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1. Introduction

With the development of computer-based analysis technology and the diversification of feasible architectural forms,
many attempts have been made to design shell structures with complex shapes. Free-form surfaces such as Bézier, B-spline
and NURBS surfaces are frequently used to parametrically determine the shapes of complex surfaces (Farin, 2001). The shape
of a free-form surface can be interactively adjusted by varying locations of control points to meet various design needs.
Numerous optimization methods for free-form surfaces have also been proposed to obtain reasonable shapes in terms of
structural performance and constructional efficiency (Kimura and Ohmori, 2008; Cui and Ohsaki, 2018; Gao et al., 2019).
Besides, isogeometric analysis approaches have been proposed in which parametric expressions can be directly applied to
represent the models for simulation of structural performances (Cottrell et al., 2009).

While there are surface classes such as Bézier and NURBS whose shapes are determined by control points, there are
also surface classes whose shapes are determined by specifying boundary conditions and geometric invariants, e.g., mean
curvature and Gaussian curvature. More complex invariants that are functions of curvatures, gradient, metric tensor, etc.,
can be used for characterizing the surface shape (Fujita and Ohsaki, 2010). In particular, the constant mean curvature (CMC)
surfaces are uniquely determined by specifying the boundary shape and the mean curvature. Soap films and bubbles are
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widely known as examples of CMC surfaces that exist in nature. Surface with zero mean curvature is specifically called
minimal surface and has been studied since the 18th century with the development of variational principles (Meeks and
Pérez, 2011).

The evolution of surfaces by mean curvature is studied from the late 1970s (Brakke, 1978). Huisken (1984) proposed
a method to change surface shapes using the normal vector and mean curvature, and called it “flow by mean curvature”,
which is later widely recognized as mean curvature flow (MCF), and has been extensively studied as a method of smoothing
the surface shape (Desbrun et al., 1999; Schneider and Kobbelt, 2001). However, most of the studies on CMC surfaces and
MCF do not consider boundary conditions. In the field of structural shape optimization, derivatives of functional with respect
to boundary perturbation of surface are computed using the formulations of material derivatives (Zolésio, 1981; Arora et al.,
1992). The variation of surface integral is transformed to those on the surface and along the boundary.

There are also various examples of using CMC surfaces in the fields of architecture and civil engineering. Since the
minimal surface can be at equilibrium by a uniform membrane stress, it is utilized in form-finding methods to obtain
reasonable shapes of tensile structures (Lewis and Gosling, 1993). Similarly, CMC surfaces are known to satisfy equilibrium
conditions by uniform tensile stress against a uniform normal loading condition, or a constant pressure, and approximating
the structural shape to a CMC surface is expected to enhance structural performance of pneumatic membrane structure.
Furthermore, since CMC surfaces enclose the specified volume bounded by the boundary region and the surface itself with
the minimum area, the architectural shape designed using CMC surfaces can save the material cost for the construction.

However, as pointed out by the authors (Hayashi et al., 2021), despite the fact that continuous surfaces are often con-
verted to discrete surfaces such as triangular meshes during structural analysis and construction phases, there are relatively
few architectural design methods that directly handle discrete surfaces (Tellier et al., 2018). Polthier and Rossman (2002)
also pointed out that discrete CMC surfaces are less available compared to continuous ones. In addition, most previous
studies connecting multiple CMC surfaces are limited to the case where a single pattern is periodically arranged (Thomas
et al,, 1988; Cao et al.,, 2016). In order to generate various architectural shapes, it is desirable to combine different CMC
surfaces so that they are C° continuous, which is to be called piecewise CMC (P-CMC) surface, instead of using a single
CMC surface. Although Pinkall and Polthier (1993) successfully generated minimal surfaces for triangular meshes in which
some edges are shared by three triangular elements, i.e., the patches are C® continuous at the edges, the applicability to
non-zero CMC surfaces is not verified. In fact, although they are not CMC surfaces, there are a number of construction ex-
amples of building roofs that have continuous C° internal boundaries by stiffening them with beams or cables (Burger and
Billington, 2006; Michiels et al., 2016). Considering the above background, formulating the method for generating P-CMC
surface within the framework of discrete differential geometry is of great engineering significance. Furthermore, a method
based on minimization of a functional has practical importance because various sophisticated optimization algorithms can
be utilized.

