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Abstract

We report on the development and validation of a newNumerical Wave Tank (NWT)
solving fully nonlinear potential flow (FNPF) equations, as a more efficient variation
of Grilli et al.’s NWT [Grilli et al., A fully nonlinear model for three-dimensional
overturning waves over arbitrary bottom, International Journal for Numerical Meth-
ods in Fluids 35 (2001) 829-867], which was successful at modeling many wave
phenomena, including landslide-generated tsunamis, rogue waves, and the initiation
of wave breaking over slopes. This earlier NWT combined a three dimensional MII
(mid-interval interpolation) boundary element method (BEM) to an explicit mixed
Eulerian-Lagrangian time integration. The latter was based on second-order Taylor
series expansions for the mesh geometry and Dirichlet free surface boundary con-
dition for the potential, requiring high-order derivatives to be computed in space
and time. Here, to be able to solve large scale wave-structure interaction problems
for surface-piercing bodies of complex geometry, of interest for ocean engineering
and naval hydrodynamics applications, the NWT is reformulated to use cubic B-
spline meshes and the BEM solution is accelerated with a parallelized Fast Multipole
Method (FMM) based on ExaFMM, one of the fastest open source FMM to date. The
NWT accuracy, convergence, and scaling are first assessed for simple cases, by com-
paring results with those of the earlier MII-NWT as a function of mesh size and other
model parameters. The relevance of the new NWT for solving the targeted applica-
tions is then demonstrated for surface piercing fixed cylinders, for which we show
that results agree well with theoretical and experimental data for wave elevation and
hydrodynamic forces.
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1 INTRODUCTION

Numerical models based on potential flow theory, which assumes an irrotational (and thus kinematically inviscid) flow, usually

solved in a boundary integral formulation by a Boundary Element Method (BEM), combined with a time integration of the

(kinematic and dynamic) free surface boundary conditions, have been very successful in modeling non-breaking water waves in

a variety of applications (e.g.,1,2,3,4,5,6,7, and references herein), as well as their interactions with submerged or surface piercing

structures. In the latter case, models are often implemented in the form of so-called Numerical Wave Tanks (NWTs), which

have all the functionality of physical waves tanks (e.g., wave generation, propagation, and absorption)8,9. As they do not suffer

from the excessive numerical diffusion typical of Navier-Stokes models and thus yield faster and more accurate solutions at a

given mesh resolution, such BEMmodels have become standard tools in ocean engineering and naval hydrodynamics; see, e.g.,

WAMIT10, AQUAPLUS11, and AEGIR12, which are industry standards. In BEM-NWTs that solve fully nonlinear potential

flow (FNPF) equations in the time domain, an elliptic problem (Laplace’s equation for mass conservation) must be solved at

each time step1,4, which is computationally intensive, particularly in three-dimensions (3D), considering the O(N3) numerical

complexity of the BEM with earlier direct methods or O(N2) for the best iterative solvers (e.g., GMRES13), when discretizing

the boundary withN nodes. Hence, for a time step Δt and a grid resolution Δx the computational time of a standard nonlinear

3D-BEM-NWT4 is at best O[1∕{(Δx)4Δt}], which represents the main limitation of such methods, as the solution rapidly

becomes prohibitive even for moderately large grids. This is in contrast with standard linear frequency domain solutions (e.g.,

WAMIT) where only one BEM solution is performed per frequency.

While it may be sufficient to only consider weakly nonlinear effects in many ocean wave propagation problems, for wave-

structure interaction problems, whether designing offshore structures for extreme wave conditions or wave energy converters

(WECs), which may be resonant systems, both large amplitude waves and body motions need to be simulated. Hence, while

linear theorymay be used for pre-design or parametric studies (e.g., Folley et al.14; Falnes15), nonlinear effects must be taken into

account in order to perform accurate design. Navier-Stokes (NS) models can simulate large amplitude wave and body motions

(e.g.,16), but they require large computational times to propagate incident waves or even perturbations over long durations17,18.

For extreme irregular sea states, as indicated before, the highly dissipative numerical schemes of NSmodels may cause excessive

damping of incident waves before they interact with ocean structures; hence, for such problems, FNPFmodels are often preferred.

The challenge of obtaining both a fast and accurate BEM solution of FNPF problems has led to implementing fast ∼ O(N)

methods for solving the discretized algebraic system (e.g.,19), or to new approaches (e.g., the Harmonic Polynomial Cell

method20), which for moderate-size problems may be promising even if they do not achieve an optimal asymptotic O(N) com-

plexity. Although some authors have suggested that optimized volume-type methods such as Finite Element Models (FEMs)

may perform faster than non-accelerated BEM-type methods21, this was not based on comparing BEM and FEM solutions for
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the same benchmark problem on the same computer, using optimized models in both cases; hence, it is difficult to properly

assess this claim. It is noted, however, that Engsig-Karup22 has been able to achieve impressive speed with a finite difference

approach with the FNPF code OceanWave3D23, and in particular scaling well over many processors24.

The implementation of FNPF-NWTs based on the BEM has undergone enormous progress in the past few decades, which

paralleled the increasing power of computer systems. A few years after the initial computer applications of the BEM were

published25, simple FNPF models solved problems with as little asN = 30 collocation points in two dimensions (2D) 26. Even

in 3D, problems at first were small enough that the linear system of equations could be solved directly, for example using a LU

decomposition method or equivalent, with a numerical complexity of O(N3) at each time step27,28. For some years, this was

a limiting factor in NWT development, but soon iterative solvers were introduced for non-symmetric fully populated matrices,

such as BiCGSTAB29 or GMRES, which achieve a O(N2) numerical complexity at each time step, corresponding to the CPU

time required to perform a matrix-vector multiplication. With this advance, the dominant numerical restriction in 3D-FNPF-

NWT became theO(N2) solution time, combined with aO(N2) of the computer memory required to assemble the systemmatrix

(e.g.,4). Consequently, later research focused on findingways to obtain sparsematrices, whose solution time could asymptotically

approach O(N), by avoiding to compute some of the matrix terms resulting from the BEM, exactly or at all. One such approach

proposed to do so is the fast multipole method (FMM), which achieves an O(N) complexity for a single matrix-vector product.

The FMM was first introduced in 2D by Greengard and Rokhlin30 and later improved and widely implemented in 3D (e.g.,

Korsmeyer et al.31, Greengard and Rokhlin32), with variants to run computations in parallel33. Recent implementations of the

FMM can be run on large parallel computer architectures with distributed memory; see Yokota34 for a recent review.

With the Laplace equation being central to many fields of study, it is important to review what other methods have been

developed, both inside and outside of hydrodynamics.While the FMMhas been initially developed and applied outside of hydro-

dynamics, there are many alternate techniques, such as the pre-corrected FFT35, adaptive cross approximation with H-matrices,

or wavelet BEM. Although there exist many promising direct methods (e.g., recursive skeletization of Ho and Greengard36,

inverse FMM37), their full benefit has only been achieved for problems where many solutions are required for the same geome-

try, as opposed to problems where solutions are only required once or a few times per time step. Algorithms of iterative methods

are quite similar to those of N-body problems for particle interactions, of which FFT and FMM based methods are fastest38 (and

show similar performance).

Another approach to accelerate the BEM solution in NWTs has been to use higher-order elements, which allow achieving the

same accuracy with a smaller number of nodes 4,39. To this effect Grilli et al.2,4, for instance, introduced cubic mid-interval inter-

polation (MII) elements in their 2D and 3D NWTs. Using such higher-order elements, the NWT numerical solution complexity

was reduced by describing the geometry with the smallest number of nodes possible. Grilli et al.’s 4 accurate 3D-FNPF-MII-

NWT, which followed earlier success in 2D1,40,2,41,8, was used to model many wave phenomena, including landslide-generated
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tsunamis42, the initiation of wave breaking over slopes5, and rogue waves6. As the BEM solution was based on GMRES, Grilli

et al.’s 3D-NWT had a O(N2) complexity, making it computationally inefficient once computer memory size became large

enough to consider large grids. To overcome this limitation, Fochesato and Dias19 implemented a FMM in the model (single

CPU implementation), which theoretically provides a nearly O(N) complexity, and Sung and Grilli43,44,45 verified this per-

formance for grids with a few thousand nodes, for ship hydrodynamics problems. Using these advancements, a version of the

model was recently used to study the onset of breaking in 3D focused waves46. Alternatively, Nimmala et al.47 extended Grilli

et al.’s 3D-NWT with FMM to parallel computations, but due to complex details of the model algorithm, the method could only

be implemented on a small shared memory cluster (8 CPUs), whereas it is necessary to use distributed memory to best utilize

large modern computers; while a reasonable scalability with N was demonstrated, O(N1.3) up to N = 150, 000, the resulting

calculation on 8 processors was only 2.5 times faster than on a single processor for this small cluster.

In terms of physical modeling, Guerber et al.48 extended Grilli et al.’s 2D-FNPF-NWT1,2 to simulate wave interactions with

2D submerged bodies freely moving in waves. In this paper, with the eventual goal of efficiently simulating wave interactions

with 3D submerged or surface piercing fixed/floating bodies, for large grid sizes, we first attempted to similarly extend Grilli et

al.’s4 3D-FNPF-NWT with FMM acceleration19 to surface-piercing bodies. However, the structure of the MII algorithm, while

quite accurate and efficient for pure wave problems, was difficult to extend to 3D surface-piercing bodies of complex geometry,

such as ships, offshore structures, and WECs. Hence, as a variation of Grilli et al.’s model, we developed a new NWT in which

boundaries are discretized by arbitrary polynomial meshes, and then applied this using cubic B-spline elements, which have

proven to be accurate for simulating linear ship hydrodynamics (e.g.,12) (higher-order elements with unstructured grids will be

implemented in future work). Additionally, we implemented a more efficient FMM solution of BEM equations than in earlier

work19,7,47, based on the parallelized ExaFMM library49, which is one of the fastest open source FMM codes to date. The

application of B-splines as boundary elements, as well as connecting the BEM solver to the ExaFMM library, in parallel, are

new developments here. Initial applications of this NWT have demonstrated its ability to predict nonlinear wave-induced forces

on submerged bodies50, and the expected favorable scaling of the FMM for large grids51.

Details of this new NWT approach, numerical implementation, and basic validation are given in Section 2, while validation

of the Laplace solver and tangential derivatives, and applications are presented in Section 3. To assess the model accuracy,

convergence, and numerical complexity, similar to Grilli et al.’s4, we first simulate a solitary wave propagating over constant

depth, and evaluate numerical errors on energy and volume conservation, as compared to the very accurate steady state solution

of Tanaka52; we also compare results with those of Grilli et al.’s 3D-MII NWT in order to have a baseline of performance. As

this is the wave forcing used in all the later applications, we then demonstrate the generation and absorption of fully nonlinear

periodic waves in the NWT, similar to the method detailed in Grilli and Horrillo8 for their 2D-NWT. Finally, we simulate
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FIGURE 1 Definition sketch of NWT computational domain for wave interaction in either a rectangular domain (left; length
l′ by width w by depth ℎ0), or a circular domain (right; radius R with depth ℎ0). No-flow conditions are specified on lateral
and bottom boundaries. Waves are imposed with Neumann boundary conditions for known velocity and acceleration either on
the closest side (front left) for a rectangular domain, and damped to zero (for a rectangular domain), or imposed as a far-field
boundary condition and damping the radiated waves (for a circular domain), using an absorbing beach (AB) of length LAB .

wave interactions with both truncated and bottom-mounted surface-piercing cylinders, and compare results for the horizontal

hydrodynamic force against experiments, theory, and other published numerical model results.

