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A FINITE ELEMENT BASED P*M METHOD FOR N-BODY
PROBLEMS

NATALIE N. BEAMS*, LUKE N. OLSONf, AND JONATHAN B. FREUND

Abstract. We introduce a fast mesh-based method for computing N-body interactions that
is both scalable and accurate. The method is founded on a particle-particle—particle-mesh (P3M)
approach, which decomposes a potential into rapidly decaying short-range interactions and smooth,
mesh-resolvable long-range interactions. However, in contrast to the traditional approach of using
Gaussian screen functions to accomplish this decomposition, our method employs specially designed
polynomial bases to construct the screened potentials. Because of this form of the screen, the
long-range component of the potential is then solved ezactly with a finite element method, leading
ultimately to a sparse matrix problem that is solved efficiently with standard multigrid methods.
Moreover, since this system represents an exact discretization, the optimal resolution properties of
the FFT are unnecessary, though the short-range calculation is now more involved than P3M/PME
methods. We introduce the method, analyze its key properties, and demonstrate the accuracy of the
algorithm.

Key words. N-body, finite element, multigrid, P3M, PME, multipole methods

AMS subject classifications. 70-08, 70F10, 65N30, 656N99

1. Introduction. N-body interactions arise in a range of applications, includ-
ing molecular dynamics, plasma dynamics, vortex methods, and viscous flow: sys-
tems that are described by a Green’s function solution to the Poisson equation or its
derivatives. We focus on three-dimensional electrostatic-like 1/R interactions, where
R is the distance to a particle; this is the simplest kernel in three dimensions and
well-known for this class of problems. However, the resulting algorithm we describe
extends to other systems. We consider a periodic domain, which is commonly used to
model extensive systems, and discuss a straightforward extension to other boundary
conditions in Section Without loss of generality we consider a L3 cubic unit cell
containing N point charges, which has the total electrostatic potential energy
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where @, is the electrostatic potential at location x; of particle ¢ with charge @;. The
central challenge in (IIJ) is the computation of the potential,

(1.2) :Z Z m
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because of the fairly slow 1/R decay rate of the interactions at large distances.
There are a number of approaches for efficiently evaluating (L2). The most
widely used methods are generally classified as either tree-based, such as the fast
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multipole method (FMM) [II], or mesh-based (sometimes called “particle-in-cell”),
such as the particle-particle-particle-mesh (P3M) method [16] and its popular variant,
the particle-mesh-Ewald (PME) method [5, [7]. In the FMM, particles are grouped
within multipole expansions to provide an accurate representation of their combined
influence at a distance, thus limiting the number of terms needed to explicitly compute
the interactions. The resulting algorithm scales with O(N) complexity, although the
coefficient in this scaling can be large, especially if a high-order multipole expansion
is required for the desired accuracy [12]. Efficient implementations are intricate—
especially in parallel—but demonstrated, and the FMM has been shown to be effective
as an adaptive three-dimensional algorithm [4]. The method also extends to systems
with more complicated kernels, such as Stokes flow [28] [30, 29].

In comparison, mesh-based methods also reduce the number of explicit calcula-
tions but achieve this by splitting the potential into a rapidly decaying component
®*" which is accurately calculated with inclusion of only a few short-range interac-
tions, and a smooth part ®*™, which is solved on a mesh covering the domain [16].
It is instructive to view this splitting as the addition and subtraction of strategically
selected “screening” functions, so that the potential in (L2]) decomposes as

(1.3) P; = D; — O+
~————
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The particle-mesh-Ewald (PME) method [5] bases this decomposition directly
on the Ewald summation [§] for (I2) and uses Lagrangian interpolation to move
between particle locations and the mesh, while the smooth PME (SPME) uses B-
spline interpolants, similar to those proposed in the P?M method [7]. PME-based
algorithms use Gaussian screening functions, as illustrated in Figure [Tl Here, the
screen is designed to yield a ®** that is straightforward to calculate within a prescribed
cutoff at radius R, while the long-range portion of the potential remains smooth. In
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Fig. 1.1: Introduction of a Gaussian screen to define (L3) and resulting decomposition of the
potential of the singular charge.

PME-based methods, the Gaussian screen yields a ™ that is accurately solved by
fast Fourier transforms (FFTs). To do this, the screen is interpolated to a regular
mesh and the Poisson (or similar) operator is inverted. For computational efficiency
it is desirable that these screens be as compact as possible and barely resolved on
the mesh, since this maximizes the decay of the screened potential ®°. Fast decay
allows for a small point-to-point interaction cutoff distance R., which reduces the
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number of interactions that need to be explicitly computed for the targeted accuracy.
The ideal wavenumber resolution of the FFT provides accurate representation of the
most compact screens possible. The FFT also makes these methods most natural for
periodic domains, but they can be extended to free space [16, 24, [9].

Here we propose a fundamentally new decomposition that is constructed within
a P3M-type framework. The method incorporates screen potentials that are selected
to yield exact mesh potentials, which has many potential benefits. The screens are
designed for a mesh and thus have no explicit dependence on problem geometry; this
suggests complex geometries as well as more general boundary conditions fit naturally
within this method. In addition, the exact mesh potential recast the problem as sparse
matrix problem where multigrid methods are known (and shown in Section 4) to be
effective and scale to high core counts [1]. As a result, since the method does not rely
on the Fourier resolution for an accurate mesh solution, a global FFT can be avoided,
which may be beneficial at extreme scales. Indeed, while multigrid methods are
ultimately latency bound, they do not exhibit the strong dependence on a machine’s
half-bandwidth, which is a limited factor of using multidimensional FFTs a large core
counts [10].

The new decomposition we propose comes with the cost of representing more
intricate short-range interactions. The calculations are more involved than the simple
isotropic point-to-point interactions of PME, but are tractable and more importantly
local, which contributes to scalability. As we highlight in the following sections, the
short-range potential also has fast but algebraic decay (up to 1/R® in our examples),
which is less attractive than the exponential decay seen in PME, thus possibly leading
to more local interactions.

