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FIRST VARIATION OF THE GENERAL
CURVATURE-DEPENDENT SURFACE ENERGY

GUNAY DoOGAN! AND RICARDO H. NOCHETTO?

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 mean curvature of the
surface. Energies of this form have applications in many areas, such as materials science, biology
and image processing. 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 variation. The
latter reveals the variational structure of the first variation, avoids dealing explicitly with the tangential
gradient of the unit normal, 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.
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1. INTRODUCTION

We consider the general weighted surface energy
J(I) = / v(z, v, k) dS, (1.1)
r

for a smooth orientable compact (d — 1) dimensional surface I' in R? without boundary. The energy (1.1) is
weighted by a smooth function v = y(z, v, k), which depends on the surface point z, the unit normal v at x,
and the mean curvature x = Z?z_ll k; given by the sum of the principal curvatures k; at x (sometimes x is
called total curvature). We derive the first variation of the energy (1.1) 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 tangential gradient of
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the unit normal, and thus can be easily discretized using parametric finite elements. We exploit further the
vector formulation and describe gradient flows for (1.1) that give descent directions for minimizing (1.1).

Examples of the surface energy. Energies of the form (1.1) have attracted attention in various fields,
such as materials science, biology and image processing. Setting ~(z, v, k) equal to specific forms in (1.1), we
obtain many examples that are of practical interest in these fields. The following are some of these examples.

e Anisotropic surface energy: By restricting the weight v in (1.1) to

v =7(z,v),

we obtain the general form for anisotropic surface energy that has been the subject of extensive investigation
in modeling of crystals [1,2,35,43,44,46,48] in materials science. This form has also found application in the
problems of boundary detection [29] and 3d scene reconstruction [28] in image processing.

e Willmore functional: The special form of (1.1)

12
f}/*iﬁa

models the bending energy of membranes and is significant in the study of biological vesicles [23,26,38]. We
refer to the book [49] for more information. The Willmore functional is also employed as a regularization
term in boundary detection problems in image processing [42].

e Spontaneous curvature: If the spatially-varying function kg(x), so-called spontaneous curvature, describes the
preferred mean curvature of an unconstrained piece of membrane, then [23,38] proposed the modified bending

energy
1 2
7= 5 (5 Ro(@)’
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 [12,33,36].

o Weighted Willmore functional: The modified form of the Willmore functional
v = g(@)r7,

has been recently proposed as a space-varying regularization term depending on the image [42]. This form
is also related to the modeling of biomembranes when the concentration or composition of lipids changes
spatially [7,13,47].
Other image processing applications that involve various effects of the curvature in the minimization of the
energy (1.1) are in shape matching [34] and in surface restoration [14]. Also a curvature-dependent weight
function v = (k) has been used recently in [19] to achieve higher-order feature-preserving regularization in
image segmentation.

Related work and main contributions. Often one is interested in a minimum or a stationary point of
these energies. Therefore, the first variation of (1.1) with respect to deformations of the surface I' becomes an
essential step in this investigation. Although the first variation of (1.1) has been derived in the special cases
v =(z,v) [8,27,35,44,48], v = 1k [49], v = g(z)K? [42], v = v(k) [19], a general result for (1.1) in any number
of dimensions, to our knowledge, does not exist. We believe that derivation of the first variation of (1.1) 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 different forms of v(z, v, k) taylored
to their applications. Still the analytical formula is only one part of the picture. Typically one would like
to compute the configurations predicted by the formulas as well, and this necessitates a discretization of the
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analytical formula in a way suitable for numerical computations. This constitutes our motivation and leads to
the following two major contributions of our work:

e Scalar form of the first variation of energy (1.1): We derive, using shape differential calculus [15,41], the
following expression for the first variation of (1.1) in the direction of the velocity field V' for a (d — 1)
dimensional surface I*:

dJ(;V) = /

(divr [Ylr — Ar[y:] + vk — 72 Z K2+ &,7) V-vds. (1.2)
r

Hereafter, the weight v = v(z,y,2) is a smooth function of its three arguments, and 7,7y, 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),k(z)) for x € 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 (1.1),
but it also provides a concise rederivation of them. As expected [15,41], dJ(T; 17) in (1.1) depends solely on
the normal velocity V = V - v, so all functions on the right-hand side are scalar. We thus call (1.2) scalar
form. The merit of scalar form (1.2) is that it clearly delineates how the form of the weight function v and
the geometry of the surface I' contribute to the first variation and related gradient descent flows. However,
numerical discretization of the expression (1.2) is awkward, because the principal curvatures x; need to be
approximated numerically. Thus we derive an alternate expression.

e Vector form of the first variation of energy (1.1): We derive a novel weak formulation equivalent to (1.2),
which involves vector quantities as well as first order tangential derivatives and reads as follows:

dJ(F;(E) = /F(I — (Vrz + VFIT))VF(E5 vrZ _/F

VIVRGY + / y dived + / Yo, (13)
r r
where ¢ is the vector perturbation or test function (replacing V in (1.2)) and 7, Z,Y are defined by the strong
relations
"_{:_AFI; ZZVzVa }7:’71}7

which can also be imposed weakly. Expression (1.3) reveals the variational structure of the first variation,
avoids dealing explicitly with Y k? = |Vrv|?, and is amenable to direct discretization by CY parametric
finite element methods. The latter is a key advantage of (1.3) over (1.2). Nonetheless, we stress that the
expression (1.3) is derived from (1.2) (using tensor calculus) and could not be obtained without deriving (1.2)
first (using shape differential calculus). The result (1.3) is inspired by and extends the works of Rusu [37],
Dziuk [20], and Bonito et al. [9]; expression (1.3) reduces to that in [9] for the Willmore functional. A related
expression for the case of v = v(k) was derived by Droske and Bertozzi in [19]. We discuss how to utilize (1.3)
to compute a gradient flow for (1.1).