2 METHODS

2.1 Governing equations and boundary conditions

For an incompressible inviscid fluid with irrotational motion, mass conservation is equivalent to a Laplace’s equation for the

velocity potential, �,

∇2� = 0 in D (1)

u = ∇� in D (2)

with u the flow velocity in domain D (e.g., Fig. 1). Based on Green’s second identity, Eq. 1 is transformed into a Boundary

Integral Equation (BIE) expressed over the domain boundary Γ, at a set of collocation points xi (i = 1,… , NΓ),

�(xi)�(xi) = ∫
Γ

[

)�
)n
(x)G(x − xi) − �(x)

)G
)n
(x − xi)

]

dΓ, (3)

with � the interior solid angle made by the boundary at xi (e.g., for a smooth surface this would be 2�), n the outwards normal

vector to the boundary at point x and G the 3D free space Green’s function of Laplace’s equation, based on the distance ri =
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‖x − xi‖ from point xi to point x on the boundary, i.e.,

G(x − xi) =
1

4� ri
(4)

)G
)n
(x − xi) = −

(x − xi) ⋅ n
4� r3i

(5)

Momentum conservation can be integrated at all times into the generalized unsteady Bernoulli equation, which reads,

)�
)t
= −gz − 1

2
∇� ⋅ ∇� −

p
�

in D (6)

with g the gravitational acceleration, z the vertical coordinate, p the fluid pressure (assumed to be zero on the free surface),

and � the fluid density. Eq. 6 is the basis for the dynamic free surface boundary condition used in wave theories and models, in

combination with a kinematic free surface boundary condition expressing that water particles on the free surface move with the

free surface Γf ,

Dr
Dt

= )r
)t
+ u ⋅ ∇r = u on Γf (7)

where the left-hand-side is the material derivative of a point r located on the free surface.

On fixed submerged or surface-piercing bodies, the boundary condition is simply a no-flow condition on the body boundary

(or hull) Γℎ, i.e., )�∕)n = 0 (which also implies )2�∕)t)n = 0). For moving bodies, with specified or free motion, which

are not considered in this paper, the boundary condition expresses that the normal flow velocity matches that of the rigid body

projected on the local normal direction. For freely moving bodies, such conditions would result from the balance of forces and

moments acting on the body, in which the hydrodynamic components are obtained by integrating the hydrodynamic pressure

along each body submerged boundary; see, e.g., Guerber et al.’s48 boundary conditions for a similar 2D-NWT.

In the NWT, the BIE Eq. 3 is discretized by a BEM in an Eulerian coordinate system (x, y, z), and the free surface boundary

condition and geometry are time-integrated with a high-order time stepping scheme, following the mixed Eulerian-Lagrangian

(MEL) methodology first proposed by Longuet-Higgins and Cokelet26 and reviewed in section 2.2. Hydrodynamic forces and

moments acting on the rigid body are computed by integrating the hydrodynamic pressure, which is obtained from Eq. 6 (and its

moment) on the body surface. This requires calculating the time derivative of the potential at each time step, which also satisfies

Laplace’s equation. Here, as in Grilli et al.’s NWT1,4, )�∕)t is also computed with a BIE, discretized by the BEM, for which

boundary conditions are found based on the first BIE solution for the potential. For freely moving bodies, however, both BIEs

for the potential and its time derivative are coupled through the unknown body motion, which requires implementing special

procedures (see, e.g., Guerber et al.48 for a review and details).
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2.2 Time integration in the NWT

At any time t, given well-posed boundary conditions, the BEM solution provides both the velocity potential and its normal

derivative on the computational domain boundary, as discrete values at theNΓ (collocation) points of the grid; see section 2.3.

This solution (both geometry and boundary conditions) is advanced in time on the free surface by integrating the free sur-

face boundary conditions, Eqs. 6 and 7. Unlike in our earlier work4 which focused on overturning waves and thus required a

Lagrangian updating of the free surface, here a semi-Lagrangian approach is used, for which free surface points are fixed in the

horizontal direction. This leads to redefining the material derivative as,

�
�t
= �t =

)
)t
+
)�
)t

)
)z

(8)

where � = r ⋅ k (with k the vertical unit vector) denotes the vertical position of the free surface.

Applying this new definition of the material derivative to the kinematic and dynamic free surface boundary conditions Eqs. 6

and 7 yields,

��
�t
=
)�
)z

−
)�
)x

)�
)x

−
)�
)y
)�
)y

(9)

��
�t
= −g� − 1

2
∇� ⋅ ∇� +

)�
)t
)�
)z

(10)

in which ()�∕)x, )�∕)y) can be expressed as a function of the outward normal vector on the boundary, n = (nx, ny, nz), as

(−nx∕nz,−ny∕nz).

With this semi-Lagrangian approach, if only surface piercing structures with vertical sidewalls are considered, there is no need

for remeshing. For structures with curved walls, however, which are not considered here, both a different material derivative

and remeshing should be used; see Sung and Grilli45 or Zhang and Kashiwagi53.

A third-order Runge-Kutta explicit scheme, similar to Gottlieb54, is used to integrate Eqs. 9 and 10. With f denoting either

� or �, we have,

f (1) = f (n) + Δt(�tf (n))

f (2) = 3
4
f (n) + 1

4
(

f (1) + Δt(�tf (1))
)

f (n+1) = 1
3
f (n) + 2

3
(

f (2) + Δt(�tf (2))
)

(11)

with Δt the time step.

In addition to the potential and its normal derivative, values of their time derivatives are required either for time-stepping

or for computing forces on structures. As indicated before, in the NWT, the latter are obtained by solving a second Laplace

equation for the time derivative of the potential )�∕)t, as a BIE similar to Eq. 3. Additionally, values of the first- and second-

order tangential derivatives of most of these fields must be computed on some parts of the boundary (i.e., the free surface and
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FIGURE 2 Sketch of a domain boundary section close to two edges (bold lines), that shows an example of a 16-node patch (1-
16) used to define cubicMII or B-spline interpolations over quadrilateral Cartesian boundary element Γke (marked by intersecting
red lines) and corresponding curvilinear reference element Γ�,� (nodes 6 (1), 7 (2), 11 (3), 11 (4)); the former is transformed
into the latter with Jacobian Jk(�, �). The orthogonal curvilinear coordinate system (s,m′,n) is defined over the boundary, with
the outward normal vector n = s × m′ being orientated based on nodes 1-4 numbering direction (e.g., anti-clockwise here).
The lower left corner of the reference element is defined at (�0, �0), as one in 9 possible positions within the 16-node patch. Red
lines identify the one-dimensional cubic-isoparametric/spline interpolations that define the 2D MII/B-spline interpolations for
element k.

moving or rigid bodies if any). As pointed out in earlier work4, the accurate computation of these derivatives is as important as

that of the BEM solution, to reduce overall numerical errors during the time-stepping (e.g., on mass and energy conservation).

Details of the higher-order free surface representation used in the NWT are given in the next section, as well as expressions of

tangential derivatives.

Although we do not consider freely moving rigid bodies in this paper, it is worth noting that similar to the work of Guerber et

al.48 for submerged bodies, Dombre et al.55 made use of the most recent 2D-NWT of Grilli et al.1,2 to simulate wave interactions

with freely moving floating bodies. In their model, they used a symplectic-like time integration scheme to update both the free

surface and body position, which was shown to improve long-term energy conservation. Although Dombre et al. only considered

a first-order time-stepping, higher-order symplectic integrators have been proposed by others (e.g., Dias and Bridges56). As for

many applications it is not necessary to consider very long simulation times, the advantages of using a symplectic integrator

may not be immediately apparent. In work in progress, the 3D-NWT was extended to more complex surface-piercing support

structures used in offshore engineering57.

2.3 Representation of the boundary geometry in the NWT

For problems formulated as BIEs, the geometry is uniquely defined by that of the domain boundary, and the solution to certain

field variables is found on this boundary. In BEM models, the boundary geometry is specified at NΓ collocation points xi, and
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MΓ boundary elements are used to interpolate in between these points (Fig. 2). Within the domain, the solution can then be

explicitly computed based on the boundary solution without solving additional equations.

Hence, in the NWT, the accurate representation of the boundary geometry and interpolation of field variables on the boundary

are both key to the accurate solution of Laplace’s equation. In the BEM, the piecewise representation of the boundary geometry

can be based on elements of various order and number of nodes (e.g., linear, higher-order), with higher-order elements providing

a more accurate and faster converging solution, but at a higher computational cost (Figs. 2 and 3). High-order interpolations

are simpler to implement on structured grids, as one-dimensional interpolation methods can directly be extended and applied in

two directions. In earlier work, Grilli and Subramanya2 (in 2D, i.e, with a one-dimensional (1D) boundary), and Grilli et al.4

(in 3D, i.e., with a 2D boundary) introduced a cubic interpolation approach of the geometry and field variables on a structured

grid in their BEM-NWT, referred to as mid-interval interpolation (MII). In 3D, MII elements are defined based on two one-

dimensional cubic polynomial interpolations in each direction (�, �) (Figs. 2 and 3b), as the middle quadrilateral of a 16-node

patch; for elements defined along boundary intersections, the MII uses the quadrilateral located off-center, which includes part

of the boundary edge or intersection with surface piercing bodies. While this approach provides only C0 continuity along the

perimeter of each 16 node patch, it locally offers a higher-order solution while avoiding errors due to Runge’s phenomenon.

In their 2D applications, Grilli and Subramanya2 had also developedMixed-Cubic-Interpolation (MCI) 1D elements, in which

the geometry was interpolated by natural cubic splines and the field variables by a cubic MII. They found that both MII and MCI

elements provided a similar accuracy, but as the MCI elements required computing inter-element slopes by solving an additional

system of equations, they mostly used the MII elements in applications. When they extended simulations to 3D, Grilli et al.4

also used the MII approach. In many ocean and naval engineering applications of the BEM, however, a standard approach has

been to use B-spline quadrilateral elements to interpolate the geometry and field variables on the boundary, which can be made

arbitrarily smooth12,58. Cubic B-splines, which have been widely used in computer aided design (CAD) to accurately describe

complex surfaces, are similar to two-dimensional natural splines, but are more efficiently defined as a function of control points,

−2 −1 1 2

0.5

1

(a)

−2 −1 1 2

0.5

1

(b)

−2 −1 1 2

0.5

1

(c)

FIGURE 3 Equivalent one-dimensional (1D) basis function for the BEM elements considered in this paper: (a) linear isopara-
metric; (b) cubic MII4; (c) cubic B-spline. Note that linear elements can be applied to arbitrary, unstructured connectivities,
while the MII elements cannot.
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rather than inter-element slopes. Control points, in turn can be expressed as a function of nodal values of the geometry or field

variables. Cubic B-spline elements will be used to discretize the boundary of the proposed NWT; details are provided below in

section 2.3.3.

Additionally, the higher-order explicit time updating algorithm used in the NWT requires that tangential derivatives of the

geometry and field variables be accurately computed along the free surface and body boundaries. While tangential derivatives on

the boundary could also be directly computed with a BIE, this would require solving hypersingular equations; thus, for simplicity

and higher efficiency of the model, similar to Grilli et al.’s NWT1,4, tangential derivatives are computed analytically within a

local approximation of the boundary geometry, which can be independent of that introduced in the BEM. Thus, in earlier work,

Grilli et al.4, who used cubic MII elements in the BEM, locally computed first- and second-order tangential derivatives within

4th-order isoparametric sliding element patches (with 25 nodes). By contrast, in the proposed NWT, tangential derivatives will

be computed using the same B-spline approximation as in the BEM.