Improvements to Ewald-type schemes range from coarsening strategies to reduce
the number of grid points by using a staggered mesh [3] to multilevel approaches [2]
that yield increased locality in the FFT calculations while resulting in only a small
increase in total work. Moreover, other methods such as the Multilevel Summation
Method (MSM) [25] 26] 27, [17] take different approach to operator splitting altogether.

In summary, the goal of this paper is to detail a method the incorporates mesh-
based screens and to investigate the accuracy of such an approach. In Section 2 we
develop the mathematical construction of each component. In particular, we detail
the screen functions that lead to the exact sparse linear system for ®*™ and the local
evaluation of ®*'. In Section B we develop a performance model for the method
and discuss its implications in a parallel setting. A numerical experiment is shown
in Section M to confirm the accuracy of our method. Additional considerations and
possible extensions are discussed in Section

2. Description of method. The Ewald decomposition is often viewed through
the construction of a screen potential to define the corresponding short-range and
long-range potentials. The usual PME formulation is consistent with the original
Ewald decomposition in that it uses a Gaussian screen function

(2.1) pf (%) = Qipoe~ I,

This screen, as depicted in Figure [[LT] yields a short-range potential so that ®" o
erfc(alx — x;|)/|x — x;|, which is straightforward to compute. The resulting mesh
potential satisfies the Poisson problem,

(2.2) — V-V = Zpi(x),
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which is then optimally solved using FFTs on a mesh.
We instead propose screening functions p;(x) that are piecewise polynomials of
order ¢, as shown in Figure 2.I1 The corresponding potential is then solved exactly
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Fig. 2.1: Introduction of a polynomial screen and resulting decomposition of the potential of the
singular charge.

with (22) using a finite element method with basis functions of order p = ¢+ 2. That
is, the potential is represented exactly in the finite element space, making the optimal
resolution provided by an FFT-based solve unnecessary.

Next, we describe the details of the method, following the four basic steps of
P3M methods: assignment of charges to the mesh, solving for the smooth potential
on the mesh, transferring the potential back to the charge locations, and calculating
the point-to-point (short-range) interactions. A high-level synopsis of the algorithm
is described in Algorithm [ to illustrate the structural pieces of our approach.

Algorithm 1: Polynomial Screen Method for Calculating Potential

Input: A mesh of elements e; and a group of point charges @;
Return: Potential at locations of charges

fOI‘ eaCh Chal“ge Qq/ {charge assignment, Section [ZII}
place @; in element
solve for screen (@I or @ID}

for each element e;
if element e; € surface

| adjust boundary conditions as necessary {see @2}
apply charge assignment operator to form py, {see M}
perform multigrid solve of —V2®5™ = p, {see €2}
for each charge Q; {evaluations, Sections 3] and
| @; + P57 4 O™ {mesh-to-charge assignment}

We assume a collection of N charges Q = {Q}fv ; located at x§ in a cube 2 =
[0, L] (see Figure Z2). A mesh with Ny = n¥ x nY, x nZ elements is constructed to
conform to the domain, and a uniform mesh is assumed in each direction for simplicity
of presentation — i.e., net = n¥ = nY, = nZ. Finally, the collocation points for g-order

basis functions on the mesh are denoted x}', with j =1,..., M = (gna + 1)3.

2.1. Charge assignment. A central component of particle-mesh methods is
the assignment of singular charges to the mesh, yielding a mesh-based charge density
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Fig. 2.2: Schematic configuration showing N charges of strength Q; at locations x§ distributed in
the cubic domain  of size hng X hne X hnel, where h is the size of the cubic finite elements. The
finite element centers are X and the collocation points are x;-n.

function, pm(x™). In particular, we seek an assignment function W(x) that reflects
our specially selected screen functions and provides a weighting that distributes a
charge @); at x; to each collocation point x* of the basis functions:

N
(2.3) P (X)) = Qi > WX x5).
=1

Existing methods use Lagrange polynomials (PME [5]) or B-splines (P*M [16] and
SPME [7]) for this weighting, the latter of which work particularly well with FFTs.
The charge assignment function impacts both accuracy and efficiency of the method.
In our approach we design an assignment operator based directly on polynomial basis
functions for compatibility with a finite-element-based Poisson solver.

2.1.1. Defining the polynomial screens. We define our screen density func-
tion for a single charge @; € Q as

(2.4) pi(x) = Zcﬂ/)j(x),

J

with linear superposition providing the extension to multiple charges. Here 9;(x) are a
collection of g-order Lagrange basis functions over an index set determined as follows.
If charge @Q; is located within element 7; of the mesh, we choose Vpi = Urnn#0T
to be the interpolation support of the charge assignment operator. That is, the
support is the union of the element of the mesh that includes the charge along with
all neighboring elements, leading to a support of 27 elements in three dimensions.
Generalization to other choices for this support are briefly discussed in SectionBl To
construct the polynomial screen, we consider the degrees of freedom which are interior
to or on the faces of the element containing the charge. For g-order interpolating
polynomials, this leads to dim(Vpi) =(¢+ 1)3 degrees of freedom. These degrees of
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freedom are determined so that the charge-screen combination has a potential that

decays rapidly in space by considering the multipole expansion of the screen for a

point well outside the screen, given by

(2.5)

w56 = = [ pl€)de—— [ pi@) €0 der oz [ (@1 -6 der-
R Vi R? Vi 2R3 Vi

P

where R = (x — 5(2) /h, with x representing the observation point, 5(2 is the center of
the screen volume, and h is the mesh size. The quantity 1 is the unit direction vector
R/|R|.