In this study, we derive the MCF from the variational principle of the energy functional of surfaces for the purpose of
generating discrete P-CMC surfaces. Although several studies have formulated gradient flows that change the surface shape
to minimize the energy functional for achieving CMC (Pan et al., 2012; Crane et al., 2013; Yu et al., 2015), they treat single,
simple or closed surfaces. On the other hand, this research is distinguished from the previous studies in the following
aspects;

1. Multiple, complex, and non-closed patch surfaces are simultaneously handled to achieve P-CMC.

2. Auxiliary surfaces are introduced at the internal boundary and their energy is integrated.

3. The internal boundary that is equilibrium in its perpendicular direction is also automatically determined based on the
variational principle.

4. Unlike the volume-preserving mean curvature flow of Surface Evolver (Brakke, 1992), the proposed method allows
generating P-CMC surfaces with specified mean curvatures by encapsulating the volume to the objective function and
representing the energy gradient explicitly on stationary points.

This paper is organized as follows. In Sec. 2, the basics of generating CMC surfaces using MCFs are explained first, a
method of generating P-CMC surfaces is formulated based on the conventional MCF, and a discretized form of the pro-
posed formulation is presented. In Sec. 3, the implementation details such as the overall workflow, line search, Nesterov
momentum and their hyper-parameter setting are presented. In Sec. 4, numerical examples are provided to demonstrate
applicability of the proposed method for generating various P-CMC surfaces. Section 5 is a concluding remark that summa-
rizes the formulation of the proposed method and findings in this paper.

2. Discrete mean curvature flow for generating piecewise constant mean curvature surfaces
2.1. Continuous mean curvature flow without boundaries

In this section, the basics of generating CMC surfaces using MCFs are explained for completeness of the paper. Although
the contents in this section are already presented in the literature such as Refs. (Mantegazza, 2011; Lépez, 2013), presenting
the basic concepts of MCF would be helpful for understanding our formulation which will be explained in Sec. 2.2.
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Fig. 1. CG image of a double bubble.

A typical energy functional of an arbitrary closed surface M is formulated as, using a constant «,

E=aA—-V (1)

where V is the volume enclosed by the closed surface M and A is the surface area. For a perturbed surface with a velocity
vector field v, the first variation of the energy functional can be calculated as

SEW) = —/v- (14 20H)vdA (2)
M

where H is the mean curvature of the closed surface M and its sign is chosen so that H is negative for convex surfaces,
and v is the outer pointing unit normal vector. The formula thus implies that the stationary point of the energy functional
is the CMC surface with the mean curvature H = —1/(2«), and a time depending family of closed surfaces may converge to
the CMC when the closed surface moves along the direction of the negative gradient, which is so-called MCF. Equation (2)
also implies that the CMC surface can be at equilibrium with uniform tension ¢« against unit internal pressure.

2.2. Continuous mean curvature flow considering internal boundaries

One of the most familiar examples of P-CMC surfaces might be bubbles. Fig. 1 illustrates a typical example of a double
bubble: a pair of spherical surfaces sticking together to create an internal circular boundary surface between them.

The method proposed in this study is strongly inspired by this natural phenomenon. The MCF for this P-CMC surface
can be formulated as follows. Let M and M, be surfaces corresponding to each external bubble surface and M3 be a
surface corresponding to the internal boundary between the external bubbles as shown in Fig. 1. The intersection curve of
all surfaces is denoted by I'. Using arbitrary constants o1, o and o3, the energy functional can be expanded as

3
E=) (i) -V (3)
i=1

where V is the volume enclosed by the surfaces M1 and M, and A; is the surface area of M; for i =1, 2, 3. Denoting by n;
the co-normal vector of the surface M; for i =1, 2,3 on the intersection curve I, the first variation of the surface area A;
and the volume V for a perturbed double bubble type surface with a velocity v can be formulated as

SAI-(V):/.divMivdA
M;

:—/v-ZHiv,-dA—i—/v-n,-ds

M; r

fori=1,2,3 and

2
(SV(v):Z/v-vidA (5)

=1y,
where divy; is the divergence on the surface M;. Equations (4) and (5) thus imply that
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Fig. 2. Contact angle condition.