With a piecewise high-order representation of the boundary geometry, tangential derivatives can be computed by defining a

local coordinate system, with unit vectors (s,m,n) pointing along 2 tangential directions (s, m) and the corresponding outward

normal direction n (Fig. 2) in which, defining the curvilinear coordinates (�, �),

s = 1
ℎ1

(

)x
)�

)

with ℎ1 =
|

|

|

|

)x
)�

|

|

|

|

(12)

m = 1
ℎ2

(

)x
)�

)

with ℎ2 =
|

|

|

|

)x
)�

|

|

|

|

(13)

and thus, )s = )�∕ℎ1, and )m = )�∕ℎ2. The coordinate system (s,m,n) is not necessarily orthogonal59, thus defining � = s ⋅m

and unit vector m′ such that (s,m′,n) is orthogonal (Fig. 2), we have,

n = s ×m′ = s ×m
√

1 − �2
(14)

Using this coordinate system, we can compute u = ∇� as59,

∇� =
�s − ��m
1 − �2

s +
�m − ��s
1 − �2

m + �nn (15)

The coordinate transformation of the boundary geometry defined in Cartesian coordinates to the curvilinear coordinates,

(x, y, z)→ (�, �) (with the third coordinate in the normal direction implied, but not used here as only the boundary is discretized)

is defined by the Jacobian matrix (Fig. 2),

J =
(

)x
)�
, )x
)�
,n
)

with |J| = �ℎ1ℎ2 , (16)

which can be used to transform integrals in the BIE, Eq. 3. Considering boundary element k, the piecewise interpolation of

a scalar function f k (e.g., x, y, z, �, �n, ...) over the Cartesian element boundary Γke is expressed by way of a set of Ne shape
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functions, which are typically defined over the reference element Γ�,� , Sj(�, �) (j = 1, ..., Ne), as,

f k(�, �) =
Ne
∑

j=1
Sj(�, �)f̂ kj (17)

where f̂ kj denotes values related to the function f at different points, as described in the next section. Based on this representation,

the tangential s− and m−derivatives of the function f can be computed on element k as,

)f k(�, �)
)(s, m)

= 1
(ℎ1, ℎ2)

Ne
∑

j=1

)Sj(�, �)
)(�, �)

f kj (18)

in which the �− and �−derivatives of the shape functions are typically analytically known, based on the considered element

model.

Consistent with results presented later, where in some applications we compare the efficiency and accuracy of the newly

proposed 3D-FNPF-NWT with FMM, based on cubic B-splines, to that of Grilli et al.’s4 based on MII elements, we detail

below these two types of element models in sections 2.3.2 and 2.3.3, using a consistent set of notations. For completeness, we

first discuss a linear piecewise interpolation based on an unstructured triangular grid, as this simpler approach was used in the

initial version of the NWT51,50.

2.3.1 Linear interpolation on unstructured BEM grids

The linear interpolation of an arbitrary function f (x(�, �)) over a triangular element k is defined with Eq. 17, forNe = 3, using

the linear shape functions (Fig. 3a), with 0 ≤ � ≤ 1, and 0 ≤ � ≤ 1 − �,

S1(�, �) = 1 − � − � ; S2(�, �) = � ; S3(�, �) = � (19)

and three nodal values of the function, f̂ kj (j = 1, ..., 3) defined at the element vertices, located at (0, 0), (1, 0), and (0, 1). This

representation as well as other typical isoparametric elements have the advantage of only requiring that the mesh be a connected

set of triangles, without any additional requirements on mesh connectivity (Fig. 3a). While quadratic triangular elements have

been used in NWTs (e.g.,60), higher-order Lagrange (C0 continuous) elements are rare, because while high-order methods

converge faster, high-order C0 elements can have poor features at the edges between elements, which can negatively affect the

solution, particularly when being part of a time-updating scheme.

An alternative for high-order unstructured meshes is to use subdivision surfaces, whereby the interpolation (or approximation)

are determined in an recursive fashion. The limit surface, to which the method converges, in fact, is a smooth spline patch, except

near extraordinary vertices (i.e., for quadrangular meshes, where the number of elements which meet at one point is not 4; for

triangular meshes, where this number is not 6). Such subdivision elements have been used in finite element analyses61, and in

ship design (e.g., DELFTship62). Due to the additional complexity required at intersections, we do not consider this work here,



12 HARRIS ET AL

and focus instead on other issues (such as improving computational speed and scalability on computer clusters), leaving the use

of higher-order unstructured meshes, although desirable, for future work.

2.3.2 Mid-interval interpolation on structured BEM grids

As discussed above, the 3D-MII bi-cubic elements are defined as one of nine quadrilateral elements within a (4 x 4) 16-node

sliding element patch, depending on their location on the boundary based on the quadrilateral’s lower left node coordinates

(�0, �0) (Fig. 2). The bi-cubic shape functions in Eq. 17, are constructed, for Ne = 16, as the product of two one-dimensional

4-node cubic shape functions N ′
c(�) (c = 1,… , 4) (Fig. 3b) where, in order for (�, �) to vary within [-1, +1] over the element

Γ�,� (i.e., within the middle interval of the 1D shape functions), the additional transformation from � to the reference element

intrinsic coordinates (�, �) is defined as,

�(�, �o) = �o +
1
3
(1 + �) (20)

with � = � or �, for each of the curvilinear direction in the reference element Γ�,� , and �o = �o or �o = −1, -1/3 or 1/3, depending

on which of the 9 quadrilaterals defined is selected. Thus, for an MII element,

Sj(�, �) = N ′
b(j)(�(�, �o))N

′
d(j)(�(�, �o)) (21)

with b, d = 1,… , 4; j = 4 (d − 1) + b, and the standard property of shape functions implying, for i = 1,… , 4,

N ′
c(�i) = �ic with �i = (2i − 5)∕3 (22)

Hence,

N ′
1(�) =

1
16
(1 − �) (9�2 − 1) ; N ′

2(�) =
9
16
(1 − �2) (1 − 3�)

N ′
3(�) =

9
16
(1 − �2) (1 + 3�) ; N ′

4(�) =
1
16
(1 + �) (9�2 − 1) (23)

where the range of integration for elements away from an edge are −1∕3 ≤ � ≤ 1∕3. Although this scheme is third order, we

see that the slope of two adjacent elements are not necessarily the same, as )�N ′
1(−1∕3) ≠ )�N ′

2(1∕3). To create a smoother

surface would require either using more nodes per element (i.e., a larger Ne), which incurs a significant computational time in

the BEM approach, or choosing different basis functions for the interpolation (i.e., using B-splines, detailed next).

In some of the applications presented below, we will compare results of Grilli et al.’s 3D-NWT based on MII elements to

those of the new proposed NWT based on cubic B-splines. The latter are detailed next.
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FIGURE 4 Coefficients relating 2D B-spline control points, f̂ , and the interpolated property f (�(xki , �(x
k
i )) =

∑4
b=1

∑4
d=1 B

′
b(�(�i, �0))B

′
d(�(�i, �0))f̂

k
j with j = 4(d − 1) + b: (a) in the center of the 2D grid; (b) along an edge; (c) using

not-a-knot conditions at a corner. Grayed out areas are beyond the edge of the 2D grid.

2.3.3 Cubic B-splines on structured BEM grids

In the proposed NWT, bi-cubic B-splines are used to interpolate all field variables on the boundary (Figs. 2 and 3c), including

coordinates, velocity potential, and its normal derivative (i.e., f = x, y, z, �, �n in Eq. 17). The goal of this interpolation is to

obtain a smooth representation with continuous first- and second-derivatives, both on the surface of each element Γke and at each

collocation node xi. This approach was first used in a 2D-BEM-NWT by Liu et al.63. The application of more general polynomial

expressions such as B-splines also makes it simpler to later consider using non-uniform rational B-splines (NURBS)64 to model

the NWT boundaries, and particularly the geometry of surface piercing structures such as ships. Abbasnia and Guedes Soares65

have also done similar wave-body interaction simulations, purportedly with NURBS elements, though generally for cases which

only require regular B-splines (and further their results are only parallelized on a small number of processors, and without FMM,

as is done here).

For structured curvilinear grids made of quadrilateral elements, a bi-cubic B-spline interpolation can be defined over each

element based on the product of two 1D cubic B-splines specified in directions � and �, respectively (Fig. 2). This can be written

in the same notation as the MII elements previously:

B′1(�) =
−1
48
(3� − 1)3 ; B′2(�) =

1
48
(81�3 − 27�2 − 45� + 23)

B′3(�) =
1
48
(−81�3 − 27�2 + 45� + 23) ; B′4(�) =

1
48
(3� + 1)3 (24)

One can easily verify that this enforces, by construction, the continuity of the first- and second-derivatives, due to the C2

continuity of the basis function.

At each edge and corner (i.e., boundary intersections in the NWT), high-order elements require additional information for

interpolation, and one does not in general know both the value and the tangential derivative of the geometry and field variables,
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FIGURE 5 Several examples of coefficients relating 2D B-spline control points, f̂ , and the interpolated property derivative
(1∕2))�f (�(xki , �(x

k
i )) = (1∕2)

∑4
b=1

∑4
d=1()�B

′
b(�(�i, �0)))B

′
d(�(�i, �0))f̂

k
j with j = 4(d − 1) + b for, e.g.: (a) derivatives in the

center of the 2D grid; (b) along an edge; (c) at a corner. Grayed out areas represent the area beyond the edge of the 2D grid.

so additional conditions must be specified. One standard method to specify such conditions, when no other information is known

from the problem physics, is the so-called not-a-knot condition, forcing the third-derivatives in the two elements adjacent to a

boundary to be the same; this is automatically satisfied with the �-coordinate transformation above as used for the MII element.

Using these shape functions, however, we no longer have the property given in Eq. 22.

f [i] =
N
∑

j=1
M�

ij f̂ [j] (25)

where each row ofM�
ij is a representation of Eq. 17. More specifically, if a node i is part of an element k with local coordinates

(�0, �0), we can write the sum:

f [i] = f k(�0, �0) =
Ne
∑

j=1
Sj(�0, �0)f̂ kj (26)

Given the properties of B-splines, this will be identical for any element chosen; the specific values can be seen in Fig. 4. Eq. 26

also shows that, while interpolation of a property on any boundary element will depend on all the nodal values, the matrix to

solve for each grid line is very sparse and can be easily inverted to (M�
ij)
−1 (e.g., for an interior point, each row will contain 9

non-zero values, as seen in Fig. 4a).

In the NWT, since the grid connectivity does not change with time, this linear system is only constructed once at the beginning

of each simulation, and then inverted at each time step as needed to interpolate different physical parameters over the mesh.

The solution time for this sparse system of equations is very small compared to the total solution time (e.g., around 1ms for the

typical grids considered in this paper). In addition, this is only required twice per problem to solve, and not for every iteration,

so the overall solution time is almost unaffected as compared to an MII element.
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FIGURE 6Convergence rate of tangential derivative for the function sech2(x) (left), showing errors (right) using linear elements,
MII elements, and B-splines.

Tangential derivatives with B-splines

The derivatives at each node can be computed in the same manner, as a result of a direct application of Eq. 18. Example

coefficients which correspond to these derivatives are shown in Fig. 5. As a simple example, we can simply take a surface (or

equivalently, a line), and compute equivalent tangential derivatives using a linear, MII, and B-spline approach, and compare

them. To avoid end-effects (discussed next), we can consider a smooth function, such as sech2(x), and look at the derivatives

over an interval [−5, 5] for different grid spacings, Δx. We find that for such functions, we obtain around 6 times more accurate

tangential derivatives with B-spline than with MII elements, with a 4th-order convergence (Fig. 6).