For a charge Q); located at x; = (23, ¥s, 2;) in element 7; (see Figure[2.2)), we denote
the offset §; = (67,87,07) = x; — X; with respect to the center of the element X;, and
define the (I, m,n)-moment and centered (I, m,n)-moment of the screen function as

(2.6) plmm) = / (o= 60) (y = 0Y)" (= — 67)" pa(x) dx,
Vs

(27) ﬁl(‘lﬂn)n) — / Ilymznpz()o dx.
Vi

where the origin is taken to be X/, the center of the screen volume V. Dividing

pgo,o,o) = [y pi(x)dx by R = |x; — x|/h gives the first term of the screen’s multipole
P

expansion from (2.35]). Thus, requiring pgo,o,o) = 1 guarantees that the combined point-

charge and screen have a potential that decays at least as fast as 1/R? with distance
from the point charge. Likewise, zeroing higher moments of the screen enforces the
cancellation of dipole and higher-order terms and further accelerates the long-range
decay rate, thereby reducing the number of interactions that must be explicitly rep-
resented by point-to-point computations. With the available degrees of freedom, a
screen of order ¢ cancels all terms up to R~(¢+1) | leaving & = 1/R— % ~ R—(a+2),
This is summarized in Table 2.1 which shows the moments that result from perform-
ing the vector operations in the integrands of (Z3]).

Power of R Single terms Mixed terms
Rfl 1 I
R? T,Y, 2 —
R_3 $2ay272’2 Y, L2, Yz
RfN INflvnylvafl xlymz”,with

1<l,mn<N-—2,
andl+m+n=N-1

Table 2.1: Polynomial terms in multipole expansion.

Constructing the screen. The goal is to perform multipole cancellations with
screens that are also compatible with the basis functions of our finite element dis-
cretization. With this description, each screen is composed of Ny = n3, = (¢ + 1)3
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nodal screen basis functions, :

Ngc.—1

(2.8) pi(x) = Y cjiy(x).

=0

Thus, revisiting (2.3]), the assignment operator W is

Nec—1 .
(2.9) Wi(x; x¢) = kgo i (0:) e (x}) xm e V)
0 otherwise.

Restricting the first Ny moments leads to a Ng. X Ny linear system for the coeflicients

c in (Z8)):

L ST PN i I ) 1

1/}(1,0,0) 1/}(1,0,0) o (1fOLO) o 0
(2.10) ° ' e .

1/16(17(17(1) wiq,q,q) o 1/’5\?;3f1) N1 0

where ; (mon) s the (1,m,n)-moment, as defined in (.6) for p, of the j-th screen
basis function ;(x).

Figure 2.3l shows cross-sections of example screens constructed using g = 1,...,4.
Each screen’s peak is attained near the marked charge, and the screens are constructed
to decay to zero at the edge of V,,. The screens have support in the active screen region
Vpi and for g > 1, the screens are in general non-monotone.

We confirm in Figure 2.4] that screens constructed in this fashion yield potentials
with the expected behavior: in all cases, the far-field behavior approximates 1/R. In
Figure 2.5 we estimate mean and peak errors incurred for point-to-point interaction
truncation at a distance R, = R./h. To do this, the short-range potential is con-
structed for NV = 84 charge locations and sampled in 42 directions; the behavior of
|®°"] is shown in the figure as the weighted average |®%" |avg and the maximum from all
samples || .. In addition, the radius from a charge location is also normalized as
R= R/h, and is denoted R (see Figure 22]). We see that twice the screen-size scale
R~3 corresponds to the expected start of the asymptotic decay behavior. This is
the distance at which a multipole expansion is generally considered “well-separated”
and expected to show convergence with R. Both the mean and peak errors show the
expected behavior for increasing g beyond this distance.

A fast algorithm for screen construction. Solving (ZI0) directly requires
O(N2)) operations for each screen, which is feasible, but is not necessary in general.
In the following, we design a fast algorithm for computing screens, which follows from
a generalization of the Parallel Axis Theorem applied to moments used in the system.
First, we note that the moments are additive. For example, the first moment in
variable z of basis function v; satisfies

1/}](1,0,0)_/‘/ 21h(x) dx—df/v P(x) dx

_ 1/;](1,0,0) B 55#);0,0,0),

(2.11)
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Fig. 2.3: Example linear through quartic screens for a single marked charge.
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Fig. 2.4: Screen potential in two directions: (a) x —x; x (1,0,0) and (b) x — x; o< (1,1,1).

where @- (1,0.0) is the centered moment of the j-th basis function as in (7). Therefore,
second row of ([2I0) is equivalent to

Nsc_]- Nsc_l

(2.12) ST it =67 37 0 =67

=0 =0
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10° L 10’

Fig. 2.5: Maximum (solid) and average (dash-dot-dot) short-range potentials for screens with ¢ =1
to 4. The straight dash-dot lines denote the expected slopes.

Similarly, the second moment of 1); satisfies

(_2,0,0) _ 2 dx — o d . 9 1
(213) 1Z)J /Vpx 1/’(X) X 251 /Vp $1/}(X) X + (51) /Vp 1/)()() X

_ J)J(g,o,o) B 25?1/35-1’070) " (526)21/);0’0’0),
so the third row of (ZI0) becomes

Nsc_l Nsc_l Nsc—l
+(2,0,0 - +(1,0,0 z\2 0,0,0
Z Cj@/’](‘ ) = 20; Z Cj@/’](‘ )~ (67) Z Cj%/J]( )
(2.14) =0 =0 =0

=2(67)" — (67)* = (67)".

Continuing this procedure for other moments in (Z10) yields:

¢60,0,0) ¢§0,0,0) o wj(\?f,_ol) co 1
_(()1,0,0) 77/jgl,o,o) e 5;
(2.15) CE) - S @00) S (07)" 7
—(()0,1,0) 5Y
7(2,0,9) 7,(4:4,) 5TV (59 (57)4
_¢0 ¢NSC—1_ | CNeo—1 | _( $)1(67)7(65) ]

which we write compactly as Cc = f. An advantage of this form is that for a uniform
mesh, the matrix C is the same for each screen, since the moments reference the center
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of the element. As a result, the matrix is pre-factorized leading to a complexity of
only O(NZ2) to solve for each screen.

