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1. Introduction

Computational electronic structure theory (EST) (e.g., density functional theory [1], Hartree-Fock, or many-body pertur-
bation theories such as MP2 and GW) is playing an increasingly prominent role in science and technology. Traditionally, a
large variety of discretization methods via basis sets has been available for the Kohn-Sham equations [2], on which many
practical implementations are based. In particular, a successful basis choice employed in a variety of all-electron implemen-
tations [3-8] is numeric atom-centered orbitals (NAOs). These offer an efficient prescription that can be used for accurate
full-potential, all-electron calculations of periodic and non-periodic systems on equal footing.

The present paper examines the real-space, three-dimensional integration grid infrastructure needed to optimally handle
NAO-based all-electron EST. While all algorithms are described and tested with NAOs in mind, we note that the same algo-
rithms and basic observations will also apply to many other all-electron basis set prescriptions for EST. Indeed, similar grid-
based operations are needed in several widely used and actively developed codes (e.g., DMol [5], TURBOMOLE [9], ADF [10],
Gaussian [11], and many others). O(N) integration formalisms have also been given in the wider O(N) community, e.g., in the
context of the pseudopotential-based Siesta [12], ONETEP [13], OpenMX [14], or Conquest [15] codes.
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The use of NAOs entails inevitably a real-space grid that is required to perform the basic operations of EST: integration of
the Hamilton matrix, update of the electron density, and solution of the electrostatic potential (we do not specifically address
the latter in this paper). In practice, these grid-based operations are the main cost associated with NAOs for all but the largest
systems ( = 500-1000 atoms). The reason is that the number of NAOs needed to achieve an accurate solution is relatively
low (<50 basis functions/atom for meV/atom total-energy accuracy [5,8]) compared to the number of basis functions re-
quired in other methods. Consequently, even an O(N?) solution of the discretized Kohn-Sham eigenvalue problem does
not dominate in all but the largest systems—and even there, the development of O(N) methods that circumvent the
Kohn-Sham eigenvalue solution is an active research area, and appropriate implementations (e.g., Refs. [12,14-16]) are
now available for many system classes.

By using explicit confining potentials in their construction [6,7,17-23], NAOs give a natural platform to make the grid-
based operations scale O(N) by properly localizing all basis functions. Specifically, the good and eventually nearly linear-scal-
ing performance of NAOs in the integrations and in the update of the electron density results from spatial localization of the
basis functions combined with a careful division of the grid into spatially localized regions for the grid-based operations
[11,15,24,25]. In this paper we (1) reiterate that there is a scheme that via basis and grid localization results in nearly lin-
ear-scaling grid operations for NAOs, (2) study the problem of partitioning the grid into localized batches in detail using
three top-down grid partitioning methods, and (3) show that a formally more rigorous class of bottom-up grid partitioning
methods is too expensive for our purposes. Finally, we compare the computational efficiency of these methods for different
prototypical applications (polyalanine chains, Cu clusters, Au surfaces and fcc Al bulk).

Before moving on to the detailed description and analysis of our approach, we show what properly implemented [8] basis
and grid localization schemes should achieve in terms of scaling, in the case of NAOs. Fig. 1 shows the computational scaling
for a series of real molecules, specifically a series of fully extended conformations of polyalanine peptide molecules. In
Fig. 1(a), a single alanine aminoacid is shown, identified by its CHsz side group. Fig. 1(b) shows how several alanine units
are linked together into a peptide chain. The conformation shown here is known as “fully extended.” Because it is essentially
linear, the distance between successive basis function centers in this system class grows rapidly with length. We emphasize
that we here choose this system class specifically because it is well suited to demonstrate the correct scalability limit of our
implementation in principle. Finally, Fig. 1(c) shows the scaling as the polyalanine chain length increases from a single
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Fig. 1. Scalability for fully extended polyalanine molecules with respect to system size. (a) Single alanine aminoacid. (b) Segment of a fully extended
polyalanine chain (five CH; residues). (c) Timings in seconds for one self-consistency iteration of finite, fully extended polyalanine chains of increasing
length. The scaling exponents of the operations for the four largest systems are: Total: O(N'?), electron density update using Eq. (6): O(N'°) and using Eq.
(5): O(N'#) solution of the Hartree potential with an atom-wise multipole decomposition: O(N'®) integration of the Hamilton matrix: O(N'?), ScaLAPACK
based solution of the eigenvalues and eigenvectors O(N*?).
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Fig. 2. Scalability for fully extended polyalanine of sixty residues (603 atoms) with respect to number of CPU cores. Timings are in seconds for one self-
consistency iteration.