We should stress that the background required to derive these results are minimal, 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, uniqueness and regularity of the
minimizers of the surface energy (1.1). The energy (1.1) is too general (because of the arbitrariness of the weight
function ~y(z,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 these issues in the case of Willmore
functional. For these, we refer to the papers [6,21,30-32,39,40].
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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 [15,41] 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 (1.2) and obtain the first variation for specific forms
of y(x,v, k). In Section 5, we derive (1.3) upon changing scalar quantities in (1.2) with vector quantities, and
examine the special case v = g(z)(k — ro(z))?. In Section 6 we formulate gradient flows based on either (1.2) or
(1.3), the latter giving a novel variational formula for the L2-gradient flow of (1.1). In Section 7, we recapitulate
our main results.

2. SHAPE DIFFERENTIAL CALCULUS

In this section, we introduce the tools that we need to take shape derivatives. Shape differentiation enables
us to derive the first variation of the energy (1.1) with respect to perturbations of the surface I'. Our starting
point for this is the velocity method as described in Section 2.2; velocity fields are used to deform the surface I'.
Then the shape derivative, described in Section 2.3, is used to quantify the change in the surface energy with
respect to deformations induced by the velocity field. Shape differentiation is a well-developed and convenient
procedure to compute the first variation of shape functionals, functionals that depend on shapes, such as curves
or surfaces. For more information on shape differentiation using the velocity method, we refer to the book [15]
by Delfour and Zolésio. From this point on, our emphasis will be on the shape derivative of the general
surface energy (1.1), the first variation being just a consequence. Note that another approach commonly used
in differential geometry literature is to parametrize the surface and to use charts, then to compute the first
variation of the energy in the parameter domain. We find that our approach based on shape differentiation
results in more concise derivations and requires less background knowledge.

Now we define some of the notation used in the paper. Given d x d 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,y, ) defined for € U a tubular neighborhood of T, y € R? and z € R, we
denote

fﬂ::(fJCl?"'?fCCd)T:vf) fy:(fy15""fyd)T’ Iz

the partial derivatives of f. We also define the second derivatives by fo..(= D*f), fyy, fo2s fays-- - [y, Which
are the matrices of the derivatives, for example,

(fil)il))ij:.fil)iflfj7 Z:]-;ada.]:]-aad

The Laplacian of f is given by Af = fo,00 + -+« + foy2,-
We are interested in the composite function f(z,v, k) for z € T, v € S59=1 the unit normal at z, and k € R
the mean curvature at x, as well as

F(z) = f(x,v(z), k(x)),

for x € U, and v(z), k(x) suitable extensions off the surface I'. In contrast to the space gradient V f, we define
the total gradient of f by

Vifl=VE(@) = (fu, + fypVha, + fzﬁxi)gzl-

It is critical to note the difference between Vf 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.
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2.1. Tangential differentiation

Let us be given h € C2(T') and a smooth extension h of h, h € C2(U) and h|r = h on T where U is a tubular
neighborhood of I' in R%. Then the tangential gradient Vrh of h is defined as follows:

Vrh = (Vh - 8,h v)]r,

where v denotes the unit normal vector to I'. For W e [CH(T)]¢ properly extended to a neighborhood of T, we
define the tangential divergence of W by

diveW = (divW — T DWv)|r, (2.1)

where DW denotes the Jacobian matrix of W. Similarly we define the tangential gradient VW of W, which
is a matrix whose ¢th row is the tangential gradient VpW; of the ith component of W. Finally, the tangential
Laplacian or Laplace-Beltrami operator Ar on I' is defined as follows:

Arh = divp(Vrh) = (Ah — v D*hv — k 8,h)|r. (2.2)
In Section 3, we will present the formulas for the tangential derivatives of functions that depend on v and k.

2.2. The velocity method

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

We consider the system of autonomous ODEs for small enough T

L V@), el T,  2(0)=X, (233)

where X € 'y = I'. This defines the mapping
z(t,): X e — z(t, X) € RY, (2.4)

and also the perturbed sets

Iy ={«(t,X): X eTly}. (2.5)
We recall that the family of perturbed sets has its regularity preserved for V smooth enough [41]: if Ty is of
class C", then for any t € [0,7], '+ is also of class C".

2.3. Derivative of shape functionals

Let J(T) be a shape functional, namely a map that associates to manifolds I' in R? of co-dimension 1 a real
number. The Eulerian derivative, or shape derivative, of the functional J(T') at T in the direction of the vector

field 17, is defined as the limit
- 1
dJ(T; V) = th_I% n (J(I‘t) — J(F)). (2.6)

The shape derivative is the primary tool used in this paper to derive the first variation of surface energies. For
more information on the concept of shape derivatives (including the definition and other properties), we refer
to the book [15] by Delfour and Zolésio.