For small ¢ this yields a small operation count, yet the computation is further
reduced if ¢ (x) is separable, as is the case for the regular cubic mesh shown in Fig-
ure In this case,

(2.16) Vi (x) = wi(@)w; (y)wi(2),

where w; are the one-dimensional nodal basis functions for a mesh size h and k =
i+ (g+1)j+ (¢+ 1)2k with 4,7,k € [0,q]. With ¢ separable, the moment integrals
are also separable:

Gom = [ sty b
vi

3h/2 3h/2 3h/2
(2.17) = (/3h/2 zlw; () dx) (/3h/2y w;(y) dy) (/3h/22 wi(z) dz> .

Following the notation of (271), we define

3h/2
(2.18) LDZ@ = / zlw;(z) dzx

—3h/2
and likewise for the one-dimensional y and z centered moments. We take ¢, =
wiwfwi and recognize that the right-hand side of ([2.I5) is also separable as f, =
(6%)1(8¥)™(6%)™ with p = I+ (g+1)m+(q + 1)*n. This yields three equivalent (¢ + 1)
systems of the form

q
(2.19) S o @w? = (6%, 1=0,....q

i=0
which are solved independently. The inverse of the matrix is computed once and
applied for all right hand sides, resulting in only O(n2,) operations per screen. This
method also extends to regular rectangular meshes, where A is not necessarily equal
in each direction.

2.2. Solution of the mesh potential. Given our construction of the screen p
using the finite element basis functions via (29), the solution of ®*™ is straightfor-
ward. We simply use a finite element solver with basis functions u™ of order p = ¢+ 2,
which results in a symmetric, positive definite sparse linear system (under realistic as-
sumptions regarding the boundary conditions) that does not introduce any numerical
approximations.

Multigrid preconditioners are effective for this problem, even for high-order bases,
and allow the sparse matrix problem to be solved to any level of accuracy. As an ex-
ample, consider the case of a high-order finite element discretization of the Poisson
problem with Dirichlet boundary conditions. Figure shows the convergence his-
tory of a multigrid preconditioned conjugate gradient method for basis functions of
order p = 1 through 6. An algebraic multigrid preconditioner, based on smoothed ag-
gregation using a more general strength measure [22] and optimal interpolation opera-
tor [21], is used. We observe only a weak dependence on p. Moreover, more advanced
multigrid techniques have shown still better scalings for both Poisson and other ellip-
tic problems such as for Stokes flow [15 20]. Importantly for our principal objective,
multigrid preconditioners are well-known to exhibit high parallel efficiency [10] [I]. In
the following tests, we use AMG through the BoomerAMG package [13].
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Fig. 2.6: Convergence history for the Poisson problem using basis elements of order p = 1,...,6 for
both the conjugate gradient method (dot-dashed) and multigrid preconditioning (solid).

2.3. Evaluation of the smooth potential at charge locations. The next
step is to evaluate ®™ at the charge locations. For standard P?M and PME imple-
mentations, this involves interpolation with the Lagrangian or B-spline basis functions
from the charge assignment. In contrast, our method requires no interpolation, though
interpolation can be used to speed up calculations, if desired. Since the smooth po-
tential exists in each element as a linear combination of coefficients — i.e., the values
of ®™ at x™ for all N, points in an element — and the basis functions u™, the
smooth potential is expressed ezactly at any point as

N
(2.20) (x) = Y (Il (x — ),

J=1

where Ny, is the number of collocation points in an element. Direct evaluation at the
charge locations x = xY is straightforward.

2.4. Short-range potential. Our formulation for the exact mesh solution yields
a more complex short-range interaction than PME. In addition to R, the short-range
interaction now also depends on the position of the charge relative to the under-
lying mesh. Consequently, additional effort is required to evaluate the short-range
interaction. However, the calculation is local, so it does not inhibit parallel efficiency.
The short-range potential at point x due to a charge @); located at x; is

Qi

(2.21) ¥ (x) = x|~ (%),
where

SC(x) — pl(é)
(2.22) D5 >_/V;' |x—£|d€'
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Though feasible, performing accurate quadrature for each screen individually is com-
putationally expensive. We therefore shift a significant portion of this computational
effort to a pre-processing step, for which there are multiple options.

One approach is to consider a look-up table of pre-computed values for the screen
potential evaluated at x; due to a charge at x{. These values are represented in
a six-dimensional look-up table as ®%°(x; — x{;d;), since they are a function of the
difference between the evaluation point and the charge location, and also the offset of
the charge within its element (which determines the screen).

With some additional computation, but still without resorting to direct evaluation
of [2:22), it is possible to remove the charge offset interpolation to reduce errors. We
accomplish this by recognizing the screen’s formulation as a linear combination of
basis functions,

Nge—1
NN ¥;(€)
(2.23) PE(x) = Q; ;O c](él)/vpi X_€|d£
Nee—1
224 0N @)
j=0

This approach yields Ny look-up tables for basis-function potential values <I>b>sc(xj —
x$). However, for ¢ > 2 the polynomial nature of the screen leads to non-monotonic
decay for some directions within the region where the screen is active, as shown
in Figure 2.4l Consequently, a direct implementation of a look-up table for such
functions requires sufficient resolution, which is harder to achieve for larger ¢q. For
good performance, knowledge of the underlying structure of the screen potentials
should be used to inform both the storage locations for the look-up table values and
the interpolation method.

2.5. A note about the self term. If the point x is the location of a charge, we
do not wish to include the potential due to this charge in our calculation. However,
we do still need to subtract the screen potential from the charge’s own screen, which is
sometimes called the “self” term. We can allow for this by amending our short-range
potential expression to include both cases:

) = {%—¢i6<x> x| >0

(2.25) oS
—P¥°(x) otherwise.