2
SE(w)=— Z/v- 1+ 2a;H;)vidA
i=1p,
—/V~(2(X3H3)V3dA (6)
M3

3
+ /v . Z (ainy)ds
i=1

r

which yields that the surface obtained as the stationary point of the energy functional satisfies the following conditions:

- CMC condition: Each surface is a CMC surface with the mean curvature Hy = —1/(2o1) on My, Hp = —1/(2c2) on My,
and H3 =0 on Ms.
- Contact angle condition: The surface satisfies contact angle condition

sinf; sinf,  sinOs

(7)

23] o2 o3

on the intersection curve I, where 6; € (0, ) is the angle between surfaces M; and M for i, j,k € 1,2, 3, as illustrated
in Fig. 2.

Because ¢; is the uniform tensile force under constant unit pressure, Eq. (7) corresponds to equilibrium along the internal
boundary I'. For example, the first equality is written as o sin#y = « sinf,, which is the equilibrium equation in the
perpendicular direction of Ms.

If a time depending family of double bubble type surfaces satisfies the contact angle condition, the gradient of the energy
functional is well-defined and we can evolve the surface to a negative gradient orientation to converge to the stationary
point of the energy functional.

This study aims to construct the surface with specified CMCs and boundary shape, and the above variational calculations
can be applied even if we specify the boundary shape of M; and M, except the intersection curve I' as follows. Let the
exterior surfaces M1, My and the internal surface M3 satisfy the following conditions:

- M1, M3 and M3 generate the triple junction on the intersection curve T.

- I'1 and Ty are respectively the specified boundary segments of M; and M, except I', namely, d0M; =T UT; and T is
fixed fori=1, 2.

- A surface IT is chosen to pass through the curves I'1 and I';.

- A boundary segment I's := dM3 \ I" can move freely on II.

A typical choice of I'1, I’y and IT is that IT is a plane and I'y UT, is a planar curve on IT as shown in Fig. 3. We define V
in Eq. (3) as the volume enclosed by M1, M, and IT for the specified boundary shape problem. For arbitrary velocity v of
perturbed double bubble type surface satisfying the conditions above, v=0 holds on I'1 UT'; and v is parallel to IT on I'3,
and the first variation of the energy functional E for the perturbation can be calculated as
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M 11

Fig. 3. Typical example of two exterior surfaces (M1, M) and one interior surface (M3) bounded by a plane (IT).

2
SEw) = — Z/v- (14 2;H;)vidA
i=1py,

—/V-(2a3H3)V3dA (8)
M3

3
+/V-Z(aini)ds+/v~ (a3n3)ds
r =l I
Therefore, the stationary point of E satisfies, in addition to the CMC condition and the contact angle condition,
- Orthogonal condition (Neumann boundary condition): I'3 is on IT and M3 is perpendicular to IT on I'3
and the following condition obviously holds from the settings of the double bubble type surface:

- Fixed boundary condition (Dirichlet boundary condition): dM; \ " coincides with the specified boundary segment I'; for
i=1,2.

The MCF can thus be derived as the negative gradient flow of E for a family of double bubble type surfaces satisfying the
contact angle condition, the orthogonal condition and the fixed boundary condition.

2.3. Discretized form of Sec. 2.2

The discretized form of the MCF is formulated in this section to apply the MCF to triangular meshes. Let IT be the
(X, Y)-plane in the 3-dimensional space with the coordinates (X,Y, Z), and consider triangulated surfaces M; and M»
which contact with the plane IT as shown in Fig. 3. We consider an auxiliary internal surface M3 whose boundary lies on
I' =My N M and TII. For each oriented triangle T = (p,q;,qj+1) of the surface M; for i =1, 2, 3, we define the area A(T)
and the unit normal vector vt as follows:

1
A(T) = Ell(Qj —P) x@j+1 =P (9a)

P (q; —p) X (qj+1 —P)
(q; —p) x (@j+1 =Pl

where the values expressed in bold font are their position vectors. Then we define the area A; for the surface M; and the
volume V bounded by the surfaces M1, M» and the plane IT as follows:

(9b)

A=) A, i=1,23 (10a)
TeM;
1

V=-¢ > (. 4j x @js1) (10b)

T=(p.qj,9j+1)EM1UM;

The function E is regarded as the discretized form of the functional E in the smooth case:

3
E=) aiAi—V (11)
i=1
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Now we consider a variation of the position of vertex p in the form:

pO=p+tv, +0(t?), v, eR3 |tk

Then the first variation of E can be written in the form:

d
SE(v)= —| E=Y (VE(p),vp)
p

dt

t=0

where the energy gradient VE(p) for each vertex p is given as follows:

1. For each interior vertex p of the surface M; for i =1, 2:

VE(p) =aiVAi(p) — VV(p)

where
1
VAi(p) = 3 Z vr X (Qj41 —q;)
T=(p.qj.qj+1)€star (p)
1
VV(p)=¢ > Qj11 X q;

T=(p.qj,qj+1)€star (p)

Computer Aided Geometric Design 101 (2023) 102169

(14)

(15a)

(15b)

where star (p) is the vertex star of p. Therefore the stationary condition VE(p) = 0 gives the discrete CMC condition
introduced in Ref. (Polthier and Rossman, 2002), which corresponds to the stationary condition 1+ 2«;H; =0 in the

smooth case.
2. For the interior vertex p of the surface M3, we have

VE(p) =a3VAsz(p)
]

=3 > V1 X (qj+1 —4q;)

T=(p.qj.qj+1)€star (p)

(16)

Therefore the stationary condition VE(p) = 0 gives the discrete minimal condition introduced in Refs. (Polthier and

Rossman, 2002; Pinkall and Polthier, 1993).
3. For each vertex p on I', we introduce the following notations:

1

VA?(P) = 5 Z vr X (Qj41 —q;)
T=(p.q;j,qj+1)€star (p)NM;
1
VWil =3¢ > gj+1 % 4

T=(p.q;j.qj+1)€star (p)NM;

where i =1, 2, 3. Then the energy gradient VE(p) can be written as follows:

2

VE(p)=) (@iVA}(p) — VVi(p)) + azVA3(p)
i=1

(17a)

(17b)

(18)

The stationary condition VE(p) = 0 corresponds to the “contact angle condition” in the smooth case; however, we have

additional terms VV(p) and VV,(p) in the discrete setting.

4. For each vertex p € I's = M3 NI, we only consider the variation parallel to IT; i.e.,

VE(p) =a3(VA3(p) — (VA3 (D). e3)e3) (19)
where e3 = (0,0, 1).
5. Vertices on I'y UT'y are fixed as mentioned in Sec. 2.2.
Note that the numbers 1-5 in Fig. 3 correspond to above cases 1-5.
For the case in which three or more external surfaces are connected, suppose ki-external surfaces My, My, ..., My, are
connected with kp-auxiliary internal surfaces My, 11, Mk, 42, ..., My, 4k, -
A case of k1 =k =3 is shown in Fig. 4. In this setting, we consider the energy function
k1+ko
(20)

E= ) aiAi-V
i=1
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Fig. 4. Typical example of three exterior surfaces (M1, M, M3) are connected and auxiliary internal surfaces (M4, Ms, Mg) are inserted between them.

where V is the volume bounded by My, My, ..., My, and the plane II. As in the previous double bubble type setting, we
can show that the stationary conditions for interior vertices of M1, Ma, ..., M, give the discrete CMC conditions, those
for the internal boundary between a pair of surfaces in {M1, M3, ..., My,} give constant angle condition, and for interior
vertices of My, 1, Mk, 42, ..., My, 1k, give the discrete minimal condition.

Therefore it is enough to consider the gradient of E with respect to each vertex p on an intersection of some auxiliary
surfaces in {M, 1, Mk, 42, - - ., M1k, }. Let K, be the set of indices of surfaces including the vertex p. Then the following
relations are to be satisfied:

6. For the interior vertex p along the intersection we have

VE(p)=)_ aiVA(p) (21)
ieKp

7. For the “top” vertex on the intersection, we have

VE(p) = ) (VA (p) — VVi(p)) (22)

ieKp

2.4. Existence and uniqueness of solution

The stationary point of the energy functional is regarded as the solution satisfying P-CMC conditions. The existence of
a solution cannot be generally known in advance. Still, it is possible to check a posteriori whether a solution exists by
minimizing the energy functional and checking convergence to a solution satisfying stationary conditions. Since the nodal
locations are unbounded in this study, convergence to a stationary point indicates that the solution exists.

Depending on a combination of hyperparameters and boundary shape, the stationary condition may not always be satis-
fied. Even in such cases, it is possible to improve the approximation accuracy of P-CMC by increasing the resolution of the
mesh.

In terms of the uniqueness of solution, the stationary point is not a unique solution because the energy functional is
generally nonconvex. The surface shape depends on the internal boundary shape that is generated through minimization of
the energy functional. This also means that various shapes can be generated by varying the parameters for the movement
of vertices on the internal boundary.

3. Implementation details
3.1. Workflow

Based on the discretized MCF formulated in Sec. 2.3, the overall workflow to obtain discrete P-CMC surfaces is explained
in this section. The overview of the process is illustrated in Fig. 5.