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.
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Lemma 2.1 ([41], Prop. 2.50 and (2.145)). Let v € W2Y(RY) and T’ be of class C%. Then the functional
J(T) = fF »dS is shape differentiable and the derivative

dJ(T;V) = /F (Vi - V + pdivp V) dS = /F (01 + 1K) VS, (2.7)

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

Let us now consider more general functionals J(I'). We are interested in computing shape derivatives for
functionals of the form

J(T) = /F oz, T)dS, (2.8)

where ¢ maps the position z € I' and manifold I' € R? of co-dimension 1 into the real numbers. The dependence
of p on I' can be in various ways. For example, ¢ might depend on a function u that is the solution of a partial
differential equation defined inside T" [11,17,25]. In this paper we consider ¢ = v(z,v, k) depending on the
normal v and the mean curvature x at x € I'. To handle the computation of the shape derivatives of such
functionals we need to take care of the derivative of ¢ with respect to I'. For this we recall the notions of
material derivative and shape derivative.

Definition 2.2 ([41], Prop. 2.71). The material derivative (I'; V) of ¢ at I in direction V is defined as follows

L (ot ).T) — o (. To)). (2.9)

BN
e
S
I
=!
|

where the mapping (¢, -) is defined as in (2.4).
Definition 2.3 ([41], Defs. 2.85, 2.88). For surface functions ¢(I") : I' — R, the shape derivative at I' in the

direction V' is defined as B . .

¢ (V) = (I3 V) = Vre - Vir. (2.10)
Theorem 2.4 ([41], Sects. 2.31, 2.33). Let ¢ = ¢(x,T') be given so that the material derivative H(T; 17) and the
shape derivative o' (I; V) exist. Then, the functional J(I') in (2.8) is shape differentiable and we have

—

dJ(;V) = / ¢ (T3 V)dS + / rkpVdS,
T T

whereas if ¢ = (-, Q)|r (Y defined off the surface T' and is a function of the domain Q enclosed by T'), then we
obtain

dJ(F;V):/Fw’(Q;VﬂrdS—i—/F(ayw—i—mp)VdS, (2.11)

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 signed distance function to I" to derive a few geometric results, which are useful
later to obtain the first variation of the surface energy (1.1). The signed distance function b(z) to the surface
I is defined as

dist(z,I') forz € R?—Q
b(z,T) = 0 forz el (3.1)
—dist(z,T") for x € Q
where
dist(z,T') = ;IGH;W x).
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The signed distance representation of I' allows us to extend v and k smoothly in a tubular neighborhood of T'.
We will exploit the following identities [15], Chapter 8

v=Vbx)r, k=Ab)|r, Vrv= D). (3.2)

Extension of v, k, Vv using the signed distance function is critical for the results in this section. Moreover, the
shape derivative of b with respect to V' is given by [24], Section 3

—

(T V) = —V. (3.3)

Our derivations for Lemmas 3.2-3.4 hold only for parallel surfaces defined by the signed distance function.

Lemma 3.1 ([24], Sect. 3). The shape derivatives of the normal v and the mean curvature k of a surface T' of
class C% with respect to velocity V € C? are given by

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

Proof. We use the shape derivative (3.3) of the signed distance function. Note the following
0= (1) =(Vb-Vb) =2V - Vb,

which gives
V= Vb/|p = Vpb/|p —+ Vb/|p VY = Vpb/h‘ =-VrV.

Similarly we compute

K = AV|r = div(VV)|r = (divp (V) + Vb! D?0'Vb)|r = —divp(VrV) = —ArV.
=0

One can easily show that the term Vb7 D2b'Vb is zero by taking the gradient of Vb - Vb = 0,
V(VV -Vb) = D*V'Vb + D*hV =0,

so that
VbD2W'Vb = —VbD?*bV = -V D?*bVb = 0.
Note that 0 = V(1) = V(Vb - Vb) = 2D?bVb. O

Lemma 3.2. The normal derivative of the mean curvature of a surface I' of class C? is given by
Ok = —Zn? (3.6)
i
where k; denote the principal curvatures of the surface. For a two-dimensional surface in 3d, this is equal to

Ok = —(K3 + K3) = —(Kk* — 2Kq)

where kg = K1ko denotes the Gauss curvature.
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Proof. To prove this result, we will work with the signed distance representation b(z) of T', defined by (3.1).
We proceed as follows

0=A(1)=A(Vb-Vb) = 9;,04,(bs, ba;)
= 02, (ba;, ba; + b, boj2,) = 200, (be, baja,)
= 2(ba,a, bejo; + bojaia;) b))
=2 (D% : D*+ V(Ab) - Vb).

Then
Oy = V(Ab) - Vb|r = —[D?b*|p = —|Vpv|* = = Y 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, and that the eigenvalues of Vv
are zero and the principal curvatures k;. ]

Lemma 3.3. The normal and the mean curvature of a surface I' of class C? satisfy the following PDE
AFV = —|VFV|2V + VI‘K (37)

Proof. We derive the PDE (3.7) using the signed distance function extensions (3.2) of the geometric terms. We
recall Vb2 = Vb - Vb = 1, which we differentiate twice

0= 0zy0.(1) = Opa; (b2, be,) = 205, (b2 02,) = 2(bwszsw by + by bayas,)-

We change the order of derivatives in by,,», and obtain the following,

boaraibar = —baye Dup, - (3.8)
Now we compute Vrx = (VAb — VAD - VbVD)|r.

(VAb— VAD- VEVE); = Oubryar — (O, bayer)ba,bes = barzyas — barere, ba, b,
= busapan + oy buga ba, = Dby, + [D?b[?bg,.
We restrict to the surface I' and obtain
Vrk = (AVb + |D?*b|*Vb)|r = Arv + |Vrv|v.