2

2.6. Alternate boundary conditions. The formulation above is presented
under the assumption of periodic boundary conditions, which is the simplest case and
important for a range of applications. It is straightforward to generalize boundary
conditions via the mesh potential ™. This is accomplished by adjusting for short-
range effects present at the boundary and then proceeding in the usual manner for a
finite element problem with the given type of boundary conditions. For example, for
a Dirichlet boundary condition of ® = g on 0V, the condition for our mesh problem
becomes

(226) q)sm|av =g — (I)SY|3\/,
which leads to

(2.27) D|oy = Doy + D¥|gy = g.
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A similar approach is used in [I4]. This also extends to the case of Neumann or mixed-
type boundary conditions, with the usual constraint to address the non-uniqueness of
the fully Neumann problem. Free-space conditions impose the usual challenges but
are no more difficult for the proposed scheme than for any mesh-based Poisson solver.

3. Performance model. The computational cost of the method for N charges
is formulated as O(N)+ O(M), where M = (pne + 1) is the total number of degrees
of freedom in the mesh. Example CPU time scalings for the major N-related com-
ponents is illustrated in Figure B.1al with the M-dependent mesh solve times shown
in Figure B.Ibl Given N and M and assuming on average N5 neighboring elements
in the short-range interaction list for each charge, then it is possible to express the
coefficients in the linear O(N) + O(M) operation count in terms of p. Such a formu-
lation provides a more detailed description of the actual costs of each component of
the method and their relationships to the order of the screens.
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(a) Total CPU time vs. N for the main N-  (b) CPU time to solve for mesh potential

dependent components of the algorithm, in-  versus number of mesh points M. The num-
cluding screen creation, short-range calcula-  ber of elements per coordinate direction is
tion, basis function evaluation, and combi-  varied from 7 to 19.

nation of short-range and mesh potentials at
charge locations.

Fig. 3.1: Total CPU time for (a) N-related components, and (b) mesh solve (M-related).

3.1. Breakdown of costs. Screens p;(x) of order ¢ are built out of (¢ +1)° =

Ngc basis functions — recall that p = g + 2. The corresponding finite element solve
associated with these screens involves (p + 1)3 degrees of freedom per element and
a total of M degrees of freedom. We also define the average number of charges per
element as N = N/Ng.

3.1.1. Screen construction. For each evaluation, the element containing each
charge is identified, and the offsets from the center of these elements determined. This
incurs a small O(N) cost, which we designate C; N. The screen coefficients are then
calculated. As shown in (ZI9), assuming pre-computed inverses, this amounts to three
matrix-vector multiplications of size ¢ + 1 =p — 1, for a cost of 6(p — 1)2 —3(p-1).
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We then multiply the one-dimensional weights, resulting in two additional floating
point multiplications. The total cost for determining the screen coefficients is thus

(screen construction) ~[6(p—1)>=3(p—1)+2(p—1)°]N.

3.1.2. Short-range potential. The cost of evaluating the short-range poten-
tial depends on the method chosen for calculating ®5¢, as discussed in Section 2.4
In addition, there is a cost of O(N) due to the singular part of the short-range cal-
culations, which we denote SN. For a general six-dimensional look-up table, the
cost of calculating ®%¢ at a point due to all charges in the short-range interaction
volume is CoN Ng, where C5 depends on the order of interpolation used. If Ny
three-dimensional look-up tables are used, as we have done in the example calcula-
tions of Section [, then the interpolation is repeated for (g + 1)3 tables and combined
by an inner product with the screen coefficients and a multiplication by @; for a total

of [Calp — 1) +2(p — l)S]NNslr. The cost for the short-range calculation is then
(point-to-point evaluation) ~ SN + [Co(p — 1) +2(p — 1)’] NN

Since N = N /Ne, this expression is also written in terms of N2. However, we
assume that in practice, NN 5 is chosen to be small enough to render this effectively
as O(N). Furthermore, if N is > 1, this cost is reduced further by calculating the
effects of all charges in an element at once in an “element-to-point” operation. To do
this, we compile a combined list of Q;c; for all the charges in any given element, so
that the screen potential for this sum at a point as calculated by ([2:24) is the same
as if the charges were handled individually. The cost then is then reduced by a factor
of N yielding

(element-to-point evaluation) ~ SN +[Co(p—1)° +2(p—1)° — 1IN

3.1.3. Mesh solve. The “transfer” of the order-q screens to a representation in
order p = ¢g+2 basis functions by ([2.9) to construct the source py, in the right-hand side
of the finite element solve (2.2]) requires an inner product between a vector containing
the screen coefficients ¢(d) with the evaluation of the order-¢ basis functions at the
collocation points, followed by a multiplication by @;. This is done at each degree of
freedom within an active screen area, for a total of (3p + 1) x [2(p— 1)]N operations.
The multigrid solve for the finite element problem is O(M), with a coefficient C' that
depends on the convergence of the iterations, but is considered low in practice. Overall
the mesh solve thus has complexity

(mesh solve) ~{Bp+1)° x 2(p—1)°’]}N + CM.

3.1.4. Evaluation. The smooth potential is written as a combination of basis
functions at the location of each charge, as in (2:20). Thus evaluation involves (p + 1)3
basis functions at a cost of 2p operations for each function. However, empirically we
find that this cost is minimal in terms of CPU time.

3.2. Summary. The screen creation (mostly due to the “transfer” portion) and
short-range interaction calculations are the most costly even for modest values of
p given the scaling shown above. The relative costs of these two portions of the
algorithm depend on choices in short-range calculation method, mesh size, and ¢q. For
any given cutoff error, decreasing mesh spacing decreases the number of short-range
interactions, but results in an increased number of collocation points M in the mesh
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solve. Likewise, increasing ¢ also decreases the number of short-range interactions,
but at the price of the increased cost of constructing and manipulating screens for
larger q. Calculating the short-range effects of each individual charge becomes more
costly with increased ¢, though at a slower rate than the transfer. The scaling of these
components is shown in Figure for cases of N = 102 to 10° randomly distributed
particles in a triply-periodic box with 6859 elements. It is noted that once N > 1,
the singular short-range calculation loses its linearity in N. However, the screen
potential portion of the short-range calculation retains its linearity due utilization of
the “element-to-point” evaluation method.