The proposed algorithm requires a triangular mesh to be transformed, fixed points along boundaries of the mesh, and
the values of hyper-parameters. To create an internal boundary, the input mesh needs to be divided into patches of surface
called sub-meshes.

Since discrete P-CMC surfaces are difficult to obtain explicitly, an iterative procedure is adopted here. First, the MCF at
each vertex is obtained by Eqs. (14)—(22). Then, the scale of the change of vertex positions, denoted as t, is obtained using
a line search algorithm, which is further explained in Sec. 3.3. Once the MCF and its magnitude t are determined, vertex
positions are updated introducing the Nesterov momentum, which is explained in detail in Sec. 3.2.

The above processes repeat until the energy functional is considered stationary: VE(p) ~ 0 for all the vertices.

3.2. Nesterov momentum for fast convergence

The energy function is minimized using the steepest descent approach, as follows, moving the vertex position p in the
direction of MCF obtained in Sec. 2.3:
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Fig. 5. Overall workflow of the proposed method.

Y

p < p—tVE(p) (23)

We further introduce the Nesterov momentum (Nesterov, 1983) to accelerate the convergence. Classical momentum has
been known to accelerate convergence to a local minimum (Polyak, 1964), and the Nesterov momentum can be regarded
as the variant of classical momentum. The methods based on Nesterov momentum can improve convergence for nonconvex
optimization (Ghadimi and Lan, 2016; Paquette et al., 2018). Sutskever et al. (2013) analyzed that Nesterov momentum
works more stably than classical momentum due to a quicker and more responsive way of velocity changes.

Let d initialize as a zero vector in the beginning of analysis, then the updating scheme of P, positions of all vertices,
introducing the Nesterov momentum simplified by Sutskever et al. (2013) is formulated as follows:

d <« yd—tVE(p+yd) (24a)
P<P+d (24b)

where y € (0, 1) is a constant to adjust the momentum. In the next subsection, the adjustment method of t is explained.
3.3. Line search

When updating the vertex positions using the MCF, the solution will diverge or unnecessarily many iterations will be
performed unless the magnitude of update of vertex positions in the direction of MCF is appropriately assigned. To address
this problem, a line search scheme is adopted in determining the value of t.

Line search methods are general approaches to find the minimum/maximum of a nonlinear function by determining a
direction vector and a step size at each step of iterations of nonlinear optimization. Since the direction vector is equivalent
to —VE, determining the step size only is the purpose of employing the line search scheme.

A line search algorithm using the Armijo condition is already adopted for the energy minimization problem of discrete
surfaces (Hayashi et al., 2021; Tellier et al, 2018), and a similar algorithm is adopted here. Let E(P) denote the energy
functional value associated with the vector P consisting of positions of all vertices except those on the fixed boundaries.
Then the Armijo condition that the step size t should meet is defined as (Ninomiya, 2017)

E(P —tVE + yd) < E(P+ yd) + £t||VE(P — tVE + yd)||? (25)

where £ € (0, 1) is a constant to determine the acceptance threshold of t.

To obtain a larger value of t that satisfies the Armijo condition (25), t starts from a sufficiently large value ty and is
multiplied by another constant t € (0, 1) until the Armijo condition is satisfied. However, since there are cases where no
positive ¢ satisfies the Armijo condition due to local surface irregularity, toT> is set as the lower limit of t.

8
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Fig. 6. Initial shape of Example 1. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

3.4. Hyper-parameter assignment

The values of o for external patches can be determined based on the target mean curvature H, because the relationship
H = —1/Q2a) holds between o and H. However, specifying unreasonable mean curvatures causes divergence. This also
means that it is important to properly set the positions of fixed points in order to achieve the target mean curvature.

The value of « for auxiliary patch determines the shape at the internal boundary. Note that the value of « for the
auxiliary patch induces the opposite effect onto the external patches around the internal boundary as expressed in Eq. (7);
i.e., smaller « for the auxiliary patch makes the external patches connect more smoothly. If the values of « are the same for
the two patches connected to the internal boundary, then the patches are expected to intersect with the same angle with
the auxiliary patch.

The parameter y in the Nesterov momentum determines the behavior of the shape variation during iterations, and its
careful adjustment is necessary to ensure fast convergence. In this study, y is set to be 0.9.