This concludes the proof. O

Lemma 3.4. Let the scalar function f = f(x,v, k) and the vector function W= V_V(ac, 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

vF[f(xal/a H)] = va+VFny+fZVFHa (39)
divp[W (z,v,k)] = diveW + W, : Vov+ W, - Vrk, (3.10)
Ar[f(z,v,k)] = Arf+fy (Vre+ Z/EH?) + (Vrvfyy) \VAu7Zs (3.11)

+f.Ark + o |Vrs]? + (fay + yTz) : Vv
+(fzz + fz:n) . VFK + (fyz + fzy) . (VFVVF’{)a
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where Vr f, dier_['/7 Arf denote the partial derivatives (see Sect. 2 for the distinction between the partial deriva-
tives Vi f, dive W, Arf and the total derivatives Vp[f],din[W], Ar[f]).

Proof. Expressions (3.9)—(3.11) can be derived using the chain rule for tangential derivatives. However, we
present a concise proof of (3.9) and (3.10) using the signed distance function, because it provides a more
transparent derivation.

The functions f, W are not necessarily defined off the surface I', nor are the normal v and the mean curvature
k. We need to extend these smoothly to a tubular neighborhood of the surface I'. For this, we use the signed
distance function extensions (3.2) of v and k. Moreover, we define the smooth extensions f , W of f, W by

- ~

f(x,v,r) = f(2,V0,Ab)lr,  W(z,v,k) = W(x, Vb, Ab)]r.
We will perform the algebra on f , W for the derivations, then restrict the results to the surface I' and obtain
the tangential derivatives (3.9), (3.10). We continue to refer to f, W by f, W respectively for convenience.
We start by computing the first derivative of f.
V[f(x,Vb,Ab)] =V f + D?*bf, + f.VAD, (3.12)

from which we can compute

V[f(z, Vb, Ab)] — V[f(z, Vb, Ab)] - VbVb = (Vf + D2bf, + f-VAb) — (Vf + D2bf, + f.VAb) - VbVb
= (Vf—Vf-VbVb) + D2bf, + 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)] = Vo f+ Vrvfy, + f.Vrk.
Now we derive the formula for the tangential divergence by
dive[W (2, v, k)] = (0, [W (x, Vb, AD)] — by, 8y, [W (2, Vb, AD)]b,,) |1
We compute

O, [W(2,Vb, Ab)] — by, 0y, [W (, Vb, Ab)]by,
=Wy, + W, bow, + WLHAD), — ba, Wi by, — by, W) baya,ba, — be, W/ (Ab), by,
=Wy, — by W by, + W, baya, + WL((Ab)2, — (Ab), by, ba,),

whose restriction to I' results in
divp[W (z,v, k)] = diveW + W, : Vv + W, - Vpk.

We now use the chain rule for tangential derivatives to handle (3.11). The tangential Laplacian Ap[f] is
given by

Ar[f] = divp[Vr[f]] = divp [V f + Vrvfy + f-Vrk]. (3.13)
We introduce the notation for

oS = fo, — fuorviei, ol f = dloLf
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and proceed to compute the three terms in (3.13)

dive[Vr f] =0K[0f f] = 08 f + 0k, 001 + 0f f.0kk
=Arf+Vrv:Vrfy+Vrf. Vrk,
divp[Vrv fy] :alli[allil’lfyz] = aIlfk’/lfyz + 8’12y18’13[fyl]
=0fF v fy, + OFIOF £y, + OF v fyry Ofvim + Of 11 £y OF R
=Arv - f, +Vrv:Vrf, + Vv (f,,Vev?) + Ves! Vivf,.
=Vrk - fy — |sz/|2fy v+ Vrv:Vrfy+Vrv: (fnypz/T) + yTZVFI/VFIi, (using (3.7))
divr[f.Vrk] =f.Ark + Vr|f.] - Vrk
=f.Vrk+ Vrf. -Vrk+ fg;,VFVVFK + f22| Vsl

We substitute these three terms back in (3.13), use the fact |Vrv|?> = ¥k2, and obtain the formula (3.11). O

Proposition 3.5 ([15], Sect. 8.5.5, (5.27)). For a function f € C*(T') and a vector & € CY(T')%, we have the
following tangential Green’s formula

/ fdivpd + Vp f - @ddS = / Kkfd - vdS. (3.14)
r r

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
JT) = / ~v(z, v, k)dS. (4.1)
r

Theorem 4.1 (scalar form). The first shape derivative of the general weighted surface energy (4.1) with v =
Y(z,v,k) at T in the direction of velocity V is given by

dJ(;V) = / —Yy - V1V — v ArV + (’}/Ii — Yz Z K2+ 8,,7) Vds, (4.2)
r
or
(V) = / (iveli] = Acly] + (v =3 - v)r =72 Y 52 +8,7) VS, (4.3)
r
where V.=V - v and we have
divr[yy] = diveyy + Yyy 1 Vv + vy: - Vrk, (4.4)
and
Ar[v:] = Ary:+ 7.y (Vre+ I/En?) + (Vrvy.yy) - \VAu7Zs (4.5)

+ Yoz ATE 4 Yooz | VrE? + (Vaoy +72,0) : Vv
+ ('Yzacz +Y222) - VoK + (’Yzyz + 'Yzzy) : (VFVVFK)'

Proof. We use Theorem 2.4 with ¢ = vy(x,v, k). Then we have

Y (I5V) =y -V + 7k = =7, - ViV — 1. ArY,
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using (3.4) and (3.5). We also compute 9, [y(x, v, k)]:

O vz, v, k)] = Ovy(z,v, k) + vy (z,v,K)Dvv + v, (2, v, k)0 K
= ay’y(l‘,l/,li)f"}/z(l‘,lj,li)ZIi?.