Corner conditions in NWT geometric representation

A more complete study of B-splines versus MII elements can find cases when errors at corners are smaller for MII elements,

and this is associated to the not-a-knot conditions. In any case, while not-a-knot conditions yield a well-posed linear system

for computing B-spline control point values f̂j’s, more relevant boundary conditions can be expressed along edges based on

physical constraints expressed for the velocity potential � and the flow velocity u (i.e., the normal and tangential derivatives of

the potential) along the considered edge. For instance, in their 2D-NWT, Grilli and Svendsen66 and Grilli and Subramanya2

expressed such extended compatibility conditions for 1D quasi-spline or MII elements. Defining double nodes at corners, they

expressed both continuity of the velocity potential and flow velocity on each side of the boundary, for various cases of Dirich-

let/Neumann conditions; they then replaced one of the two double-node equations in the BIE algebraic system by this condition.

Similar conditions (as first discussed for cubic B-splines in 2D by Sen67) have been developed for the present NWT byMivehchi

et al.68, which have been shown to improve the numerical accuracy and stability of the solution during time stepping.
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2.4 BEM solution of Laplace’s equation with a FMM

In order to simulate problems with large number of gridpoints in a reasonable amount of time, some method of acceleration

is typically required, such as the FMM. Here, we make use of the ExaFMM library developed by Yokota and Barba69, which

uses Cartesian multipole expansions of the Green’s function (which is less common in FMM codes, but shown by Yokota34 to

be similar in speed to spherical harmonics, if not substantially faster, depending on the order of the expansion used), and the

dual-tree traversal approach of Dehnen70.

In terms of developments of the FMM-BEM, the ExaFMM library was used for computing all far-field interactions (M2M,

M2L, L2L, L2P, as described in section 2.4.3), as well as inter-processor communication for far-field interactions, after the

B-spline BEM code, developed here, computes local interactions and the multipole expansion for a given element. It should

be noted that the ExaFMM library does not (at this point) have any mechanism for its application to boundary elements. This

further limits the dependence of the BEM code on the specific FMM library in case other approaches become more efficient in

the future. For completeness, the full algorithm is shown in section 2.4.3.

2.4.1 Classic BEM solution

At each time step of the NWT solution, Laplace’s equation is solved in domain D for the velocity potential and its time derivative

(Eq. 1), based on the BIE Eqs. 3 to 5. To do so, these equations are discretized with a BEM, where the boundary geometry and

field variables are piecewise-represented within MΓ higher-order boundary elements, as detailed in the previous section. The

BEM solution requires: (i) integrating complex integral kernels over each individual boundary elements Γke (k = 1,… ,MΓ),

which become singular when ri → 0; and (ii) solving the resulting (typicallyNΓ byNΓ) linear system of algebraic equations.

Here, all regular integrals are computed with a 6-node (i.e., 36 nodes per element) Gauss integration and singular integrals

(i.e., with a 1∕ri type weak singularity) are handled using a Duffy transformation71 for B-splines; singular integration methods

forMII elements are detailed in4. Additionally, for boundary points close to a given element (but not on it), although not singular,

the Green’s function varies rapidly with ri. This leads to so-called quasi-singular integrals, whose accuracy can be improved

by adaptive element subdivision, as shown by Grilli and Subramanya72,2. This two dimensional method was later extended by

Grilli et al.4 to quadrilateral MII elements in their 3D-NWT. Here, a similar adaptive integration method is applied to B-spline

elements when the distance from the center of an element being integrated and the collocation point being considered is within

a factor of two of the element size (taken to be the largest distance between any two corners of the element). If the element is

thus close to the collocation node, the boundary integral is split into four smaller Gauss integrals. This process is recursive and,

for results presented here, it is applied up to four times (yielding a maximum of 44 = 256 subdivisions).

Finally, coefficients � in the BIE Eqs. 3 are found by applying the rigid mode method (see, e.g., Brebbia73 and1,4), which

expresses that, for a Dirichlet problem solved for a constant � specified over the entire boundary Γ, the discretized BIE solution
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must be )�∕)n = 0 at all collocation points i; based on this requirement, the � coefficients can be found as the residuals of this

Dirichlet problem.

Discretizing Eq. 3 withMΓ elements, representing the variation of each property (geometry and field variables) f k over the

elements Γke by Eq. 17, transforming the integral kernels to the reference element Γ�,� , with � ∈ [−1, 1] and � ∈ [−1, 1] (Fig.

2)), and computing the influence coefficients by numerical integration, yields the linear algebraic system of equations (i and

j = 1, ...NΓ),

�(xi)�(xi) =
MΓ
∑

k=1
∫
Γke

[

)�
)n
(x) − �(x) )

)n

]

G(x − xi) dΓ (27)

=
MΓ
∑

k=1
∫
Γ�,�

[

Sj(�, �)
)�j
)n

− Sj(�, �)�j
)
)n

]

G(x(�, �) − xi) |Jk(�, �)| d�d� (28)

=
NΓ
∑

j=1

(

Kd
ij

)�j
)n

−Kn
ij�j

)

(29)

and either the potential or its normal derivatives are specified as Dirichlet (d) or Neumann (n) boundary conditions, on

complementary parts of the boundary.

The solution of the algebraic system of Eqs. 29 can efficiently be computed using GMRES13, a Krylov iterative solver with a

O(N2
Γ) numerical complexity. Typically, however, the most computationally intensive part in such a standard BEM solution is

the computation and assembling of the fully populated Neumann and Dirichlet system matrices, [Kn
ij] and [K

d
ij], respectively,

which has a similar numerical complexity.

2.4.2 Fundamental FMM assumptions

With the FMM, the BIE influence coefficients in matrices [Kn
ij] and [K

d
ij] are only integrated as stated for small ri values (based

on a FMM distance criterion), i.e., on the boundary part immediately surrounding point xi; these are referred to as local or

near-field FMM computations. For larger distances ri, a multipole approximation of the Green’s function is applied, which both

simplifies and accelerates computations; these are referred to as distant or far-field FMM computations (Fig. 7).

Specifically, the FMM applies a divide-and-conquer strategy, in which far-field influence coefficients are approximated based

on a truncated multipole (polynomial) expansion of the Green’s function. If xj is a point belonging to a far-field boundary

element with respect to collocation point xi, their distance is first decomposed into three parts (Fig. 8), by assuming that xj is

close to the intermediate point xM , and xi to the intermediate point xΛ, as,

xi − xj = (xi − xΛ) + (xΛ − xM ) + (xM − xj) (30)

The “closeness” of all such pairs of boundary points is defined based on the multipole acceptance criterion (MAC) �. Thus, if

(‖xi − xΛ‖+ ‖xM − xj‖)∕‖xΛ − xM‖ < � (Fig. 8), the Green’s function for the distance vector xi − xj , i.e., between two points
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FIGURE 7 Schematic of 1D tree structure of how contributions of element Γj to the BIE, Eq. 3, are handled in the FMM
for all boundary points. Local interactions (i.e., direct BIE computations) are computed as P2P terms (dashed) whereas distant
interactions are computed with some combination of P2M,M2M,M2L, L2L, and L2P terms, while ensuring anO(�P )maximum
error. Note that top layers are not used since they are always too close together according to the multipole acceptance criterion
(MAC).

xi
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FIGURE 8 FMM structure of collocation points, showing how distance vectors are decomposed into five parts; the error on the
Taylor series approximation of the Green’s function is bounded by O(�P ), with � = (‖xi − xΛ‖ + ‖xM − xj‖)∕‖xΛ − xM‖.

in the neighborhood of intermediate points xΛ and xM , can be approximated by a polynomial expansion of order P ,

G(xi − xj) =
P−1
∑

mx=0

P−mx−1
∑

my=0

P−mx−my−1
∑

mz=0
([xi − xΛ] + [xM − xj])mx([yi − yΛ] + [yM − yj])my

([zi − zΛ] + [zM − zj])mz
)(mx)x )(my)y )(mz)z G(xΛ − xM )

mx!my!mz!
+ O(�P ). (31)
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Rj
(a) M2L

‖xi − xj‖

Ri Rj

(b) P2P (c) Split

FIGURE 9 Dual-tree traversal: Given a pair of cells from the octree of elements and collocation nodes, with cell centers xi and
xj , and radii Ri and Rj , then starting from the highest level: (a) if two cells are far apart (||xi − xj||∕(Ri + Rj) > �), then the
M2L kernel will be applied; (b) if two cells are close together (||xi − xj||∕(Ri +Rj) < �) and do not consist of more sub-cells,
then the direct BIE will be applied; and finally (c) if the two cells are close together but include additional levels to the octree,
then the larger of the two cells will be split (if the two cells are of equal size, the target cell, Ci will be the one that is split).

Applying the binomial theorem and swapping loop orders, we get,

G(xi − xj) =
P−1
∑

kx=0

P−kx−1
∑

ky=0

P−kx−ky−1
∑

kz=0

(xi − xΛ)kx(yi − yΛ)ky(zi − zΛ)kz
kx!ky!kz!

P−kx−1
∑

mx=0

P−ky−mx−1
∑

my=0

P−kz−mx−my−1
∑

mz=0

(

)(mx+kx)x )(my+ky)y )(mz+kz)z G(xΛ − xM )
)

(xM − xj)mx(yM − yj)my(zM − zj)mz

mx!my!mz!
+ O(�P ), (32)

in which the first fraction is referred to as local expansion whereas the last two lines are referred to as multipole expansion. [See

e.g., Dehnen70 for a more compact form.] The truncation error over the P (P +1)(P +2)∕6 terms of this expansion is function of

the MAC, �. Importantly, with this expansion, much of the computation of the Green’s function no longer depends (and varies

with) the original points xi and xj , but instead can be computed once for some intermediate points xΛ and xM .

2.4.3 Application of FMM to BIE evaluation

In order to solve the BEM problem, we use an iterative approach (e.g., GMRES), and therefore ultimately the problem can be

reduced to evaluating Eq. 29 for different guesses of � and �n for a given geometry. We can split this equation into near- and
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far-field contributions as (i and j = 1,… , N),

�(xi)�(xi) =
(

[Kd
ij]near

)�
)n

|

|

|j
− [Kn

ij]near �j

)

+
(

[Kd
ij]far

)�
)n

|

|

|j
− [Kn

ij]far �j

)

(33)

in which the near-field BEM influence coefficients are computed the classical way by direct integration of the Green’s function

and the far-field ones are approximated based on using Eq. 32. The complete solution will be discussed in section 2.5, but to

apply the FMM to a single evaluation of the BIE, the work is divided into a number of stages:

Initialization of octree

As discussed above, the boundary Γ is discretized into a set ofMΓ elements, Γke , but is also made up of a set ofNΓ collocation

nodes, xi. Each set is then subdivided into a number of subsets, equal to the number of computer processes available, by apply-

ing an orthogonal recursive bisection (ORB;74; Fig. 10). [This is in contrast to hashed octrees75, the other main approach for

parallelization of tree-codes.] At each subdivision, an ORB determines which dimension (i.e., x, y, or z) is longest for the cur-

rent subset, and further divides the subset in two pieces along this direction, to have an approximately equal number of nodes

in each new subset. In our implementation, we assume that the number of processors available is a multiple of 2, but Yokota

et al.76 have shown how this can be extended to an arbitrary number of processors. For a given processor, we thus have two

subsets, {Γke}
CPU=j and {xi}CPU=j , and each processor will have similar amounts of computations.

Next, we construct two cubes, or bounding boxes, for each subset, which encompass all of the collocation nodes or all of

the boundary elements attached to a processor. We then split each box into eight smaller boxes (i.e., an octree) and continue

subdividing this structure until the number of nodes in a box is less than a pre-set critical value,Ncrit. This parameter is a tunable

parameter (which here we take to be 16). This parameter determines the number of levels to the octree created for the FMM; a

small Ncrit value will result in more levels, whereas a large value will result in fewer. One can see typical values for different

distributions of points in Abdul-Jabbar et al.77. For any given box, we store the center, size, and either the list of “child” boxes

or collocation nodes or elements stored.