102 L

Ll Ll Ll MR | L L Lol ol
10? 10° 10“N 10° 108 10? 10° 10“N 10° 10°

(a) (b)

Fig. 3.2: Example CPU time vs. N for the two most costly local portions of the algorithm: (a)
creation of the screens, (b) calculation of short-range interactions for N5 =7 x 7 x 7. The dot-dash
lines show the time associated with calculating singular potentials, while solid lines show times cal-
culating element-to-point screen potentials. At large N, there is an expected breakdown in linearity
for the singular potential calculations.

4. Example calculation. We consider cases with N ranging from 102 to 10°
unit charges placed in a triply-periodic unit cube of elements with A = 0.067. The
exact positions are selected randomly, but distributed so that any given charge ex-
periences both long-range interactions, on the scale of the overall periodic domain
size, and short-range interactions of comparable magnitude. This is done to provide a
balanced test of both the short-range and smooth portions of our decomposition. To
achieve this, the charges are randomly distributed within two smaller cubes: [0,1/ 2]3
is biased toward positive charges, 55% to 45%, and [1/2, 1]3 is biased equally strongly
toward negative charges. This set-up is visualized in Figure fIh for N = 100.

The potential is then calculated using a short-range interaction of 7 x 7 x 7 = 343
elements (corresponding to a minimum possible value of 3 for the cutoff distance
RC) for linear through quartic screens. This short-range cutoff is chosen to ensure
that the short-range potential of every charge near the cutoff exhibits asymptotic
behavior. The short-range calculation uses the approach of (Z24]), with Ny look-up
tables. These experiments are tested using a dual, quad-core Intel Xeon E5506 CPU
with 48 GB of main memory.

REMARK 1. In our current implementation, we use a variation (but equivalent
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form) to this construction, in which the values stored in the tables are for “basis
screens” instead of screen basis functions. These basis screens, pP®*, are the polyno-
mial screens associated with each node in an order-q finite element. The values of each
table are computed as a Dirichlet finite element solution for Poisson’s equation, with
—V2pbasis = pbasis  The computation is completed in a domain larger than the size
that will be kept in the look-up table to minimize boundary effects. Because these basis
screens follow our moment-canceling rules, they have long-range decay ~ R~(a+2) gnd
the boundary conditions are accurately set by the first terms of the multipole expansion
(Z:3). The finite element solver uses basis functions of order p, and the look-up tables
are stored in terms of their order-p basis functions, allowing them to be evaluated and
combined in the same way as ©°*™ for all charge locations. We note that because the
number of tables and coefficients is unchanged, the computational complexity for the
short-range calculation is not altered by this variation.

Upon calculation the potential is compared, allowing for a constant which is
included in a potential and in this case is equal to the average value of %™ throughout
the computational domain, with that of an Ewald summation ®F with large enough
resolution that we consider it the “exact” solution. This uses two periodic images in
physical space with a? = 6.25 and four modes for each direction in the Fourier sum. As
we see for a representative calculation in Figure 4.2] the method has super-algebraic
convergence with g.
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Fig. 4.1: Configuration of demonstration calculation: (a) Location of o positive and O negative
charges for N = 100, (b) ® at each charge location for the 100 charge case, arranged by the charge’s
location in z; the red and blue lines mark the average potential value at locations in the positively-
biased group and negatively-biased group, respectively.

In each of these tests, we use an algebraic multigrid preconditioned GMRES solver
with single precision residual tolerance — i.e., le — 7. Boomeramg [I3] is used and
the resulting method yields 8 or fewer iterations in each of the tests reported above.
The timing dependence on mesh size is reported in Figure [B.10 where we see that the
solver exhibits O(M) scaling.

4.1. Estimated memory requirements. The memory requirements of the
method in our example calculations are classified as finite element matrices or particle-
related arrays. As the number of elements increases, the finite element matrices
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Fig. 4.2: Convergence of the max and RMS measure of relative error in ® versus ¢ for a sample
case with N = 10 000.

comprise a majority of the total allocated memory, as demonstrated in the following
for the case of N = 106:

Order of Particle FE matrices FE matrices

screens ‘ arrays (Nay=9x9x9) (Ng=25x25x 25)

184 MB 39 MB (~ 18%) 844 MB (~ 81%)
1120 MB 1290 MB (~ 52%) 27600 MB (~ 95%)

As the polynomial order increases — e.g. ¢ = 4, which corresponds with a 6th order
basis for the finite element solve — this effect increases as expected. We note that
this memory footprint is typical for high-order FEM, but more optimal methods do
exist [I§].

linear (¢ = 1):
quartic (¢ = 4):

5. Discussion.

5.1. Comparison to PME. While the method proposed here incorporates sev-
eral advantageous features of PME, there are several notable differences that may offer
benefits in certain settings. Our method no longer relies on the FFT, which may be
limiting a extreme scales (in comparison to other Poisson solvers) and forces an as-
sumption of structure on the compute geometry. The key is the introduction of a
mesh-based screen, which introduces additional complexities locally, but also allows
for a more general decomposition of the problem. There are particle-mesh variants
that use finite elements — e.g., some PIC methods [6] 23] — but these have been pro-
posed with a symmetric screen, which must be resolved on the mesh. We avoid this ap-
proximation, but at the cost of more intricate screen functions, which are constructed
with (and the resulting potentials evaluated by) using memory-local operations. This
fundamental difference hampers direct cost comparison with PME/P3M methods,
which perform well when global FFTs do not impose restrictions. Still, we make
some general comparisons in the following.

The locality of the new method comes at the cost of more intricate screens,
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which incur an O(p%) cost when represented by p-order basis functions as discussed in
Section Bl This is larger than the O(p%) cost of the p-order B-spline interpolations in
PME. However, the polynomial order p in the present scheme and the B-spline order
p in PME are only loosely related. The B-spline order affects the overall accuracy of
the PME method since it affects the resolution of the mesh description of the smooth
potential. The polynomial order p in the present method does not, since the mesh
solve is exact for any p. Instead, p affects R, via the decay of the screened potential
as shown in Figure This is important, since for uniform charge density the cost of
point-to-point interactions scales with volume ~ Rf An independent Ewald splitting
parameter sets the corresponding truncation error at fixed cut-off radius for PME.