The second line follows from Lemma 3.2 and the fact that Dvrv = 0. Then substituting ¢ and 9, in (2.11)
we have

dJ(T; ‘7) = —/Fvy -VrV + v, ArVdS +/r (&,7 -, Z K2+ 7/%) Vds.

Integrating the first integral by parts with tangential Green’s formula (3.14), we obtain

dJ(I;V) = / (—din o] = - vE = Ar[y:] + 0y — 72 Y kp + w@) Vds.

r
We can readily compute divr[y,] and Ar[y.] using Lemma (3.4). O

Remark 4.2. We can compare the results (4.2) and (4.3) with the one obtained in [19] for the case of v = (k).
The three terms in the middle of equation (4.3) are shared. In our case, the dependence of v on z and v adds the
first and the last terms in the integral (4.3). More importantly, the simultaneous dependence on z, v, k results
in much richer structure in the tangential derivatives divr[y,]r and Ar[y.] and we elucidate the structure of
these terms in detail using Lemma 3.4. In contrast to [19], which requires significant knowledge of Riemannian
geometry for its derivations, 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 (4.1), 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 = ~v(z,v) in (4.1).
Energies of this form have been used to model anisotropic crystalline surface energy in material science
[1,2,35,43,44,46,48], and for boundary detection [29], 3d scene reconstruction [27] in image processing. In
the following we obtain the first variation in a very concise way as a corollary of Theorem 4.1.

Corollary 4.3. The first shape derivative of the surface energy (4.1) for v = ~(x,v) (with no curvature
dependence) at I' in the direction of V is given by

dJ(F;V) = / (ky+0,y)V =y - VEVdS
r

- / (v — 7y - v)r + By + dive[y)) VS,
I

where V =V - v and divr[y,] = divry, + vy : Viv.

Proof. As ~y does not depend on x, we have 7, = 0 and +,, = 0. Dropping these terms from (4.3) and (4.4)
respectively, we easily obtain the results for the case v = y(z, v). U

Remark 4.4. In the materials science literature [2,10,35,44,46,48], one is often interested in the anisotropic
surface energy and its first variation

J(T) = /F y()dS,  dJ(I;V) = /F K, VdS, (4.6)
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where v : $971 — R* is a smooth function, positively homogeneous of degree 1, that is, v(\y) = |A|y(y) for
A € R (implying v, (y) - ¥y = ¥(y)), and the anisotropic mean curvature ., and the Cahn-Hoffman vector v, are
defined by

kg = divp[r,], vy =Yy (V).

As we have 0,7 = 0 and v — v, - ¥ = 0 from homogeneity of v, we see that the first variation of the anisotropic
energy (4.6) follows trivially from Corollary (4.3)

—

dJ(I;V) = /(Ii(’y — Yy - V) + Oy + dive[y,|)VdS = / k,VdS.
r r

Isotropic energy with curvature. We also consider the case with v = v(x, 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 [7,12-14,22,26,33,34,36,42,47]. The first variation for energies of
this general form is not given in the literature to the best of our knowledge.

Corollary 4.5. The first shape derivative of the surface energy (4.1) for v = v(x, k) (with no normal depen-
dence) at T' in the direction of velocity V' is given by

dJ(T;V) = / (*Ar[%] +yk— e Y kp+ C%’y) vds, (4.7)
T
where V.=V - v and
AF[’}/Z] == AF’YZ + ’VZZAFH + 7zzz|vf"i|2 + (’}/zmz + ’}/zzaz) : VFH- (48)

Proof. As 7y does not depend on v, we have v, = 0, consequently divp[y,] = 0 in (4.3). Also we have ~,, = 0,
Vewy = Vayx = 0, so that (4.5) simplifies to (4.8). U

Weighted Willmore functional. We can use Corollary 4.5 to compute the shape derivative for a weighted
Willmore functional, with v = % g(z)x%. This functional has been used as a regularization term for boundary
detection problems in image processing [42]. It is also useful for modeling of biomembranes when composition
or concentration of lipids in the membrane varies spatially [7,13,47].

Corollary 4.6. The first shape derivative of the surface energy (4.1) for v = %g(x)lsQ at I' in the direction of
velocity 1% (with V = V. v) is gien by

dJ(T; V) = /

1 . 1
<gAp/i — 29, - Vrk + —gk® — Argk + =0,gk% — gk Z nf) Vds. (4.9)
- 2 2

Proof. To prove this, we use the equations (4.7) and (4.8) from Corollary 4.5. We have ~, = %g;mQ, Y. = gk,
Yoz =G5 Vezz = 0, Voo = Yok Veaz = Vzze = g2- Consequently
Ar[y:] = Argk + gArk + 29, - Vrk,
n (4.8). Substituting this in (4.7), we obtain the result (4.9). O
Willmore functional. Now we compute the shape derivative of the Willmore functional, with v = %Ii2. This

has been used to model bending energy of membranes [26], also to impose regularity in surface restoration [14]
and boundary detection [42] problems in image processing.
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Corollary 4.7. The first shape derivative of the Willmore functional, namely energy (4.1) with v = %KQ, at T
in the direction of V (with V = V. v) is given by

- 1 .
dJ(;V) = / (_Am + 5}@3 -5y /@?) Vds. (4.10)
r

For surfaces in 3d, this is equal to

dJ(I;V) = /

1
(—Arli — 5/@3 + 2/@/@@) Vds, (4.11)
r

where kg = Ki1ko 15 the Gauss curvature.