Noting that boundary elements are not point particles, after constructing the octree, we slightly increase the size of each cell

to make sure that the MAC (the distance criterion) is correctly applied. At this stage, we do not yet have any information about

which parts of the domain boundary are near or far, and we do not know anything about the multipole expansions; these are

computed next.

Upward pass

Equations used to compute the far-field BEM influence coefficients in the FMM are derived from introducing Eq. 32 into Eq. 27.
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Specifically, over element Γje belonging to the octree box of center x�, the boundary integrals are computed based on the

polynomial expansion in the last line of Eq. 32, as,

Mmx,my,mz
j (x�) =

1
mx!my!mz! ∫

Γje

(

)�
)n

− �nx
)
)x

− �ny
)
)y
− �nz

)
)z

)

(

(x� − x)mx(y� − y)my(z� − z)mz
)

dΓ , (34)

which is referred to as a P2M (point-to-multipole) operation (Fig. 7). The first time this is done on a new geometry, the integrals

are expressed in terms of their nodal values:

Mmx,my,mz
j (x�) =

1
mx!my!mz! ∫

Γ�,�

(

Sk(�, �)
)�k
)n

− Sk(�, �)�k
)
)n

)

(

(x� − x)mx(y� − y)my(z� − z)mz
)

d�d� , (35)

and therefore each P2M integral only has to be computed a single time for a single geometry.

The distance vector of Eq. 30 is then further decomposed as, xM − xj = (xM − x�) + (x� − xj) (Fig. 8), in which point x�

is close to element Γke and thus also to point xM . Based on this, a formula is derived for combining multipole expansions from

different boxes (referred to as M2M translation). Thus, applying the binomial theorem together with the additional distance

decomposition yields,

Mmx,my,mz
j (xM ) =

mx
∑

kx=0

my
∑

ky=0

mz
∑

kz=0

1
(mx − kx)! (my − ky)! (mz − kz)!

Mkx,ky,kz
j (x�)

(

(xM − x�)(mx−kx)(yM − y�)(my−ky)(zM − z�)(mz−kz)
)

. (36)

The P2M andM2M operations defined by Eqs. 34 and 36 are used to apply the respective multipole expansions to each boundary

elements box of the octree, which is referred to as upward pass; starting with the largest box, Cj , the following algorithm is

applied,

Algorithm 1 Upward pass (P2M, M2M)
1: procedure UPWARD PASS(Cj) ⊳ Get multipole expansion for all levels of Cj
2: if Cj has no child cells then
3: Apply Eq. 34 ⊳ Compute multipole expansion with P2M
4: else
5: for all child cells, Cj2 do
6: UPWARD PASS(Cj2)
7: Compute Eq. 36 ⊳ Add to multipole expansion with M2M
8: end for
9: end if
10: return
11: end procedure
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Traversal

To convert the multipole expansions into local expansions, based on the second line of Eq. 32), we apply,

Lkx,ky,kzj (xΛ) =
P−kx−1
∑

mx=0

P−ky−mx−1
∑

my=0

P−kz−mx−my−1
∑

mz=0
Mmx,my,mz

j (xM )

(

)(mx+kx)x )(my+ky)y )(mz+kz)z G(xΛ − xM )
)

. (37)

Note, Eq. 37 shows that arbitrary derivatives of the Green’s function must be computed, which is performed here in a recursive

fashion, following Visscher and Apalkov78 or Zhang and Haas79.

At this stage (Fig. 9), the distance criterion is applied to verify whether the approximation made in Eq. 37 is relevant. Con-

sidering two boxes in the octree, say Ci and Cj , of centers xi and xj , and radii Ri and Rj , the distance criterion is applied as

detailed in Algorithm 2.

Algorithm 2 Dual Tree Traversal (M2L, P2P)
1: procedure TRAVERSAL(Ci, Cj) ⊳ Get local expansion for all levels of Ci
2: if (‖xi − xΛ‖ + ‖xM − xj‖)∕‖xΛ − xM‖ < � then
3: Compute Eq. 37 ⊳ Compute local expansion with M2L
4: else if both Ci and Cj have no child cells then
5: Store i and j indices in a list ⊳ Remember which interactions are local
6: else
7: Split Ci and/or Cj and traverse all child cells ⊳ Fill lower levels of octree if needed
8: end if
9: return
10: end procedure

This step is referred to as dual tree traversal, at the end of which: (i) all the multipole expansions in the octree of boundary

elements have been converted into local expansions in the octree of collocation nodes; (ii) the distance criterion has determined

which parts of the domain are close to each other, for computing the near-field (local) sparse matrices [Kn
ij]near and [K

d
ij]near.

Inter-processor communication

As indicated before, the parallel FMM solution over a series of sub-domains (or boxes) is divided into multiple processors (Fig.

10), which requires that information be efficiently exchanged between processors, in particular, the multipole expansions stored

in each octree. In the previous phase, the dual-tree traversal, the far-field interaction between the elements and collocation nodes

were stored on a given processor, CPU = j, that is, {Γke}
CPU=j and {xi}CPU=j . Now the interaction between two different

processors are considered, that is, {Γke}
CPU=j1 and {xi}CPU=j2 , for all processors.

In order to prevent the amount of communication overhead from becoming prohibitive with an increasing number of pro-

cessors, the amount of exchanged information can be a priori limited using a simplified distance criterion. Thus, for a remote
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processor with a set of elements, {Γke}
CPU=j1 , a subset of the octree already produced is created, called the local essential tree

(LET), which is transmitted between processors, instead of the entire octree, based on R, the distance to the edge of a domain

considered by the remote processor.

For each part of the octree, the influence coefficients can be approximated by only one multipole expansion if it satisfies

the criterion 2Rj∕R < � (Fig. 10). In this case, the cell is distant enough that no additional detailed contribution is needed;

i.e., finer details would not be used during the dual tree traversal, so the amount of information transmitted is reduced, but no

approximation is applied. The dual tree traversal is then applied between all processors, but the amount of information transmitted

is substantially reduced for more distant subdomains as compared to adjacent ones.

Downward pass

Similar to the upward pass, a method is developed to combine local expansions from different cells, by decomposing the distance

vector as, xi − xΛ = (xi − x�) + (x� − xΛ) (Fig. 8). Applying the binomial theorem, and swapping the loop order yields the L2L

operation,

Lmx,my,mzj (x�) =
P−1
∑

kx=mx

P−kx−1
∑

ky=my

P−kx−ky−1
∑

kz=mz

1
(kx − mx)! (ky − my)! (kz − mz)!

(

(x� − xΛ)(kx−mx)(y� − yΛ)(ky−my)(z� − zΛ)(kz−mz)
)

Lkx,ky,kzj (xΛ). (38)

which expresses the combined contribution of local expansion terms. This contribution is converted into the far-field influence

matrices, through the L2P operation,

[Kd
ij]far

)�
)n

|

|

|j
− [Kn

ij]far�j =
P−1
∑

kx=0

P−kx−1
∑

ky=0

P−kx−ky−1
∑

kz=0

(xi − xΛ)kx(yi − yΛ)ky(zi − zΛ)kz
kx! ky! kz!

Lkx,ky,kzj (x�) (39)

As a check of the various FMM contributions, we note that the combinations of Eqs. 34 to 39 is equivalent to substituting the

original Taylor series expansion for the Green’s function, Eq. 32, into Eq. 3. More specifically, the downward pass is computed

as shown in Algorithm 3.

2.5 Execution of the parallel FMM-BEM solution

At each time step, when a new domain geometry is considered, a far-field computation (Sec. 2.4.3) is first performed with � = 1

specified over the entire boundary, for which one has �n = 0. In this process, as mentioned above, the dual-tree traversal will

produce a list of near-field interactions, for which the standard BEM matrices are directly computed. Referring back to Eq. 33,

we therefore compute � by the rigid mode method as,

�(xi) = −
∑

j

(

[Kn
ij]near + [K

n
ij]far

)

(40)
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Algorithm 3 Downward pass (L2L, L2P)
1: procedure DOWNWARD PASS(Ci) ⊳ Get far-field influence
2: if Ci has no child cells then
3: Compute Eq. 39 ⊳ Evaluate local expansion with L2P
4: else
5: for all child cells, Ci2 do
6: Compute Eq. 38 ⊳ Add to local expansion with L2L
7: DOWNWARD PASS(Ci2)
8: end for
9: end if
10: return
11: end procedure

CPU 1

CPU 2

CPU 3 CPU 4

Target CPU

Source cell

R
Rj

(a) (b)

FIGURE 10 Parallelization, showing: (a) orthogonal recursive bisection, whereby each processor ends up with a similar number
of collocation nodes or boundary elements; and (b) local essential tree criterion; for any given cell, if it is a leaf (containing
boundary elements but no smaller cells), the element information is sent to the remote process (P2P interaction expected); if not,
but 2Rj∕R < �, then the cell is far from the target partition, so the multipole expansion is sent; if the criterion is not satisfied,
the source cell is split and the same procedure is applied to the eight smaller cells.

The computation of the near-field sparse matrices [Kd
ij]near and [K

n
ij]near is described next.

Assembly phase

After storing the near-field interaction list, [Kn
ij]near and [K

d
ij]near are computed using the standard BEM approach, which consists

in directly integrating the boundary integral equation over each considered boundary element, based on the free space Green’s

function. However only O(NΓ) computations are required instead of O(N2
Γ), as these coefficients are stored as sparse matrices.

As in the classic BEM, in order to apply boundary conditions, Eq. 29 is further separated depending on the type of boundary

condition into knowns (those with an overbar), and unknowns (those without):

{Cpl +Kn
pl}�p −K

d
gl
)�
)n

|

|

|g
= Kd

pl
)�
)n

|

|

|p
− {Cgl +Kn

gl}�g (41)
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where C is a diagonal matrix made of coefficients �l, with l = 1,… , NΓ ; g = 1,… , Ng refers to nodes with a Dirichlet

condition on the free-surface boundary, Γf , and p = 1,… , Np refers to nodes on other boundaries with a Neumann condition.

If we divide Eq. 41 into near- and far-field components, as in Eq. 33, we can also write it as:

{Cpl + [Kn
pl]near + [K

n
pl]far}�p

−{[Kd
gl]near + [K

d
gl]far}

)�
)n

|

|

|g
={[Kd

pl]near + [K
d
pl]far}

)�
)n

|

|

|p

− {Cgl + [Kn
gl]near + [K

n
gl]far}�g (42)

After already determining the near-field coefficients, [Kn
ij]near and [K

d
ij]near, and the coefficients �l, the right-hand side in the

above equation requires a second far-field FMM calculation, as part of the assembly phase.

Iterative solution with GMRES

After the assembly phase is completed, the BEM algebraic system (Eq. 33) is solved with the iterative solver GMRES. At each

iteration, the error due to a solution “guess” is computed by applying the upward pass, traversal, and downward pass procedures

detailed above, to compute the approximate matrix-vector products.

Convergence of the iterative solution is deemed attained when Eq. 3 is solved to within some prescribed error �GMRES, taken

here to be 10−9. When applying GMRES on a parallel CPU cluster, it is critical to limit the number of iterations and, as a result,

the amount of inter-processor communication required, which penalizes the solution time. This is done here by applying a simple

diagonal preconditioning to the system of equations. It is worth noting that, using all of the local (P2P) interactions that are

already stored as a preconditioner is substantially more efficient on a single processor, but special attention is still required to

minimize communication between processors. An assessment of the scalability of the current BEM-FMM solution is presented

in the next section.