Similarly, the mesh density has different implications in the two methods. As
with the B-spline order, the mesh density in PME affects the accuracy by providing
more resolution for the potential. A denser mesh does not affect the short-range
calculation, but requires more global communication for the FFT. In contrast, the
mesh density in the present scheme decreases the communication burden for the short-
range component of the calculation by reducing the number of interactions included
for a given RC, since the cut-off radius is scaled by the mesh size, unlike in PME. The
communication required of the mesh solver is that of multigrid.

5.2. Comparison to FMM. The method presented in this paper shares sev-
eral attractive features of the fast multipole method, most notably the linear scaling.
The relative merits in comparison to FMM are likely application dependent, and the
preferred choice depends on several factors. Though intricate, the low communica-
tion burden of FMM leads to efficient implementations [I9]. Both methods become
expensive with increased p, the basis order in the present scheme or the multipole
expansion order for FMM. Yet the highly local work load of the proposed high-order
screens is more suitable for emerging architectures with accelerators. Unlike FMM,
the present method is not naturally adaptive to larger regions without singularities —
e.g., charges. The degree to which FMM takes advantage of this in parallel depends
on load balancing issues of the system.

5.3. Other considerations. For dynamic application, the conservation proper-
ties of the overall scheme are important, such as conservation of energy in molecular
dynamics simulations. Since we are only evaluating potentials in this paper, we do
not consider momentum or energy conservation in detail. For the formulation as
presented, the operators we demonstrate do not exactly satisfy the symmetry dis-
cussed by Hockney and Eastwood [16], so exact momentum conservation is not antici-
pated. Moreover, as the basis functions are not differentiable at the collocation points,
straightforward analytical differentiation of the potentials is not always possible.

The nature of the mesh solve in the presented method lends itself to varied bound-
ary conditions since the fundamental formulation of the algorithm does not change
when the boundary conditions are changed. As with PME, periodic boundary condi-
tions are the simplest to implement in our method, and require no extra effort beyond
creating a finite element matrix that honors the periodic structure of the mesh. As
presented in Section [2.6] Dirichlet and Neumann boundary conditions simply require
calculations to allow for any short-range effects already present on the surface before
applying the conditions to the finite element problem.

The method is also extensible to non-uniform meshes common in finite element
discretizations without fundamental changes. The main differences for general meshes
is in the cost of the method. The screens are still built in the same way, that is, they
still solve (2.10]). However, the discussed simplifications of the screen coefficient calcu-
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lations depend on a regular, rectangular mesh and are not applicable to an unstruc-
tured mesh with general quadrilateral elements. Thus, the flexibility of a complex
mesh is balanced with the benefits of localizing the mesh cells. Likewise, the short-
range potential becomes more difficult to generalize due to the many different shapes
a screen could take based on the shapes of the elements composing it. Gaining accu-
rate values for the short-range potentials may require quadrature-based evaluations
for each pair of interacting charges. However, the locality and structured character
of these operations is expected to coincide with high-throughput accelerators.

In our demonstration, we have presented one choice for the support of the screens.
Another possible variation of the method is to limit the screens to have support in
only the element containing the charge, so that each screen includes only degrees of
freedom interior to the element and not those on the faces. Using the same multipole
representation to construct the screen, this choice results in a loss of two powers in the
short-range decay of the screens — e.g., ¢ = 3 for the screen yields a R~3 far-field decay
instead of R~°, while of course still requiring p = 5 in the mesh solve (and all the cost
incurred by this order of p). However, the more compact screen provides an asymptotic
decay rate starting at R ~ 1 instead of R ~ 3 (see Figure 28], which reduces the
cost through reducing R, for certain target accuracies. The local composition of these
one-element screens also facilitates the move to unstructured meshes, helping alleviate
some of the additional cost in the screen-related calculations.

In constructing our screens, we have chosen to maximize the far-field decay rate.
Some simulation goals may be better served by other choices — e.g., by a weighted
objective function. In such cases, a least-squares optimization might provide screens
with advantageous properties to meet overall simulation objectives. We have also
restricted our discussion to purely polynomial basis functions. Given the regularity of
the underlying Green’s function, basis enrichments with specially designed functions
chosen to increase the short-range decay likely enhance the overall performance of the
method, though this also disrupts the exactness of the mesh solve.

Acknowledgments. This work was supported by the Computational Science &
Engineering program at the University of Illinois at Urbana-Champaign, NSF 09—
32607 and 13-36972, NSF DMS 07-46676. This material is also based in part upon
work supported by the Department of Energy, National Nuclear Security Adminis-
tration, under Award Number de-na0002374. We would also like to thank Doug Fein
and the team at the National Center for Supercomputing Applications (NCSA) for
their computing resources.

REFERENCES

[1] ArLisoN H. BAKER, ROBERT D. FALcouT, TzaNIO V. KOLEV, AND ULRIKE MEIER YANG, Scal-
ing hypre’s multigrid solvers to 100,000 cores, in High-Performance Scientific Comput-
ing, Michael W. Berry, Kyle A. Gallivan, Efstratios Gallopoulos, Ananth Grama, Bernard
Philippe, Yousef Saad, and Faisal Saied, eds., Springer London, 2012, pp. 261-279.

[2] D. S. CERUTTI AND D. A. CASE, Multi-level Fwald: A hybrid multigrid/fast Fourier transform
approach to the electrostatic particle-mesh problem, J. Chem. Theory Comput., 6 (2010),
pp. 443-458.

[3] Davip S. CERUTTI, ROBERT E. DUKE, THOMAS A. DARDEN, AND TERRY P. LYBRAND, Stag-
gered mesh Ewald: An extension of the smooth Particle-Mesh Fwald method adding great
versatility, J. Chem. Theory Comput., 5 (2009), pp. 2322-2338.