Proof. The proof follows easily from Corollary 4.6 by setting g = 1. To obtain the result for surfaces in 3d, we
use Lemma 3.2. O

Spontaneous curvature. As our final result in this section, we consider v = %(K — ko(x))?, where ko(x)
is the spontaneous curvature and is space-dependent. The spontaneous curvature describes the preferred mean
curvature of an unconstrained piece of membrane and was proposed in [23,38] 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 [12,33,36].

Corollary 4.8. The first shape derivative of the Willmore functional with spontaneous curvature, namely
energy (4.1) with v = 3(k — ko(x))? at T in the direction of velocity V (with V =V -v) is given by

dJ(IT;V) = /

r

<Ap(/{ — ko) + %/{(/{ — k)2 — (k — ko) (Z K3+ ayn0>) Vds.

Proof. This follows from Corollary 4.5. We first compute the derivatives of v: v, = (ko) (ko — k), 7. = (k— ko),
0,y = (ko — K)Oukoy Yoo = —(K0)ay Vzz = 1, Vawz = 0, Y22z = 0, 722 = 0. Thus we have

AF[,)/Z] = AF’YZ + ,)/ZZAFK‘ = _AFKO + AI‘I“@ = AF(K — Iio),

which we substitute back in (4.3). Rearrangement of the terms yields the result. g

5. FIRST VARIATION OF THE SURFACE ENERGY: VECTOR FORM

In this section we derive the weak formulation (1.3) for the general surface energy (1.1). Expression (1.3)
entails only first tangential derivatives and does not explicitly require computing Vrv, and so >, k? = |Vrv|?.
This is advantageous and will be exploited later in Section 6.

We start by rewriting the shape derivative (4.3) of (1.1) at I" with respect to perturbation 5 (with the normal
component ¢ = 5 - V) upon integrating by parts:

-,

dJ(T;¢) = /F —y - Vro + Vo] - Voo + (v& — 72| Vv + 8,7) ¢ dS. (5.1)

To obtain the alternate formula (1.3) we replace scalar quantities in (5.1) by the corresponding vector quantities.
The following lemma is used to convert the second term.
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Lemma 5.1. Given f,¢ € HY(T) and the vector functions f,qg, related to f,¢ by f: fv, ¢ = q; v, we can
rewrite the H* scalar product of f,¢ as follows

/vpf-vm:/vpf:vré'—/(vpx+vrxT)vpf:qu§
I I I ) (52)
+/Ff|Vrl/|2¢—/FerK-¢.

Proof. First note that Vr f is equal to
Vef=Vr(f-v)=Vrflv+ Vet f=VrfTv+ fVrow = Vrflv (5.3)
because of the symmetry of Vrv and the fact that Vr is orthogonal to v. Using (5.3), we can rewrite Vr f-Vro,

Vrf Vré=Vrflv-Vr(g-v)=Vrf v (Ve v+ Vrv'¢)
= (Ve fTv) - (Vod"v) + (Ve fTv) - (Vrv" §)
= (w@V)Vrf:Vré+Vrf- (Vrvl o).

We integrate over the surface T,
/Vrf-VﬂZ):/(V®V)Vrfzvrq;+/vrf-(VFVT(;;).
r r r
We use the identity [ —v @ v = %(Vpx + Vra?) to rewrite the integral

/vpﬁvm:/(b%(vpz+vpr))vpf:vp5+/vpf~(vpzﬁ¢?). (5.4)
r r r

Now we take the second integral on the right hand side of (5.4) and integrate by parts using tangential Green’s
formula (3.14)

/vaf.(VFVT@:féfdivF(vpyTa):f/Ffvpy:vp(;?f/Fpry.(E. (5.5)

To obtain (5.5), we carried out the differentiation with divp and used the symmetry of Vv and the fact that
divpVrrv = Apv. We will rewrite f Vpv : Vig in (5.5). First we compute

Vef=Vr(fr)=fVrv+v@Vrf
=fVrr+rv® VFf_Tl/ =fVrv+(r® I/)fo,
using equation (5.3), whence we obtain

=\ —

fVruv: Vﬂf?z (Vrf— (V®V)Vrf>

which we substitute in (5.5),

—

/vpfvpy%:f/ %(vpx+vpzT)vpf;vpgf/pry-¢. (5.6)
I r I
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We substitute (5.6) in (5.4) and obtain
/vpf-qub:/vpf: vré'—/(vpx+vrxT)vpf: quS’—/fAry-J;. (5.7)
r r r r

The last integral in (5.7) can be split into two parts by substituting q; = oV + Vwccf?. We write
fArv- ¢ = foArv - v+ fArv - Vrag,

whence
fArv -6 ==fo|Vrvl’ + [Vrs- 6. (58)
We have used the fact that Ary = —|Vrv|?v + Vrk from Lemma 3.3. Finally substituting (5.8) in (5.7) yields

/Vrf'vr¢:/vrfi qu?—/(vr:cwpﬂ)vrf: Vi
I I I
+/Ff|vpu|2¢—/rfvrn-$.