2.6 Scalability of the BEM-FMM solution

The NWT BEM-FMM solver performance is first assessed for a steady state linear wave problem, for which an analytical

solution is known (i.e., no time stepping is involved). Similar to Grilli and Svendsen66, Grilli et al.4, or Shao and Faltinsen20, a

simple cuboid computational domain is used (Fig. 11a), for which mixed Dirichlet-Neumann boundary conditions are specified:

(i) a Dirichlet condition for the potential: � = cos(kx), on the free surface; (ii) a Neumann boundary condition �n = 0, on

the lateral sides and on the bottom; and (iii) a Neumann boundary condition corresponding to ∓)�∕)x = ± sin(kx) cosh(k(z +

ℎ))∕ cosh(kℎ), on the leftward and rightward boundaries. This problem represents an horizontally oscillatory potential, that is

decaying with depth, for a linear wave of amplitude a = !∕g, with angular frequency ! and wavenumber k = 2�∕� satisfying

the linear dispersion relationship, !2∕g = k tanh kℎ80.



26 HARRIS ET AL

1/24 1/12 1/610−4

10−3

10−2

10−1

(Δx∕�)4

Δx∕�

� d

BEM, kℎ = �

0.2 0.3 0.4 0.510−4

10−3

10−2

10−1

�

� d

BEM, kℎ = �, Δx = �∕12

(a) (b) (c)

FIGURE 11 Convergence study of BEM numerical error for analytical wave benchmark: (a) two examples of computational
domains, with 10 B-spline elements used vertically, and 20 B-spline elements used in each horizontal direction; (b) numerical
error as a function of relative horizontal mesh size Δx∕� without using the FMM; and (c) numerical error as a function of
multipole acceptance criterion, �, for different orders of FMM expansion (6 – ×, 10 – ◦, 14 – •).

For this problem, it is easy to show that, on the free surface (z = 0), �z = �n = �k tanh kℎ. Hence, the numerical error of

the BEM-FMM solution is defined as the maximum of, �d = �n − �k tanh kℎ, a free-surface error, which is assessed in results

obtained both on a single processor as a function of the number of nodesNΓ, with and without using the FMM, and then using

the FMM on a cluster ofMC processors with distributed memory, for a givenNΓ value.

As the FMM is an approximate method, the error of the BEM solution is first assessed without using the FMM. Considering

a domain with 20 B-spline elements horizontally in each direction, and 10 B-spline elements vertically, the geometry is scaled

horizontally by maintaining a constant kℎ = �, which for linear waves corresponds to a deep water solution. Hence, by reducing

the relative horizontal mesh sizeΔx∕�, one increases the number of nodes per wavelength used to solve the benchmark problem,

and hence increases the numerical accuracy within the same total number of nodes NΓ in the domain discretization. Fig. 11b

shows that without the FMM the maximum error over the free-surface rapidly converges with a reduction in relative horizontal

mesh size. As expected from the cubic elements that are used, this decrease in error is near order 4 with relative horizontal mesh

size. However, there is a limit to the reduction in error (around 8×10−4), due to other numerical parameters being kept constant,

such as the vertical grid size Δz∕�.

The same problem is solved next using the FMM, and assuming different multipole acceptance criterions � and order of

expansion P . If � is zero, then the result will be identical to the non-FMMmodel (though with additional computations to initiate

the multipole expansions, which then would not be used), whereas if � is large, most calculations will depend on the FMM

approximation, with typically the ideal value of � being between 0.1 and 1.0. As the FMM truncation error is O(�P ), the same

error can be obtained with different orders of expansion depending on the selected � value. Note, the ideal choice of � and P

depends on the implementation and computer hardware. Fig. 11c shows that, for a low-order expansion, e.g., P = 6, significant
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errors occur even for a multipole acceptance criterion as low as � = 0.2. Alternatively, for a high-order expansion, e.g., P = 14,

the error in the free-surface solution is almost indistinguishable from that of the regular BEM solution. One could, however,

obtain small (and similar) errors using (� = 0.35, P = 10) or (� = 0.45, P = 14); one would need a larger test case in order to

see what effect these parameters have on CPU time.

Now, considering a similarly shaped domain which, instead of varying Δx∕�, this value is fixed at Δx∕� = 1∕10, keeping

kℎ = �, and the grid is discretized with a varying number of nodes NΓ, Fig. 12a compares the CPU time for solving this

problem on a single processor with the BEMmodel, with and without the FMM, as a function ofNΓ and for identical maximum

errors in the solution of the algebraic system of equations (here a 10−12 relative error in the iterative solution with GMRES).

Computations are performed on Porthos, an IBMNeXtScale nx360M5, using Xeon E5-2697v3 14C 2.6GHz processors, with an

Infiniband FDR interconnect (ranked 407 on the TOP500 list as of June 2017). For small grids (103 nodes or less), as expected,

the performance is not dramatically different, either with or without the FMM, but for 5 × 104 nodes or more, the classic BEM

on a single processor becomes impractical, being at least one order of magnitude slower than when using the FMM. Compared

to earlier works by19 or43, the present method appears to be substantially faster, although this can be attributed mostly to

improvements in processor performance and the differences in problem setup. Consistent with previously published results, we

find a numerical complexity O(N2
Γ) without the FMM and O(N1.2

Γ ) with the FMM. The solution time with the FMM thus does

not perfectly scale asO(NΓ), which may be because the number of GMRES iterations increases very slightly with problem size.

A similar trend is observed for different order expansions, but lower-order expansions are slightly faster for the conditions tested

here.

Fig. 12b shows the speed-up of the FMM solution as a function of the number of CPUs MC , for a fixed number of nodes

NΓ = 22, 826. For small numbers of processors, the problem scales very well, but the parallel efficiency drops off when using

more than 16 processors. Although this performance is not ideal, it is not unexpected compared to recent works using this type

of algorithm. The present speed-up is an order of magnitude better than that achieved in earlier work by Nimmala et al.47 and

consistent with Wang et al.81, who solved the Stokes equation using a similar computational approach and were able to achieve

a 13 times speedup using 32 processors, for a problem with 36,504 nodes. A decrease in parallelization efficiency as the number

of processors approaches the number of unknowns was shown in the first parallelization attempt of the FMM by Greengard and

Gropp33 as well.

Given that the first step of the parallel FMM solution is to assemble a local octree, it is logical that the scalability would be

maintained when there are large numbers of collocation nodes per processor. Indeed results such as Yokota et al.’s49 or Cao

et al.’s82 show impressive scaling for thousands of processors, but using billions of particles, which only need to be solved a

single time. With a fully nonlinear time-domain NWT, Laplace’s equation must be solved multiple times per time step, and for

thousands of time steps. Nevertheless, some modifications to our algorithm could be implemented to improve the scalability
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FIGURE 12 BEM solution of a mixed Dirichlet-Neumann problem in a box-like domain (Fig. 11a): (a) CPU time on a single
CPU as a function of the number of nodes NΓ, without the FMM (×), with the FMM, using P = 10, � = 0.35 (◦), and with
FMM, using P = 14, � = 0.45 (•); and (b) speed-up of the parallel solution, for NΓ = 22, 826, as a function of the number of
CPUsMC , using the FMM.

of the parallel FMM solution. For instance, our use of a diagonal preconditioner is overly simplistic; most production codes

make use of a more sophisticated preconditioner such as ILU(0), or an algebraic multigrid approach, which converges faster.

The NWT code is being refactored to consider more sophisticated approaches for future work.

2.7 Filtering of the waterline

As will be seen in applications, the present FNPF-NWT yields a stable solution for the propagation of steep nonlinear waves.

This is unlike some earlier nonlinear potential flow models (e.g., 83,20), where sawtooth instabilities both occurred and required

filtering over the entire surface. However, it is observed that, in some circumstances such as near and on the intersection of the

free surface with surface piercing objects, instabilities are triggered for steep waves, that require filtering. This appears to be a

result of nonlinear wave structure interactions that would normally result in local wave breaking or other physical effect.

To counteract this effect, a filter is applied at each time step to the three closest points (radially) near the waterline, based on

the method introduced by Longuet-Higgins and Cokelet26. In essence, this filter is designed to have a minimal effect on most

waves, except those with a wavelength that is two elements long. Considering a free surface property f (i.e., �, � ), the filter

applies the following 7-point formula, in the angular direction,

fi =
1
32
(−fi−3 + 9fi−1 + 16fi + 9fi+1 − fi+3) (43)

where i denotes the index of the grid points located around the perimeter of the surface-piercing body.
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2.8 Wave generation and absorption

Generation

Similar to the method introduced by Grilli and Horrillo’s8 in their 2D-NWT, fully nonlinear periodic waves are generated

here by specifying their kinematics along the NWT’s leftward boundary (Fig. 1), based on the streamfunction wave theory84.

This theory was extended by Dalrymple85 to include a depth-uniform current U , which Grilli et al.8 iteratively computed to

balance the period-averaged mass transport velocity (i.e., Stokes drift), thus generating what they referred to as zero-mass-flux

streamfunction waves, that do not in average modify the NWT volume (except for numerical errors). [Note, Fenton3 later showed

that this current can be directly rather than iteratively computed.] More specifically, in this method, the streamfunction in depth

ℎ0 is defined as a series expansion (with J terms) of trigonometric and hyperbolic functions, in a coordinate system moving at

the wave celerity c,

 (k(x − ct), z) =
J
∑

j=1

{

X(j) sinh{jk(ℎ0 + z)} cos{jk(x − ct)}
}

− (U − c)z (44)

based onwhich both velocity and acceleration can be easily computed over depth, and specified as Neumann boundary conditions

for the � and �t BIE problems. Note that, proceeding in a similar manner, fully nonlinear irregular incident waves could be

specified on the NWT lateral boundary, provided these are described by a relevant nonlinear wave theory (e.g., high-order

spectral method86).

To prevent instabilities from being triggered at the wavemaker boundary at the beginning of the simulation, the velocity field

is gradually ramped-up, say over one wave period T , by multiplying it by a tanh-like tapering function, D(t); details can be

found in Grilli and Horrillo8.

Absorption

On the far end of the NWT (e.g., rightward boundary in Fig. 1), also similar to Grilli and Horrillo’s 2D work8, reflection is

eliminated by damping waves in an absorbing beach of length LAB (AB; Fig. 1). Although many methods have been proposed

for doing so (see, e.g., the recent comparison of methods by Kim et al.87), similar to Dombre et al.55, dissipative terms are only

added to the dynamic free surface boundary condition as,

��
�t
=
)�
)z

−
)�
)x

)�
)x

−
)�
)y
)�
)y

��
�t
= −g� − 1

2
∇� ⋅ ∇� +

)�
)t
)�
)z

− �(x, y)
(

)�
)z

−wref

)

(45)

with �(x, y) a damping coefficient (Fig. 1) and wref a reference vertical velocity, either taken to be zero in rectangular domains

(e.g., for wave propagation tests) or, for cylindrical domains, being the vertical velocity of the wave input (e.g., streamfunction

wave theory); in this case, the AB is sometimes referred to as a relaxation zone.
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(a) (b)

FIGURE 13 Propagation in the 3D-NWT of a large amplitude solitary wave with H∕ℎ0 = 0.6, over constant depth ℎ0, at
t′ = t

√

g∕ℎ0 = 4.0, with the boundary discretized with: (a) MII elements using fully Lagrangian free-surface updating; and (b)
B-spline elements using semi-Lagrangian free-surface updating. Color scale is velocity potential, �.

The damping coefficient, �(x, y), smoothly increases from zero inside the domain, up to some maximum, �0:

�(l) =

⎧

⎪

⎪

⎨
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⎪

⎩

�0
(

l−LAB
LAB

)2
l > LAB

0 l ≤ LAB

(46)

where for a rectangular domain, this just depends on the NWT longitudinal direction (i.e., l = x), or for a cylindrical domain,

this just depends on the radius (i.e., l =
√

x2 + y2).