[4] H. CHENG, L. GREENGARD, AND V. ROKHLIN, A fast adaptive multipole algorithm in three
dimensions, J. Comp. Phys., 55 (1999), pp. 468-498.

[5] ToMm DARDEN, DARRIN YORK, AND LEE PEDERSEN, Particle mesh Ewald: An nlog(n) method
for Ewald sums in large systems, J. Chem. Phys., 98 (1993), pp. 10089-10092.


http://arxiv.org/abs/de-na/0002374

N. N. Beams, L. N. Olson, and J. B. Freund

JAMES W. EASTWOOD, Particle simulation methods in plasma physics, Comput Phys Commun,
43 (1986), p. 89106.

ULRICH ESSMANN, LALITH PERERA, MAX L. BERKOWITZ, TOM DARDEN, AND HSING LEE ET AL.,
A smooth particle mesh Ewald method, J. Chem. Phys., 103 (1995), pp. 8577-8593.

P. EwWALD, Die berechnung optischer und elektrostatischer gitterpotentiale, Ann. Phys., 369
(1921), pp. 253-287.

JONATHAN B. FREUND, FElectro-osmosis in a nanometer-scale channel studied by atomistic
stmulation, J Chem Phys, 116 (2002), pp. 2194-2200.

HorM0OzZD GAHVARI AND WILLIAM GROPP, An introductory exascale feasibility study for ffts
and multigrid, Parallel and Distributed Processing Symposium, International, 0 (2010),
pp. 1-9.

L. GREENGARD AND V. ROKHLIN, A fast algorithm for particle simulations, J. Comp. Phys.,
135 (1987), pp. 280-292.

LESLIE GREENGARD AND VLADIMIR ROKHLIN, A new version of the fast multipole method for
the Laplace equation in three dimensions, Acta Numerica, 6 (1997), pp. 229-269.

VAN EMDEN HENSON AND ULRIKE MEIER YANG, Boomeramg: a parallel algebraic multigrid
solver and preconditioner, Applied Numerical Mathematics, 41 (2000), pp. 155-177.

JUAN P. HERNANDEZ-ORTIZ, JUAN J. DE PABLO, AND MICHAEL D. GRAHAM, Fast computation
of many-particle hydrodynamic and electrostatic interactions in a confined geometry, Phys.
Rev. Let., 98 (2007), p. 140602.

J. J. HEys, T. A. MANTEUFFEL, S. F. McCoORMICK, AND L. N. OLSON, Algebraic multigrid for
higher-order finite elements, J. Comput. Phys., 204 (2005), pp. 520-532.

R. W. HOCkKNEY AND J. W. EASTWOOD, Computer simulation using particles, Institute of
physics publishing, Bristol, 1988.

J. A. IZAGUIRRE, S. S. HAMPTON, AND T. MATTHEY, Parallel multigrid summation for the
N-body problem, J. Parallel Distrib. Comput., 65 (2005), pp. 949-962.

ROBERTC. KIRBY, Fast simplicial finite element algorithms using bernstein polynomials, Nu-
merische Mathematik, 117 (2011), pp. 631-652.

ILyA LASHUK, APARNA CHANDRAMOWLISHWARAN, HARPER LANGSTON, TUAN-ANH NGUYEN,
RAHUL SAMPATH, AASHAY SHRINGARPURE, RICHARD VUuDUC, LEXING YING, DENIS ZORIN,
AND GEORGE BIROS, A massively parallel adaptive fast multipole method on heterogeneous
architectures, Commun ACM, 55 (2012), pp. 101-109.

LUKE OLSON, Algebraic multigrid preconditioning of high-order spectral elements for elliptic
problems on a simplicial mesh, STAM J. Sci. Comput., 29 (2007), pp. 2189-2209.

LUKE N. OLSON, JACOB SCHRODER, AND RAYMOND S. TUMINARO, A new perspective on strength
measures in algebraic multigrid, Numerical Linear Algebra with Applications, 17 (2010),
pp. 713-733.

LUKE N. OLSON, JACOB B. SCHRODER, AND RAYMOND S. TUMINARO, A general interpolation
strategy for algebraic multigrid using energy minimization, STAM Journal on Scientific
Computing, 33 (2011), pp. 966-991.

A. C. J. Pags, N. M. ABE, V. A. SERRAO, AND A. PASSARO, Simulations of plasmas with
electrostatic PIC models using the finite element method, Braz J Phys, 33 (2003), pp. 411—
417.

E.L. PoLLOCK AND JiM GLOSLI, Comments on p3>m, fmm, and the ewald method for large
periodic coulombic systems, Comput Phys Commun, 95 (1996), pp. 93-110.

C. SAGgul AND T. DARDEN, Multigrid methods for classical molecular dynamics simulations of
biomolecules, J. Chem. Phys., 114 (2001), pp. 6578-6591.

BILHA SANDAK, Multiscale fast summation of long-range charge and dipolar interactions, J.
Comput. Chem., 22 (2001), pp. 717-731.

R. D. SKEEL, I. TEzCAN, AND D. J. HARDY, Multiple grid methods for classical molecular
dynamics, J Comput Chem., 23 (2002), pp. 673-684.

ANNA-KARIN TORNBERG AND LESLIE GREENGARD, A fast multipole method for the three-
dimensional Stokes equations, J. Comp. Phys., 227 (2008), pp. 1613-1619.

S.K. VEERAPANENI, A. RAHIMIAN, G. BIROS, AND D. ZORIN, A fast algorithm for simulating
vesicle flows in three dimensions, J. Comp. Phys., 230 (2011), pp. 5610-5634.

HA1TAO WANG, TING LEI, JIN LI, JINGFANG HUANG, AND ZHENHAN YAO, A parallel fast mul-
tipole accelerated integral equation scheme for 8D Stokes equations, Int. J. Numer. Meth.
Engng, 70 (2007), pp. 812-839.