Even though the line search scheme is employed to automatically adjust the magnitude of vertex movement, the initial
step size to significantly affects the efficiency and the stability of the algorithm; if ty is large, the mesh can reach a stationary
point in fewer iterations while the risk of divergence increases; if ty is small, the shape is less likely to diverge, but the
algorithm requires more iterations to converge. If the mesh has good properties, i.e., the edge lengths are almost the same,
setting tp to a value in the range [0.01, 0.1] empirically achieves both efficiency and stability.

The values of & and t are less important compared with the above parameters. However, assigning large values to &
and T may cause redundant line search iterations to satisfy the convergence criterion: VE(p) >~ 0 for vertices free to move.
£=0.2 and T =0.5 are adopted in this study.

4. Numerical examples

Several P-CMC surfaces are generated using the proposed method. The units are omitted because they are not important
to describe the methodology. The computational cost and the quality of the obtained shapes are discussed.

To verify that the converged shape has a CMC property, the mean curvature at the interior vertices of the surfaces are
evaluated based on the discrete Laplace-Beltrami operator (Meyer et al., 2002) in the following; note that the barycentric
area is utilized for computing the area around each vertex in the operator.

4.1. Example 1: two square patches

The first example is a very simple mesh composed of two external patches and an auxiliary patch between them, as
shown in Fig. 6. Each external patch has a 4 x 4 square plan, and the patch is further divided into grids with a square plane
with a side length of 1. Vertices whose positions are to be fixed during the shape variation are indicated in red. The initial
shape is assigned so that the height of the vertex at the center of the internal boundary is 1.0, and the height of each vertex
is set smoothly so that the height becomes 0 toward the fixed vertex.

The numbers in Fig. 6 represent the mean curvature of the vertices inside the patches. The target mean curvature is
0.25; accordingly, « is set as 2.0 for the both external patches. tp is set as 0.005 unless otherwise specified.

First, the relationship between « for the auxiliary patch and the resulting shape is discussed. Fig. 7 illustrates the
elevations of the initial shape and the resulting shapes with different o for the auxiliary patch after 300 iterations. It is
confirmed from the results in this figure that the value of o for the auxiliary patch has a significant effect on the shape
of the internal boundary; the smaller « is, the more smoothly the two external patches connect, and the larger « is, the
greater the change in tangent direction at the connection.

The diagonal view of Fig. 7(d) is shown in Fig. 8. The numbers in this figure represent the mean curvature of each
internal vertex. In this example, the final shape does not strictly satisfy the specified mean curvature condition. The degree
of coincidence of the mean curvature of the resulting shape with the specified value depends on the boundary condition
and the roughness of the mesh. When the number of mesh elements is increased to four times with the same shape, the
error from the specified mean curvature becomes smaller as shown in Fig. 9. Note that the same hyper-parameters are used
for the both meshes.
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Next, the contributions of the Nesterov momentum and line search are discussed. Here, « for the auxiliary patch is fixed
as 2.0, and tp is set as 0.05, which is larger than the default setting to clarify the difference in the results with and without
the Nesterov momentum and line search. Fig. 10 describes the histories of the energy functional value for 300 steps. The
blue and green lines are the histories when the Nesterov momentum is not used, and the slopes of the energy decrease
can still be seen in the second half of iterations, compared with the proposed method (black line). This result indicates
that the proposed method accelerates convergence. From the black and red lines, the line search can improve the stability
when used in combination with Nesterov momentum; the oscillation of the energy functional by Nesterov momentum can

be alleviated by the line search.
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Fig. 11. Initial shape of Example 2. (a) Diagonal view. (b) Elevation view.
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Fig. 12. Error between the mean curvatures of the initial shape and their target values of Example 2.

4.2. Example 2: two circular patches

Different target mean curvatures are assigned in this example. Consider a mesh consisting of two circular external
patches and an auxiliary patch between them, as shown in Fig. 11. The larger external patch is a discretized region of
Z >0 of a sphere with a center point (—5.0,0.0, —17.5) and a radius of 18.5; i.e., the initial mean curvature is approxi-
mately 0.054. The smaller external patch is a discretized region of Z > 0 of a sphere with a center point (3.0,0.0, —7.5)
and a radius of 8.5; i.e., the initial mean curvature is approximately 0.118. The target mean curvature is 0.125 for the
larger patch and 0.167 for the smaller patch; accordingly, @ = 4.0 and « = 3.0 for the external patches, respectively. In
this example, the value of « for the auxiliary patch is set as 4.0, and to is 0.01. The positions of vertices on the external
boundaries are fixed, as highlighted in red. The vertices on the bottom boundary of the auxiliary patch are vertically fixed,
as highlighted in blue. Fig. 12 shows the error between the mean curvatures of the initial shape and their target values.

