As ~ does not depend on v, we have v, = 0, consequently divr(y,)r =0 in
(32). Also we have 7.y = 0, Y2y = Y2y = 0, so that (34) simplifies to (42). O

Weighted Willmore functional. We can use Corollary 4.2 to compute the
shape derivative for a weighted Willmore functional. This functional has been used
as a regularization term for boundary detection problems in image processing [40].
It is also useful for modeling of biomembranes when composition or concentration
of lipids in the membrane varies spatially [7, 13, 45]. For the weighted Willmore
functional, we set v = 2g(z)x>.

Corollary 4.3. The first shape derivative of the surface energy (30) for v =
29(z)x* at T with respect to velocity V (with V.=V -v) is given by

(43)

dJ(I;V) = /

1 . 1
g (gAp/-@ —2g, - VK + 59/@‘3 — Argk + 5&,9/{2 — gnz nf) Vds.
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Proof. To prove this, we use the equations (41) and (42) from Corollary 4.2. We
have Yz = %QIK’27 Yz = GRy Yzz = G5 Vzzz = 0; Yz = Gl VYzzz = VYzzae = Jzx-
Consequently

Ar[y:] = Argk + gArk + 2g, - Vs,

n (42). Substituting this in (41), we obtain the result (43). O

Willmore functional. Now we compute the shape derivative of the Willmore
functional, which is obtained by setting v = %KQ in (30). This has been used
to model bending energy of membranes [23], also to impose regularity in surface
restoration [14] and boundary detection [40] problems in image processing.

Corollary 4.4. The first shape derivative of the Willmore functional, namely en-
ergy (30) with v = %HQ, at T' with respect to velocity V' (with V =V -v) is given
by

(44) 4J (V) = /

1
g (—AFKJ + 5/13 - /-@Z fif) VdS.

For surfaces in 3d, this is equal to

(45) dJ(I;V) = /

1
(—Apm - §/<a3 + 2/%@) Vds,
r

where kg = K1ko s the Gauss curvature.

Proof. The proof follows easily from Corollary 4.3 by setting g = 1. To obtain the
result for surfaces in 3d, we use Lemma 3.2. O

Remark 4.3. Given the shape derivative (44) for the Willmore functional J(T') =
% fF k2dS, we can easily obtain the shape derivative in the case of constrained
surface area and constrained volume. Namely we would like to impose

(46) Area(T") = Cy, Vol(T') = (4,

where Area(T') = [.dS, Vol(I') = [, dz, and ©Q denotes the domain enclosed by
I'. To compute the shape derivative of the Willmore functional J(I') with these
constraints, we consider the Lagrangian

LT, N\, p)=J()+ X(Area(T") — Cy) + p (Vol(T") — C1) .

—

and take its shape derivative at I with respect to the velocity V'
dC(T; V) =dJ(I; V) 4+ AdArea(T; V) + pdVol(T; V),

1
- / (—AFH + 553 + (A= Kk +p) Vds.
r

This result follows from Corollary 4.4 and the shape derivatives of Area(T") and
Vol(T)

dArea(T; V) = / kVdS, dVol(T; V) = / VdsS.
r r

Spontaneous curvature. As our final result in this section, we consider v =
%(fi — ko(x))?, where rko(z) is the spontaneous curvature and is space-dependent.
The spontaneous curvature describes the preferred total curvature of an uncon-
strained piece of membrane and was proposed in [21, 36] as part of a modified
bending energy. It can be used to model the asymmetry in a membrane [16] or the
net effect of an additional field, as in the theory of surfactants [12, 30, 33]. In the

following we derive the shape derivative in the existence of spontaneous curvature.



14 G. DOGAN' AND R.H. NOCHETTO?

Corollary 4.5. The first shape derivative of the Willmore functional with sponta-
neous curvature, namely energy (30) with v = 1(k — ko(x))? at T with respect to

velocity V (with V = V. v) is given by

dJ(T; 17) = /1“ (—AF(H — Ko) + %KZ(KZ — ro)? = (k= Ko) (Z ki + 0 Ko)) Vds.

Proof. This follows from Corollary 4.2. We first compute the derivatives of ~:

Yo = (’%O)E(RO - "{)7 V= = ("{ - Iio)7 al/y = (HO - K)au’io» Yzx = _(ﬁo)x; Vzz = 1,
Yezz = 0, Vzzz = 0, V22, = 0. Thus we have

Ar[y:] = Arv, + 722 Ark = —Arko + Ark = Ar(k — ko).
By substituting this in (32), we obtain
1 d—1
dJ(T; V) = / <AF(I€ — Ko) + 5/&(/& — k)2 — (kK — Ko) Z K — (kK — /10)8,,/10> Vds,
r i=1
which upon rearrangement yields the result. O
5. FIRST VARIATION OF THE SURFACE ENERGY: VECTOR FORM

In this section we derive the weak formulation (3) for the general surface en-
ergy (1). Expression (3) entails only first tangential derivatives and does not explic-
itly require computing the second fundamental form Vrv, and so Y, k7 = |[Vrv|?.
This is advantageous and will be exploited later in Section 6.