This concludes the proof. O
Now, with the following theorem, we introduce the alternate vector form of the shape derivative (5.1).

Theorem 5.2 (vector form). Using a vector test function &, with ¢ = ¢ - v, the shape derivative (5.1) can be
rewritten as

dJ(I; ) = /F(I — (Vra + Vral))\Vrd : Vi Z — /F

VTVF$Y+/7diVF5+/’Yx'$, (5.9)
T T

where Y (z) = (@, v(x), K(z) - v(2)), Z(2) = 7:(2, v(x), K(z) - v(2))v(@).

Proof. Let us define the quantity Z(x) := v, (x,v(x), R(x) - v(x)).
Then the shape derivative (5.1) at I' with respect to ¢ can be written as

dJ(T; 9) :—/F?-vr¢+/erZ-vp¢+/r~m¢—/szpw?w/Fauw. (5.10)

We replace the second integral in (5.10) with the corresponding vector expression using Lemma 5.1.

-,

dJ(T; ¢) = — /F}_} -Vro + /F(I — (Vrz + VF:L'T))VF(Z;Z VFZ+ /F Z|VF1/|2(,Z5

_/szrm-q§+/rw¢—/FZ|VrV|2¢+/F5ﬂ¢-

Integrals with |Vrv|? cancel out. We apply tangential Green’s formula (3.14) to the following term

/F/vyd):An7$~yzéydin5+LVF[7]'fg

:/VdiVF$+/VF7'$+/(Z§TVFV}7+/ZVFH~$,
r r r

r

(5.11)
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(note that Vr[y] = Vry + Vrry, + 7. Vrk from Lem. 3.4), and substitute the result back in (5.11),

-,

dJ(F;qb):f/r}_ﬁquSJr/F(If(Vp:chVr:cT))Vrgg:VFZ—/FZVFH~$

(5.12)
+/’}/diVF¢+/VF’Y'¢+/(Z§TVFI/Y+/ ZVFH'¢+/8V’)/¢.
r r r r r
The integrals fF ZVrk - (5 cancel out.
We combine two of the integrals [. Vpy - ¢+ Jr 0o = [r7a - .
Also we combine the two integrals involving Y by
~Vré+ ¢ Vv = —Vr(¢ - v) + ¢ Vv = v Vrd — ¢7 Vrv + ¢ Vv = T Vré.
Thereby we obtain
4J(; §) = /(1  (Vew + VeaT)Vid: ViZ — / VI + / ~dived + / o
r r r r
which is the sought result. O

Remark 5.3. Note that the shape derivative (5.9) contains only first order tangential derivatives and does
not include Vrv. Therefore it can be easily discretized in space using a parametric finite element method with
piecewise linear basis functions. We refer to [9,19,20,37] for related work.

Remark 5.4. One can write an equivalent expression for the shape derivative (5.9) by replacing Vra + VraT
with two times the projection matrix Q = I — v ® v. However we prefer to keep the current form of the
shape derivative with Vra + VraT, because the goal is to enable finite element computations of the gradient
flows of (1.1) using (5.9), in which case the extensions may not coincide. For the Willmore functional, the
shape derivative with Vpx + VraT has been observed to result in better numerical behavior compared to the
alternative with @ [9].

In the case of a quadratic energy given by y(z,v, k) = 1g(z)(k — ko(2))?, the alternate formulation (5.9) of
the shape derivative reduces to a linear form. If ¢ = 1 and k¢ = 0, then the corresponding energy is the Willmore
functional and the shape derivative simplifies further and reduces to the linear form proposed in [9]. In contrast,
the scheme proposed for v = (k) in [19] reduces to Rusu’s scheme [37], which depends quadratically on the
curvature vector and is reported to exhibit undesirable tangential motions close to equilibrium shapes [9,20].

Theorem 5.5 (vector form for quadratic weight function). For v(z,v,k) = 3g(z) (k — ko(2))? with smooth
functions g, ko defined off the surface T, the shape derivative (5.9) of the energy (1.1) with respect to a vector-
valued perturbation ¢ € HY(T) can be rewritten as a linear functional of &, Z

-,

4J(T: §) = /F(I — (Viw + Vea")Ved : Vi Z
1 L - . - L - -
+3 / divri (gdivre + Vg - ¢) — / Z - v (kodivrg + VEg - 9) (5.13)
r r

- 1 - .
—/nOVg~¢E~1/+§/ng(gdivF¢+Vg~¢),
r

r



CURVATURE-DEPENDENT ENERGIES 75

where Z(z) = g(x)(k(z) — ko(z))v(x). If g =1 in (5.13), then (5.13) reduces to

. . L1 .
dJ(T; ) :/(I — (Vra + Vra?))Vré : VrZ + = / divp¢ divpi
r 2 Jr
. (5.14)
- / 7 -v(kodivrg + Vkg - ¢) + 3 / kidivro,
r r

which can be further simplified provided kg = 0

. . 1 .
d.J(F7 ¢) = /(I — (VF$ + VFIT))VF¢ : VIR + 5 / diVF(bdiVFl_{. (515)
I I

Proof. We first write the explicit values of the weight function « and its derivatives

1 Vg
Y= 59(”*/10)2, Ve = T(H*HO)Q*QVHO(H*KOX Yy =0, Yz = 9(k — ko).

We can further transform ~ and -,

1 = 1

v = %/{2 — gKkko + gli% = igdivw_{f KoZ UV — 59/1(2),
1

§Vg(n2 — 2kko + K2) — gVko(k — ko)

1 1 -

§ngivFr4 — koVgR - v+ §ng3 — VkoZ - v.