Fig. 13 shows the final geometry obtained by the proposed method. As clearly seen in Fig. 13(b), a more convex shape
is obtained by specifying large mean curvatures. The errors at interior vertices on the external patches are illustrated in
Fig. 14; the final shape converges to the specified mean curvatures with high accuracy.
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Fig. 13. Final shape of Example 2. (a) Diagonal view. (b) Elevation view.
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The history of the energy functional through the iterations is plotted in Fig. 15. The energy functional has been smoothly
minimized, which implies the stability of the proposed method. The squared sum of the elements in VE is 12.204 at the
beginning of iterations, and the value is reduced to less than 1.0 x 10~* at the last iteration.

Next, the convergence property depending on « is further investigated. Fig. 16 shows the squared sum of the elements
in VE after 200 iterations for various combinations of «. This result shows that « is a crucial parameter on the convergence

property.

Regarding « of the auxiliary patch, there is no adverse effect on convergence if « is small. On the other hand, if this
value is too large, the area of the auxiliary patch will approach 0, causing instability in the analysis due to shape distortion.

Regarding o of the exterior patches, well-converged solutions are obtained especially when o of the smaller patch is
slightly smaller than that of the larger patch. This tendency can be intuitively understood; for an equilibrium shape subject
to equal internal pressure, smaller surface have larger mean curvature, i.e., smaller «, and large surface have smaller mean
curvature, i.e., larger «. The convergence property worsened when the « values assigned to the two exterior patches were
too different. Furthermore, the process diverged due to over-inflation when too small o was assigned.
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Fig. 18. Error between the mean curvatures of the initial shape and their target values of Example 3.

4.3. Example 3: four fan-shaped patches

This example contains four fan-shaped external patches and four auxiliary patches between them, as shown in Fig. 17.
The combined four external patches form a circular plan with a radius of 20. Each auxiliary patch is a right triangle with
a base of 20 and a height of 8, and the auxiliary patches share the vertical side. The values of o for auxiliary patches are
3.0, and those for external patches are 10.0; i.e., the target mean curvatures are 0.05. The locations of boundary vertices
highlighted in red are fixed. The value of t( is 0.01 in this example. Fig. 18 shows the error between the mean curvatures
of the initial shape and their target values.

Fig. 19 shows the final geometry obtained by the proposed method. A bulging shape like pneumatic membrane structure
is obtained through the MCFs. The shape of the auxiliary patches changes from a right triangle to an elliptical segment. On
the other hand, the intersection of the four auxiliary patches retain the original vertical line, even though the algorithm did
not constrain the positions of the internal vertices. The errors at interior vertices on the external patches are successfully
reduced to zero, as illustrated in Fig. 20.
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Fig. 20. Error between the mean curvatures of the transformed shape and their target values of Example 3.

11500
>
5 11000
8
10500
0 100 200 300 400
iteration

Fig. 21. History of energy functional value of Example 3.

The energy functional has been almost monotonically reduced through the iterations as plotted in Fig. 21. The squared
sum of the elements in VE is 7893.633 at the first iteration, and the value is reduced to below 0.005 at the last iteration.
From these results, it has been confirmed that the proposed method works well even when more than two external patches

intersect.

4.4. Example 4: non-planar internal and external boundaries

To investigate the applicability of the proposed method to irregular shapes, the proposed method is applied to a more
complex discrete surface as shown in Fig. 22. Although this surface simply consists of three external patches and two
auxiliary patches between them, this example differs from the other examples in that the interior and external boundaries
have non-planar shapes and that the middle external patch have a hole. The initial boundary shapes are generated by
Bézier curves. The overall shape is defined within the bounding box of (width, depth, height) = (190.22, 101.56, 29.17). The
maximum time step is set as tp = 0.005, and the values of o are 30.0 for the external patches, 10.0 for the left auxiliary
patch, and 15.0 for the right auxiliary patch, respectively. Note that the bottom edges of the auxiliary patches are fixed to
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Fig. 23. Final shape of Example 4. (a) Diagonal view. (b) Elevation view.

move in all directions because the bottom edges are sloped in the height direction; i.e., the bottom nodes of the auxiliary
patches move toward the lower end to minimize its surface area if they are free to move horizontally. The squared sum of
the elements VE for the initial shape is 2.678 x 10°.