We start by rewriting the shape derivative (32) of (1) at I' with respect to

—

perturbation $ (with the normal component ¢ = ¢ - v) upon integrating by parts:
(1) dI(T58) = [ =y Veo+ Velwl - Veo + (g = 1.IVevf? +0,1) oS
r

To obtain the alternate formula (3) we replace scalar quantities in (47) by the
corresponding vector quantities. The following lemma is used to convert the first
term.

Lemma 5.1. Given f,¢ € HY(T') and the vector functions f,(g, related to f,¢ by
f: fv, o= (E v, we can rewrite the H' scalar product of f,¢ as follows

/ VoS- Vig = / VoS Vg — / (Vew + VraT)Vrf: Vid
T N T

+/Ff|VrV\2¢—/FfVm-$.

Proof. First note that Vpf is equal to
(49) Vrf =Ve(f v)=Veflv+ Ve f = Ve v + fVrow = Vi fTv

because of the symmetry of Vpr and the fact that V is orthogonal to v. Using
(49), we can rewrite Vpf - Vro,

Vrf -Vrg=Vrflv-Vr(é-v)=Vrflv- (Vr¢l v+ Vi’ ¢)
= (Ve fTv) - (VrdTv) + (Vo fTv) - (VivT ¢)
= (w@V)Vrf:Vrd+ Vrf- (Vi)

We integrate over the surface T,

/Vrf Vr¢ = / V)Vrf: VF¢+/VFf (Ve o).

(48)
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We use the identity I —v @ v = %(Vpac + VrzT) to rewrite the integral

(50) /vaf-qus:/r(l—%(vpx+vpr))vpf:vp¢?+/rvpf-(vpqu§).

Now we take the second integral on the right hand side of (50) and integrate by
parts using tangential Green’s formula (29)

(51) / Vef - (V) = / fdive (VerTd) = / Vv Vrd - / fArw-§

To obtain (51), we carried out the differentiation with divr and used the symmetry

of Vrrv and the fact that divpVrr = Arv. We will rewrite f Vyv : Vp$ in (51).
First we compute

Vrf: Vr(fl/) = fVrv+v® Vrf
= fVrv4+v@Vrflv = fVrv+ (v @ v)Vrf,

using equation (49), whence we obtain
fVrv: Vraz (VF.]F_ rv® Z/)VFJF) : VF(E: (I-v® Z/)Vrf: VF<5
= %(er +Vra")Vrf: Vrd,
which we subsitute in (51),
(52) /vaf.vpu%': f/r %(vpx+vpr)vpf: Vpd;f/rpru - B,
We substitute (52) in (50) and obtain
(53) /FVFf'VMb: /FVFJFI Vrg—/r(vrx—erxT)VFfi VF(;_/FfAFV'Q;

The last integral in (53) can be split into two parts by substituting (5 = (,ZSV+V[‘I(5.
We write B B
fArv-¢ = foArv-v+ fArv - Vrize,

whence
(54) fArw -6 =~ [oIVrv® + fVrn - 6.
We have used the fact that Ary = —|Vrv|?v + Vrk [15, Chapter 8]. Finally

substituting (54) in (53) yields

/ VoS- Voo = / VoS Vg — / (Vi + VeaT)Vrf: Vi
N I N

T /F fVrvo - /F fVer- 8.

This concludes the proof. O

Now, with the following theorem, we introduce the alternate vector form of the
shape derivative (47).

Theorem 5.1 (vector form). Using a vector test function d?, with ¢ = (5 v, the
shape derivative (47) can be rewritten as

dJ(T; ¢) :/ I—

(
—F/FVTqu;?—F/F’ydiVFg‘F/F%'Qz
(@) - v(

), Z(x) = vz (2, v(x), K(z) - v(2))v(2).

(Vrz + ViaT)Vrd : Vi Z
(55)

Ny

where Y () = v, (z, v(z), §
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Proof. Let us define the quantities

?(m) =y (z,v(z),R(x) - v(x)), Z(x) = v.(x,v(z),R(z) - v(zx)), 2(3@) = Z(x)v(x).
Then the shape derivative (47) at T with respect to ¢ can be written as

(56) d /Y vr¢+/vrz vr¢+/wz> /Z\Vrv\ ¢+/8w¢

We replace the second integral in (56) with the corresponding vector expression
using Lemma 5.1.
(57)

dJ(T; ¢) :—/F?.vpdhu/r(f—(vpx+vpr))vp¢?:va+/FZ|vFV|2¢

—/FZVF/{-5+/F75¢—/FZ|VFV\2¢+/F8W¢'