It should be noted that two more advanced aspects of the AB implemented by Grilli and Horrillo8 have not been used here.

First, instead of using a constant coefficient �0, they optimized its value to best absorb the incident wave power at any given time.

Second, on the rightward end wall of the NWT, they used an absorbing piston, as proposed by Clément88, which can be more

efficient than a dissipation term specified on the free surface (akin to a surface pressure) when absorbing long waves in shallow

water (see details in8). For the applications presented here, however, both of these features are unlikely to have any significant

effect, but in future studies (particularly for shallower water), it may be necessary to consider such methods.

3 APPLICATIONS

3.1 Solitary wave propagation

Similar to Grilli et al.4, the accuracy and convergence properties of the NWT are first assessed for the transient propagation of

a nonlinear solitary wave over constant depth. The NWT has a length 15 times the water depth, a width twice the depth, and

the wave height is such that H∕ℎ0 = 0.6 (Fig. 13). The initial fully nonlinear solitary wave profile, free surface potential and

normal velocity are computed using Tanaka’s highly accurate method52. The wave crest is initially located at x′ = x∕ℎ0 = 5.5
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and computations are performed until t′ = t
√

g∕ℎ0 = 4.0 (prime variables are non-dimensional, with length being scaled by

depth ℎ0 and time by
√

ℎ0∕g). For such a permanent form wave, numerical errors are assessed in terms of conservation of wave

mass and energy during the wave propagation, as compared to those computed with Tanaka’s method (m0, e0) to within a 10−9

accuracy (note, here the reference level of the potential energy is defined at z = 0).

Thus, the numerical error on wave volume is defined as, �m = |

|

(m(t) − m0)∕m0||, with the instantaneous solitary wave volume

being computed in the NWT as,

m(t) = ∫
Γf

z nz dΓ (47)

with Γf denoting the free surface boundary and nz the vertical component of the outward normal vector n. Similarly, the numer-

ical error on total wave energy is defined as, �e = |

|

(e(t) − e0)∕e0||, with the instantaneous total energy being computed as the

sum of kinetic and potential energy, as,

e(t) = 1
2
�∫
Γf

�
)�
)n

dΓ + 1
2
�g ∫

Γf

z2nz dΓ (48)

In both Eqs. 47 and 48, computing the integrals over the free surface yields the volume and potential energy error corresponding

to the wave only, which yields stricter relative errors than those using the entire NWT mass and energy.

Fig. 14 shows variations of these errors as a function of the grid size Δx and mesh Courant number, Co = Δt
√

gℎ0∕Δx.

Overall, errors decrease with bothΔx and C0, but for the latter, only up to a point, reaching a plateau or even slightly increasing,

for small enough C0 values in the finest grid sizes. This indicates that errors converge with grid size and, in the finer grids are
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FIGURE 14 Maximum errors in wave volume (left) and energy (right) conservation for the propagation of a solitary wave with
amplitude ofH∕ℎ = 0.6 over constant depth, up to t′ = t

√

g∕ℎ0 = 4.0. Results are provided as a function of mesh size Δx and
Courant number C0 = Δt

√

gℎ0∕Δx.
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(a) (b)

FIGURE 15 Simulations of the propagation of a streamfunctionwavewith heightH ′ = 0.15 and period T ′ = 3.5515 (L′ = 2.07,
H ′∕L′ = 0.072). Free surface elevation, shaded by �n, at t′ ≈ 10.0T ′ (after achieving quasi-steady state) computed in: (a) the
Lagrangian MII-NWT; and (b) the present semi-Lagrangian NWT with cubic B-splines.

minimum for an optimal mesh Courant number C0 ≃ 0.4 − 0.5; this was also observed by Grilli et al. 4 in their 3D-FNPF-

NWT, using MII elements, whose results are reproduced here. Note that Büchmann58 studied NWT stability and showed that

the important nondimensional variable is � =
√

Δx∕g∕Δt, but as Co = �−1
√

ℎ0∕Δx, the two are equivalent.

In Fig. 14, the mass conservation error is substantially smaller when using the semi-Lagrangian time updating in this NWT,

rather than the Lagrangian time-updating, but the trend is opposite for energy conservation. One likely reason for this reduction

in energy conservation error is that a Lagrangian updating allows nodes to move closer together at the solitary wave crest, thus

decreasing Δx as the simulation progresses. For the Lagrangian time-updating, we also see that results using B-splines are

similar to those of Grilli et al.4 using MII elements, although errors level off near 10−4. But that is expected due to no controls

being applied to the velocity of the fluid at double nodes (i.e., intersections between the free-surface and the sidewalls); study

of this effect will be subject to an upcoming work.

3.2 Periodic wave propagation

The propagation of fully nonlinear periodic waves is simulated next, in a NWT similar to that of the previous case (Fig. 15).

Similar to Grilli and Horrillo’s8 2D simulations, as detailed before, incident waves are generated on the leftward boundary of

the tank as (zero-mass-flux) streamfunction waves of height H ′ = H∕ℎ0 = 0.15 and period T ′ = T
√

g∕ℎ0 = 3.5515. With

these values, the wavelength is L′ = L∕ℎ0 = 2.07 and steepnessH ′∕L′ = 0.072; hence, these are nearly deep water waves with

significant nonlinearity.

As in the previous application, wave propagation is simulated in both the new 3D-FNPF-NWT and in Grilli et al.’s earlier

NWT4, discretized here with 832 quadrilateral (either cubic MII or cubic B-spline) elements (1,070 nodes; grid spacing on

the free surface Δx′ = 0.2). Considering the small size of the discretization in this case, the FMM is not used as it would not



HARRIS ET AL 33

8 10
-0.1

-0.05

0

0.05

0.1

t′∕T ′

�′
(t′
)

0 2 4 6 8 10
0

0.02

0.04

0.06

0.08

t′∕T ′

|
�′
(m
) |

(a) (b)

FIGURE 16 Results of streamfunction propagation simulations (case of Fig. 15): (a) time-series of streamfunction waves at
x′ = 4.0 (on the NWT axis), in B-spline NWT (—), theory (- - -), and MII-NWT (⋯); and (b) Short-term Fourier transform of
B-spline results for 1st (—), 2nd (- - -), and 3rd (⋯) order harmonics (m = 1, 2, 3) in Eq. 49.

provide any advantage in speed. Larger applications using the parallel FMM are presented in the following sections. For the B-

spline NWT, the time step is Δt′ = T ′∕30, whereas for the MII NWT, the initial time step is Δt′ = T ′∕60, which is adaptively

adjusted to maintain a constant Courant number C0 = 0.45; the finer time step is required to maintain accuracy for the duration

of simulations, for the selected parameters. The domain length l′ is 10.0, or about five wavelengths long, with the absorbing

beach (AB) starting at x′ = 6.0, with a non-dimensional strength �o = 0.5 (Eqs. 45 to 46). The startup duration is taken to be

one wave period, T ′start = T
′.

Fig. 15 shows free surface elevations computed in the MII and in the present NWTs, at t′ ≈ 10.0T ′ after simulations have

reached a quasi-steady state. Fig. 16a shows, for both NWTs, time series of incident waves elevation � ′(t′) computed at a

numerical wave gauge located at x′ = 4.0 on the tank axis, approximately two wavelengths away from the wavemaker, and

one wavelength away from the start of the AB. Results of both numerical simulations are in good agreement with the theory,

although slightly larger, with differences likely due to imperfect absorption of incident wave energy in the AB. Fig. 16b shows

results of applying a short-time Fourier transform (STFT) to the time series computed in the B-spline NWT (for m = 1, 2, 3),

� ′(m)(t) =

t′+T ′

∫
t′

� (t) eim!′�d� (49)

where !′ = 2�∕T ′ is the angular frequency of incident waves. Initially, due to the ramp-up of wave generation, the first three

harmonics amplitudes both increase and oscillate, until simulations reach a quasi-steady state, for t′ > 7T ′ or so. Small residual

amplitude oscillations remain beyond this time, due to imperfect absorption in the AB. Imperfect energy absorption is to be

expected as, even the optimized AB of Grilli and Horrillo8 caused a few percent reflection. The STFT itself also appears slightly

noisy, which could be alleviated, e.g., using a Hamming window to filter the input signal; or a wavelet transform could be used
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instead of the STFT. Nevertheless, as seen in Table 1, for both NWTs, the value of the first three harmonics amplitudes in

simulations is in good agreement with the theory, with a slight advantage for the present NWT.

In addition to the element type, as mentioned before, there is a slight difference in the wave generation methods used in the

two NWTs. Indeed, the present NWT uses a semi-Lagrangian approach for the time integration of the free surface conditions,

in which nodes are vertically updated; hence all free surface nodes keep a fixed horizontal location as a function of time. By

contrast, in the MII-NWT, nodes are updated with a Lagrangian approach, following water particles on the free surface. Hence,

as time increases, all the free surface nodes gradually move down the tank, towards x > 0, as a result of Stokes drift minus the

opposite current that is specified in the wave generation; this is compensated by having the wavemaker boundary follow the first

row of free surface nodes (see details in Grilli and Horrillo8).

In order to verify the effect of time-step or grid-size, we can adjust each and we will find a slight change to the time-series

Fig. 17a, due to discretization effects. Further, one can verify the efficiency of the AB by taking a larger wave tank (of length

12.0), and looking at the spatial variation of the wave amplitude at different locations. For this comparison, we use the amplitude

of the first harmonic, as computed using a least-squares fit, taking the free-surface elevation at each point to be a sum of sinusoids.

3.3 Surface-piercing truncated cylinder

As a first case of wave-structure interaction, the diffraction of periodic deep water nonlinear waves is modeled around a truncated

surface-piercing cylinder of radiusR and draftD, withD∕R = 3 (Fig. 18). Liu et al.39 compared their second-order BEM results

for this case, to the experiments of Krokstad and Stansberg89. Kim and Yue90 also studied this problem, up to second-order in

the frequency domain, and Faltinsen et al.91 developed a small-body asymptotic theory for it.

Simulations are carried out in the present NWT with B-spline elements, with a domain geometry similar to that of Fig. 1

(rightward), for incident (zero-mass-flux) streamfunction waves of length L and amplitude A, with kR = 0.22 and kA = 0.133

(k = 2�∕L). The outer radius of the NWT is 2L, and its depth ℎ = L∕2 (i.e., these are deep-water waves). The absorbing

beach (AB; here a relaxation zone) is one wavelength wide on all sides. The domain boundary was discretized withNΓ = 2, 948

TABLE 1 Case of Fig. 15. Non-dimensional amplitudes of first, second, and third harmonics computed on the time series of
Fig. 16a, for incident (zero-mass-flux) streamfunction waves of heightH ′

0 = 0.15 and period T
′ = 3.5515, and results of NWT

simulations at x′ = 4.0; harmonics are computed by applying a short term Fourier transform (STFT) to time series between the
7th and 10th wave periods.

Model |� (1)|∕ℎ0 |� (2)|∕ℎ0 |� (3)|∕ℎ0
Theory 7.32 × 10−2 8.96 × 10−3 1.66 × 10−3

B-spline NWT 7.11 × 10−2 8.52 × 10−3 1.59 × 10−3

MII-NWT 7.38 × 10−2 9.89 × 10−3 2.01 × 10−3



HARRIS ET AL 35

9.8 10.0
0.06

0.08

0.10

t′∕T ′

�′
(t′
)

0 2 4 6 8 10 12
0

0.02

0.04

0.06

0.08

x′

|
�′
(1
) |

(a) (b)

FIGURE 17 Results of streamfunction propagation simulations, showing: (a) time-series of streamfunction waves at x′ = 4.0
(on the NWT axis) with a tank of length 10.0, in B-spline NWT for Δt of T ∕30 (- - -), T ∕45 (⋯), T ∕60 (⋅ ⋅ ⋅), and reference
solution (—); and (b) magnitude of the first harmonic in space for an AB that starts at x′ = 6 (or LAB = 6; solid), at x′ = 8 (or
LAB = 4; dashed), and at x′ = 10 (or LAB = 2; dotted) for a tank of length 12.0.
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FIGURE 18 Diffraction around a surface piercing truncated cylinder. Short-time Fourier transform of longitudinal force
measured on a truncated cylinder in waves, for the first (solid), second (dashed), and third (dotted) harmonics.

collocation nodes. To prevent instabilities, the filter detailed in Sec. 2.7 was applied to the free surface, near its intersection with

the cylinder.