Yz

Now we substitute v and its derivatives in (5.9)

-,

dJ(T; ¢) :/(I — (Ve + VraT))Vrg : Vi Z
r
1. . TS
+ —gdivrk — koZ - v — =gk | divr¢
-2 2
1 - S 1 5 5 -
+ §ng1Vp/i — koVgR v+ §Vgn0 —VkoZ v |- o¢.
r
Reorganizing the terms yields the equation (5.13). The results (5.14) and (5.15) follow trivially. O

6. GRADIENT FLOWS

An important application of the first variation of the general surface energy (1.1), is the formulation of
gradient descent flows, which are instrumental to computing the minima of (1.1). The gradient descent flows give
rise to deformations of I' that decrease its energy which, once discretized in space and time, lead to a numerical
method. We present now one such formulation which is suitable for C° finite element space discretization. We
refer to the articles [1-4,45] for more information on gradient flows.

We start by introducing a scalar product b(-,-) on I', which induces the Hilbert space H(T'). Then we solve
the following equation

VeHI): bV,¢)=—-dJ(T;¢), Vée H(). (6.1)
If || - || r(ry is the norm induced by b(-, -), then it turns out that the velocity V' computed this way decreases the
energy provided 1% #0

—

dJ(I3V) = =b(V, V) = =V |3y <O
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The choice of b depends on the problem at hand. A natural choice is the L?(T") scalar product b(I_/'7 qg) =
Jr V - ¢, in which case the Hilbert space H(T') is L2(I") Other scalar products, such as H! and H~!, are possible,
inducing H(I') = HY(T') and H(I') = H~}(T"), and have been illustrated in [18]. The L? scalar product, in
conjunction with the first variation (1.2), gives

/ V.g= */ (dive[yy)r = Ar[y:] + % = :|Vev]* +0,7) 6 - v, V6 € LA(D),
r r
or equivalently the descent direction

V=— (divr['yy]p — Ar[y:] + vk — 72| Vv + aw) v.

Space discretization of this relation via C° finite element methods yields discrete surfaces with discontinuous
normals, which makes the use of Vpr 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 (1.3) for the surface energy (1.1). Then the weak formulation for the L2
gradient flow would be given by

/FV'J;:/F(I—(er+vpr))vF¢;‘:vFZ*_/

r

uTvF$?+/vdivr$+/vx-$, (6.2)
I T

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

/F;@*-J)’:/vax:vrq}', /F?.q;:/ryy.q;, /Fz*.az/rvzay.

Equation (6.2) is advantageous, because it does not require computing the derivatives of the normal v.
If we have a quadratic weight function v = $g(k — ko)?, then the weak formulation (6.2) reduces to an

expression that is linear in K, Z with no cross terms

/ V. 5:/(1 — (Vo + VraT)Ved : Vi Z
r r
1

-,

v / diveR (gdived + Vg - 3) — / Z v (kodived + Vio - @) (6.3)
I I

. 1 - -
—/nOVg~q5f{-1/+i/ng(gdinngrVg-q&).
r

r

For the Willmore weight v = %/{2, we obtain the even simpler system

Lo . 1 .
/ V.op= —/(I - (VFIL' + VFJJT))VFd) : Vri + 5 / divr¢ divri,
T T T

ﬁg-azévpz;vpa, (6.4)

which was introduced by Bonito et al. in [9] and was used to compute evolution of biomembranes. We also
mention the related schemes [19,20,37].
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7. SUMMARY OF THE MAIN RESULTS

In this paper, we consider the general surface energy (1.1), which is in the form of a surface integral with
anisotropic curvature-dependent weight function v = y(x, v, k). This energy is used as a model in many different
areas, such as material science, biology and image processing (see the introduction Sect. 1 for examples).

A critical need in practice is the characterization of minima of (1.1), as well as the development of numerical
methods for their computation. For this purpose, we determine the first variation of (1.1) with respect to
deformations of I" given by velocity fields V:

dJ(IT;V) = /

<din [vlr — Ar[v:] + vk — 72| Vrv)? / Oy + &/y) V.vds. (7.1)
r r

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 (7.1)

dJ(T; ¢) = /F(I — (Vrz + Via'))Vré : Vi Z — /

r

VTVF$?+/7divr5+/7¢-$, (7.2)
r I

where 5 is the vector perturbation or test function and &, Z , Y satisfy the relations
R =—Arz, Z = v, Y:7ya

which can also be imposed weakly. The main advantage of (7.2) over (7.1) is that it does not include Vrv
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 (1.1). For example, in the
case of L? gradient flows given by fr V. q; = —dJ(T, q;), 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 L?
gradient flow is given by (6.2). If we further assume that the weight function + is isotropic and quadratic in
K, namely v = 2g(z)(k — ko(x))? for some scalar function g(z), then equation (6.2) reduces to (6.3), which is

linear in both & and Z with no cross terms. Finally, for g(z) = 1, ko(z) = 0, i.e. 7 = 1k, the case of Willmore
energy, equation (6.2) further simplifies to (6.4), which coincides with that obtained by Bonito et al. [9].
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