Integrals with |Vrv|? cancel out. We apply tangential Green’s formula (29) to the
following term

/“7(15:/57$'V:/’7diVF$+/VF[’Y]
r r r r
Z/’ydin(E—F/VF7'$+/$TVFV}7+/ZVFI€~$,
r r r r

(note that Vr[y] = Vry + Vrvy, + 7. Vrk from Lemma 3.3), and substitute the
result back in (57),
(58)

dJ(T; ¢) :—/F?-Vp(b—i—/r(f—(Vr.%‘-FVFJ?T))VF(E:VFZ—AZVFH-5
—&—/F’ydivrqg—i-/rvrv-$+A$TVFV?+AZVFH-5+A8y7¢.

The integrals fr ZVrkK - qg cancel out.
We combine two of the integrals [. V- ¢+ Jr 070 =[5 - &,
Also we combine the two integrals involving Y by

—Vré+¢ Vv =—Vr(¢-v)+ ¢ Viv = - Vrg— ¢ Viv+¢  Viv = - Vré.
Thereby we obtain

4T 3) = /(1—(vrx+vrxT))qu§: VFZ—AVTVF(E?+/Fydivrq§+/FV’y~(E,

r
which is the sought result. O

Remark 5.1. Note that the shape derivative (55) contains only first order tangential
derivatives and does not include the second fundamental form Vrvr. Therefore it
can be easily discretized in space using a parametric finite element method with
piecewise linear basis functions. We refer to [10], [18], [19], [35] for related work.

In the case of a quadratic energy given by ~v(z,v, k) = %g(m)(/{ — ko(x))?, the
alternate formulation (55) of the shape derivative reduces to a linear form. We
derive this in the following theorem. If ¢ = 1 and kg = 0, then the corresponding
energy is the Willmore functional and the shape derivative simplifies further and
reduces to the linear form proposed in [10]. In contrast, the scheme proposed for
~v = ~y(k) in [18] reduces to Rusu’s scheme [35], which depends quadratically on the
curvature vector and is reported to exhibit undesirable tangential motions close to
equilibrium shapes [19, 10]. This seems to be related to geometric inconsistency, a
new concept for geometric computations elaborated in [10, 9, 34]. A semi-implicit
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implementation of Rusu’s scheme (and that in [18]) requires initialization of the
curvature vector and special care needs to be taken to ensure that the curvature
vector is compatible with the surface. This is not the case for the scheme in [10]
(and our scheme for quadratic functionals).

Theorem 5.2 (vector form for quadratic weight function). For v(z,v, k) = 1g(z)
(k — Ko())? with smooth functions g, ko defined off the surface T', the shape deriv-
ative (55) of the energy (1) with respect to a vector-valued perturbation ¢ € H'(T')
can be rewritten as a linear functional of K, A

dJ(T; ¢) :/(I — (Ve + VraT))Vpg : Vi Z
r
(59) + % / diveR (gdived + Vg - §) — / Z v (rodived + Vo - 3)
r r
- / koVg- bR -v+ % / K2(gdivre + Vg - 6),
r r
where Z(z) = g(z)(k(x) — ko(z))v(x). If g =1 in (59), then (59) reduces to

- - _ 1 -
dJ(T; @) :/(I — (Vra + Ve ) Vg : ViZ + = / divré divri
(60) r 2 T

. - .1 .
- /F Z - v(kodivrg + Vg - ¢) + 3 /F Kedivr e,
which can be further simplified provided kg = 0

(61) wm@=/

. 1 .
(I — (er + Vpr))quS : Vri + By / divpe divrk.
I

r
Proof. We first write the explicit values of the weight function v and its derivatives
1

Vrg
7= 59(5—%)27 Vo = T(K_KO>2_QVHO(“_HO)7 Yy =0, Y2 = g(k—Fo).
We can further transform ~ and -,
1 -
v = %{2 — gKkKo + gﬁg = igdinF{ — KoZ -V — §gng,
1
Vo = §Vg(/<:2 — 2kko + Ka) — gV ko (K — ko)
1 1 -
= §ngivrf{ — koVgR - v+ §Vg/£(2) —VkoZ v

Now we substitute v and its derivatives in (55)

-,

dJ(T; ) = /F(I — (Vrz + V) V¢ : Vi Z

1 = 1 R
+/ (gdivr,"{ —KoZ -V — g/i%) divre
r \2 2

1 1 - -
+ / (2ngivw%’ — koVgR - v+ §Vgng — VkoZ - 1/) - .
r

Reorganizing the terms yields the equation (59). The results (60) and (61) follow
trivially. |

6. GRADIENT FLOWS

An important application of the first variation of the general surface energy (1),
is the formulation of gradient descent flows, which are instrumental to computing
the minima of (1). The gradient descent flows give rise to deformations of T' that
decrease its energy which, once discretized in space and time, lead to a numerical
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method. We present now one such formulation which is suitable for C° finite
element space discretization. We refer to the articles [1, 2, 3, 4, 43] for more
information on gradient flows.