Wave diffraction was simulated for 11 wave periods T , during which the time series of the horizontal hydrodynamic force

applied to the cylinder was computed as, f (t) = ∫Γℎ p(t)nx dΓ (where Γℎ denotes the cylinder’s hull, and nx the x-component

of the normal vector, and the pressure is determined directly from Eq. 6); the non-dimensional force is further defined as,

f ′ = f∕(�gR3).

Although quasi-steady conditions are considered here, in offshore engineering, where truncated cylinders have often been used

as part of support structures of oil rigs and are part of new designs of floating wind turbines, it is important to accurately estimate

higher-order harmonics of the hydrodynamic force resulting from nonlinear wave diffraction. Indeed, these are associated with

transient effects such as ringing (e.g., third-order forces; see Molin92). Thus, Table 2 shows the first three harmonic amplitudes
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of f ′(t) computed from t = 6 to 9T , together with earlier experimental and numerical results. The agreement of most results

with experiments is quite good for the 1st and 3rd harmonic and slightly less good for the second harmonic.

Given the small magnitude of the higher-order terms in the present case, however, it should also be pointed out that nonlinear

viscous (drag) forces, neglected here, may significantly contribute to the higher-order harmonics of the total hydrodynamic force

(Gentaz et al.93). Adjustment of different grids show that the results for the first-order harmonic changes less than 3%, whereas

higher-order harmonics vary more with changes in grid size, which is normal given the smaller wavelength of higher-order

harmonics.

3.4 Bottom-mounted vertical cylinder

Simulations were performed next for the interaction of deep water nonlinear periodic waves of various amplitudes A with a

bottom-mounted vertical cylinder (i.e., monopile). Huseby and Grue94 experimentally tested such a cylinder of radiusR = 3 cm

in depth ℎ = 0.6 m. They generated incident waves with a piston wavemaker and placed the cylinder sufficiently far from it for

the hydrodynamic force to be accurately measured, before spurious waves arrived (i.e., reflections, or parasitic, second-harmonic

waves that are produced by a physical wavemaker).

3.4.1 Results for kR = 0.245

Huseby and Grue’s experimental conditions are modeled in the NWT using a computational domain similar to that in Fig. 1

(rightward), with an outer radius of 1.5 m and an AB (or relaxation zone) of 0.75 m on all sides. Similar to other authors83,20,

rather than modeling wave generation by a wavemaker, incident waves are simulated as in applications above, as zero-mass-flux

streamfunction waves. A range of wave steepnesses kA are modeled, with kR = 0.245 (Fig. 19), and in each case simulations

are performed for 10 wave periods T , with a quasi-steady state being reached for t > 7T .

TABLE 2 Case of Fig. 18. First three harmonic amplitudes of the non-dimensional horizontal hydrodynamic force f ′(t) applied
to a truncated vertical cylinder, with D∕R = 3, kR = 0.22, and kA = 0.133. Each amplitude was scaled by the corresponding
power of wave steepness. NWT results are compared to earlier numerical and experimental results.

Result Method |f ′(1)|
(kA)

|f ′(2)|
(kA)2

|f ′(3)|
(kA)3

Experiments Krokstad and Stansberg (1995) 13.64 10.85 25.36
Second-order BEM Liu et al. (2001) 13.41 12.97 30.99
Second-order freq. Kim and Yue (1989) 13.28 14.86 26.30
Small-body asympt. Faltinsen et al. (1995) 13.93 16.64 28.17

Present NWT BEM (cubic B-spline) 13.92 13.79 23.11
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The horizontal force f (t) acting on the cylinder was computed as detailed in the previous application. Fig. 20 compares the

computed force first three harmonics amplitudes to those of the experimentally measured force. For reference, the numerical

results of Ferrant83 are also shown. A good agreement of numerical results with experiments is observed, particularly for the

first and third harmonics, with slightly larger errors for the second harmonics, although the expected trend with steepness kA is

observed. The discrepancy in the second-order harmonics was also observed in Ferrant’s83 numerical results.

As with the previous application, filtering of the free surface was used (Sec. 2.7), near the intersection of the cylinder with the

free surface. Additional simulations showed that instabilities only occurred for thin cylinders, i.e., when the surface Keulegan-

Carpenter number is moderate. When running the model without filtering and at sufficiently high-resolution, wave patterns

similar to those identified by Swan and Sheikh95 as type-2 waves appeared near the cylinder, which are nonlinear waves that

would eventually break, and discussion of the physics has been considered by Mockute et al.96 for this type of problem.

3.4.2 Results for kR = 0.378

In order to investigate the stability question further, tests for kA = 0.05 and kR = 0.378 were conducted, without using any

filtering of the free-surface. In this case, for similar wave amplitudes, the test runs for kR = 0.245 would become unstable, but

here (Fig. 21), we obtain stable results with the expected magnitude. To test the sensitivity of the FMM application, the model

is run both with and without FMM, with a difference in the measured horizontal force less than 0.01%.

Others have also reported that filtering is required for modeling a vertical cylinder in regular waves has been required for

moderate wave amplitudes and sufficiently thin cylinders; in particular, Ferrant83 and Christou97 both discussed this necessity

for the same test case and parameters. Future work will look at physically accounting for the energy dissipation of such locally

breaking waves.

(a) (b)

FIGURE 19 Snapshot of diffraction around a bottom-mounted cylinder, computed in the present NWT: (a) after achieving a
quasi-steady state; and (b) close-up view showing diffracted waves. Incident waves are (zero-mass-flux) streamfunction waves
in deep water, here with kA = 0.10 and kR = 0.245.



38 HARRIS ET AL

0.00 0.05 0.10 0.15 0.20 0.25
6.0
6.2
6.4
6.6
6.8
7.0
7.2

|
f
(1
) |
∕(
�g
A
R
2 )

0.00 0.05 0.10 0.15 0.20 0.25
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

|
f
(2
) |
∕(
�g
A
2 R
)

0.00 0.05 0.10 0.15 0.20 0.25
0.0
0.1
0.2
0.3
0.4
0.5

kA

|
f
(3
) |
∕(
�g
A
3 )

FIGURE 20 Non-dimensional amplitude of first- through third-order harmonic of the horizontal hydrodynamic force f (t)
applied to a bottom-mounted cylinder of radius R, for deep water periodic waves of wavenumber k, for different steepness kA,
with kR = 0.245, in: (◦) Huseby and Grue’s94 experiments; (×) Ferrant’s83 model results; and (∙) computed in the present NWT.
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FIGURE 21 Snapshot of diffraction around a bottom-mounted cylinder, computed in the present NWT, without free-surface
filtering: (a) after achieving a quasi-steady state; and (b) time-series of horizontal force. Incident waves are (zero-mass-flux)
streamfunction waves in deep water, here with kA = 0.05 and kR = 0.378.

4 CONCLUSIONS AND PERSPECTIVES

In this work, we reported on the development, validation, and application of a new parallelized, FMM-accelerated, three-

dimensional (3D) Numerical Wave Tank (NWT) solving fully nonlinear potential flow equations (FNPF) for wave-structure

interaction, based on a boundary element method (BEM). This NWT provides both a more efficient implementation (in terms
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of numerical complexity) of Grilli et al.’s4 NWT and has the ability to use either unstructured grids, in the case of linear ele-

ments, or block structured grids, in the case of cubic B-spline elements. The latter is mathematically based on the same types

of splines used in computer-aided designs for ships or other engineering structures.

While we focus on a semi-Lagrangian (i.e., vertical time-updating) treatment of the free surface, which is limited in someways

compared to cubic MII elements used in earlier work4,42,5,6 (e.g., no wave overturning can be modeled), applications presented

here show that similarly acceptable numerical errors on conservation of mass and energy can be obtained, while achieving much

faster computational times. This is due to the more advantageous numerical complexity of the present NWT. More specifically,

in the applications presented here (e.g., solitary and periodic wave propagation), while providing the same or smaller numerical

errors, the present B-spline NWT proved much more computationally efficient than that of Grilli et al.’s4 MII-NWT, which

scales nearly as O(N2
Γ) in terms of CPU time and numerical complexity. Here, an O(N1.2

Γ ) complexity was achieved on a single

processor, with an additional reasonable speed-up when using multiple processors (e.g, of nearly 4 for 4 processors and 16 for

64 processors). Beyond a few thousand collocation nodes, using the earlier NWT was deemed prohibitive. By contrast, with the

present NWT, the combination of parallelization and FMM, makes it possible simulating transient wave structure interaction

problems using large grids, of up to 100,000 nodes, while achieving a reasonable performance on a medium size cluster (desktop

workstation). In particular, in the presented more advanced applications of wave interaction with a surface piercing cylinder,

stable and accurate results were achieved for the nonlinear hydrodynamic force applied to the cylinder.

As described by Tanizawa9, there are common features to all time-domain potential flow nonlinear NWTs: the choice of

a discretization; the development of a Laplace solver; the need to compute tangential derivatives (including at the edges and

corners between multiple surfaces); the choice of a time-stepping method; and the application of methods for wave generation

and absorption. Here, we show results using cubic B-spline elements, and we accelerate the Laplace solver by making use of the

fast multipolemethod (FMM), in an efficient parallel implementation (ExaFMM), yielding amethodwhich provides significantly

better scaling than most traditional BEM solutions. Although, in some cases, we do not yet have some features of the NWT of

Grilli et al.4, or the same speed as in the recent method of Engsig-Karup22, we expect that by improving the preconditioning of

the algebraic system of equations, it will be possible to make significant improvements in all aspects of potential flow solution.

As a tool for offshore design, the present NWT still has a number of practical limitations, particularly when considering

moving bodies. In this respect, recent improvements in the corresponding 2D-NWT of Grilli et al.1,2 by Guerber et al.48 and

Dombre et al.55, concerning floating bodies, are being implemented in this 3D-NWT. Some results are reported in Dombre et

al.57. Also, given the physical limitations to what can be modeled with an inviscid NWT, it is logical to consider the possibility

of coupling this NWT to a viscous model for flow around a body. We have shown in earlier work51 that obtaining the internal

velocity quickly using the FMM is straightforward. Given the results shown here, as well as more recent results by Dombre98
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for forced and free motion of floating bodies, it is expected that the present formulation can be applied successfully both to cases

of academic interest, as well as industrial designs, such as ship waves, wave energy converters, or floating offshore platforms.

An important limitation of this type of NWT design, even for flows which otherwise can be described almost entirely by

potential flow, is the occurence of local wave breaking, which in a perfectly inviscid description would result in overturning

waves. In this case, the energy which would be lost from the waves due to this breaking can be absorbed by a pressure depending

on local free-surface slope or curvature68. Further, the interpolation on each boundary element is based here only on information

on a given surface (e.g., the free-surface), but at intersections, one can obtain more accurate simulations by imposing additional

constraints on the interpolation, as previously studied by Grilli and Svendsen66 in 2D, and is now being considered in 3D68.

This work in progress will be incorporoated in future versions of the model.
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