The resulting shape after 225 iterations, which has the least maximum error among 1000 iterations, is shown in Fig. 23.
As a consequence of relatively small «, the area has been increased due to small in-plane tension. There are still some
errors between the discrete mean curvatures and their target values, especially around the external boundaries as shown
in Fig. 24; however, the largest error is only 0.73%, which demonstrates that a swollen shape approximating the specified
mean curvatures can be obtained.

Although the energy functional seems to have converged according to Fig. 25, the squared sum of the elements in VE
after 225 iterations is still a non-negligible value of 0.874, and it has slightly reduced to 0.596 after 500 iterations. Note
that further iterations did not produce significant impact in the result; the squared sum of the elements in VE after 1000
iterations is 0.572, and the largest error to the specified mean curvature did not improve anymore.

5. Conclusions

In this study, we proposed a method to obtain P-CMC discrete surfaces by the MCF. The internal boundary between
patches, or sub-meshes, is C° continuous, and the patches can have different target mean curvatures.

A continuous form of energy functional is first formulated for a surface with two external patches so that its Euler-
Lagrange equation corresponds to the conditions of P-CMC. Thus, a continuous form of MCF is derived for obtaining P-
CMC surface. The functional is then discretized into an energy function using a polygonal surface of triangular meshes.
The discretized form of MCF is derived as the negative gradient flow of the function with respect to the positions of
vertices inside the surface patches and their internal boundaries; accordingly, the shapes of surface patches and the internal
boundaries can be integrally generated using the MCF.

By defining the MCF as the negative gradient flow of an energy function, the problem of generating a P-CMC surface is
regarded as a minimization problem of an energy function, and various sophisticated methods of nonlinear optimization can
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Fig. 25. History of energy functional value of Example 4.

be utilized. Because the problem of generating P-CMC surfaces is formulated as an unconstrained nonlinear programming
problem, a simple steepest descent algorithm can be used. To accelerate convergence and stabilize the algorithm, a line
search scheme and the Nesterov momentum are employed. Through Example 1, these modifications are found to be effec-
tive; introducing Nesterov momentum successfully accelerated convergence, and the line search alleviated the oscillation of
the energy function caused by the Nesterov momentum.

In Example 2, the proposed method was successfully applied to the case where different target mean curvatures are
assigned, and the convergence property depending on « was further investigated. In Example 3, a rational P-CMC surface
was generated in which four external patches intersect at one point. In Example 4, the proposed method was applied to
a complicated shape with non-planar internal and external boundaries, and the resulting shape approximated the target
mean curvatures despite not fully converging. Although convergence depends largely on the mesh resolution and boundary
shapes, the solutions approximated P-CMC with high accuracy, demonstrating that the proposed method is a useful tool for
generating P-CMC discrete surfaces.

We also provided guidance on setting hyper-parameters required when implementing the proposed method. In particular,
the value of @ assigned to each auxiliary patch plays an important role in determining the final shape; the external patches
will connect smoothly when « of the auxiliary patch is small, and the change in tangent direction of the surface at the
connection will be large when « of the auxiliary patch is large. This is because « is equivalent to the magnitude of tensile
force when the surface patches are at equilibrium with uniform tensile forces against the internal pressure.

In general design cases of architectural structures, the boundary shape is determined by design requirements. Meanwhile,
in the proposed method, an appropriate set of o values and boundary shapes needs to be explored to find a preferable
shape. In addition, the accuracy for approximating the target mean curvature highly depends on the initial surface shape,
especially around the external and internal boundaries. Therefore, the proposed approach requires a trial-and-error process
to improve the quality of the solution, which may be a limitation of the method. Besides, the locations of internal boundaries
on the surface and on the plane need to be specified by providing auxiliary surfaces in advance, which is also time-
consuming.

In order to apply this method to more general cases, not just architectural design, the uncontrollability of element
shapes may be another limitation. Since the method iteratively modifies nodal positions in their normal direction without
constraining their tangential movement, the flows are prone to tangential distortion, which degrades element shapes and
may cause numerical instability. Still, tangential distortion can be alleviated by providing near-equilateral mesh as an initial
shape. Although there are several approaches to mesh rationalization through energy minimization (Crane et al., 2013; Vidal
et al., 2012), managing both p-CMC and mesh quality is still an open problem.
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