We start by introducing a scalar product b(-,) on I'; which induces the Hilbert
space H (I"). Then we solve the following equation

(62) VeHT): bV,p) =—-dJ(I;¢), Vée HT).
If || - ||y is the norm induced by b(-,-), then it turns out that the velocity 1%
computed this way decreases the energy provided 1% #0

dJ(I;V) = =b(V,V) = —||‘7||§1(r) <0.

The choice of b depends on the problem at hand. A natural choice is the L*(T)
scalar product b(V'7 (E) = fr V. 5 Other scalar products, such as H' and H~!
possible and have been illustrated in [17]. The L? scalar product, in conjunction
with the first variation (2), gives

/ V.g= —/ (dive[yylr — Ar[y.] + vk — v.|Vrv)? + o) v, Voe L*(1),
r r
or equivalently the descent direction

V = — (dive[yy]r — Ar[yz] + 6 = Vv + 0,7) v

Space discretization of this relation via C° finite element methods yields discrete
surfaces with discontinuous normals, which makes the notion of second fundamental
form Vrv problematic. A fully discrete scheme, which reconstructs a Lipschitz
normal v by local averaging and uses a semi-implicit time discretization, has been
proposed in [5].

In contrast, we could resort to (3) for the surface energy (1). Then the weak
formulation for the L? gradient flow would be given by

/V ¢ = / (Vraz + Viz") Vg : Vi Z

= [r9edV o+ [+ [0
r r r

and those for total curvature vector £ and auxiliary vector variables are Y, Z

[7d=[viesved [Vei= [0 [Z:3= [rdn

Equation (63) is advantageous, because it does not require computing the deriva-
tives of the normal v.
If we have a quadratic weight function v = 3 Lok — /io)2 then the weak formula-

(63)

tion (63) reduces to an expression that is linear in &, Z with no cross terms

/ V (ZS / VFCE + Vrx ))Vpgi VFZ
(64) 2 / divrR (glepqS + Vg - qb) / 7 v (Kodin$+ Vi - (E)
r

1 . -
— / koVg-GR-v+ 5/ K2 (gdivre + Vg - ¢).
r r
For the Willmore weight v = %/12, we obtain the even simpler system

[oV-é=—[(I—(Vrz+Vra"))Vrs: Vi + L [ diveé diveR,
(65)
fp’%'d):fpvr‘x : VF¢7
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which was introduced by Bonito, Nochetto and Pauletti in [10] and was used to
compute evolution of biomembranes. We also mention the related schemes [18, 19,
35].

7. SUMMARY OF THE MAIN RESULTS

In this paper, we consider the general surface energy (1), which is in the form
of a surface integral with anisotropic curvature-dependent weight function v =
v(z,v, k). This energy is used as a model in many different areas, such as material
science, biology and image processing (see the introduction § 1 for examples).

A critical need in practice is the characterization of minima of (1), as well as
the development of numerical methods for their computation. For this purpose,
we determine the first variation of (1) with respect to deformations of I given by
velocity fields V:

(66)

dJ(T;V) :/ <din[7y]r — Ar[v.] +w7z|VrV|2/3w¢+8ﬂ> V- vdS.
I T

We refer to Sections 2 and 4 for definitions of the tangential derivatives and other
details. This is the first contribution of our paper.
Our second contribution is the following vector formulation equivalent to (66)

4J(T: ) = /F (I = (Vea + VeaT)Vrd : Vi 7

_/VTVF$Y+/7divr$+/%-<5,
T T T

where 5 is the vector perturbation or test function and &, 7 , Y satisfy the relations

(67)

E‘::_Al—‘x7 Z:’YZVa Y_::’vi

which can also be imposed weakly. The main advantage of (67) over (66) is that
it does not include the second fundamental form and is thus suitable for direct
spatial discretization by C® parametric finite elements. This is instrumental to
implement a numerical method computing gradient descent flows for the energy
(1). For example, in the case of L? gradient flows given by fF 7 gb = —dJ(T (;5)
a semi-implicit time discretization of this equation would linearize the system, and
thus require only linear solves at each time step. The full expression for the L2
gradient flow is given by (63). If we further assume that the weight function = is
isotropic and quadratic in &, namely v = 1g(2)(k— ro(z))? for some scalar function

g(z), then the equation (63) reduces to (64), which is linear in both 7 and Z with
no cross terms. Finally, for g(z) = 1,k¢(z) =0, i.e. ¥ = £x?, the case of Willmore
energy, equation (63) further simplifies to (65), which coincides with that obtained
by Bonito, Nochetto and Pauletti [10].
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