Table 1

Basis and grid settings for all elements as used in the calculations. The basis sizes given are for ionic and hydrogen-like functions in addition to the minimal basis
of occupied atomic orbitals. The notation (n)(l) for the basis (e.g., 3s) means that for each atom there are (n) radial functions that correspond to an angular
momentum denoted by (1), in addition to the minimal basis of atomic valence orbitals. If (n) = 1, it is omitted from the notation.

H C N (0] Cu Au Al
Basis: minimal + 3s2p 2s2p2df 2s2p2df 2s2p2df spdfg spdf spd
Teutof (A) 5.5 5.5 5.5 5.5 6.0 6.0 6.0
Min. angular grid 110 110 110 110 50 50 110
Max. angular grid 590 590 590 590 590 590 302
radial 49 69 71 73 107 147 41

residue of 18 atoms (the terminations are included in this count) up to a molecule of 60 residues with 603 atoms. Fig. 2
shows the parallel scalability for our approach in the case of the 603 atom fully extended polyalanine chain. We emphasize
that all computational settings reflect tightly converged production settings as detailed in Table 1. It can be seen that the
grid-based operations (update of the electron density using a density matrix and integration of the Hamilton matrix) are
nearly linear scaling and the overall scaling reaches the value O(N'*) for the four largest systems. Since our focus is on those
methodological steps that involves localized basis functions in real-space, the solution of the Hartree potential and the
eigenvalue problem are shown for illustration only, but have not yet been adapted for the same rigorous scaling require-
ments as the (without localization) dominant basis-dependent steps. All our results are computed using the FHI-aims com-
puter code, a recently developed NAO-based implementation for electronic structure calculations [8]. The timings were
obtained on an IBM p575 Power5+ system using 16 CPU cores, except for Figs. 1(c) and 2 that were calculated on a Cray
XT/4, and Fig. 7 that was computed on IBM Power6 575 system with 32 CPU cores.

2. Localization of the basis functions

The general form of a NAO basis function is given by

u;(7)
T

(pi‘lm = Ylm(07 ¢)7 (])

where Y, is a spherical harmonic and u;(r) is a real-valued function representing the radial shape of the atom-centered basis
function. In our actual implementation, we use as angular momentum functions Y, the real and imaginary parts of the com-
plex spherical harmonics, leading to only real-valued functions ¢;,, (the full index set i,im is condensed to i below). The ra-
dial function, u;(r), is usually taken to be a solution to a Schrédinger equation of atomic, ionic or hydrogenic type, and is
localized using a smooth cutoff potential so that u;(r) becomes zero beyond some cutoff radius, s (See Ref. [8] for details).
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To illustrate the effect of this localization, let us consider the two operations we are focusing on: (1) the integration of the
Hamilton matrix and (2) the update of the electron density.

(1) The Hamilton matrix, h, has the entries h; = [ (p,fl(pj dr’ where ¢; and ¢; are the basis functions. If implemented
without localization, the integration leads to O(N?) scaling of the computation, since for each pair of basis functions
we need to run over all the grid. However, this can be avoided by enforcing a localization of the basis functions using a
cutoff potential. As the spatial extent of the considered system grows, the number of non-zero basis functions that
need to be consider for each grid point levels off to a constant value, leaving only the number of grid points as a growth
factor for the complexity of the operation.

(2) The electron density is defined by

Nstates

) = > flu(r)?, (2)
k=1
where fi’s are the occupation numbers, and the sum runs over all Kohn-Sham eigenstates, which are given by
Npasis
Vi) = cipi(r) 3)
i=1
so that
Nocc  Mpasis Npasis ¥
) =Y f Y dom ) () om (4)
k=1 =1 =
Nocc  Mbasis Mbasis «
=k chy(r) (cf) () (5)
k=1 i=1 j=1
Mpasis Mpasis
= Dijp(r)p;(r) (6)
i1 j=1
Here Dy = Y73 ficf(cf)" is the density matrix. Again, if implemented naively with no regard to localization, Eq. (4)

leads to an O(N?) operation count [O(N?) for the setup of each occupied Kohn-Sham orbital at each grid point, followed
by a scalar product of Kohn-Sham orbitals at each grid point—the latter is an O(N?) operation]. Taking into account
localization, the number of non-zero basis functions at each grid point will eventually level off as for the Hamiltonian
as the system size grows, but n,.. will not level off, so that the complexity will be reduced to an O(N?) algorithm. After
summing up the density matrix, the actual grid-based density update Eq. (6) will be a linear-scaling operation apart
from the cost of setting up the density matrix, which is an O(N?) operation but has only a small prefactor compared
to the grid-based operation in the case of NAOs. For very large systems, the density matrix D; becomes sparse, and is
usually stored in a sparse storage format. Although we do not presently pursue such an approach, we note that the
sparsity of Dy can also be used directly to bypass the Kohn-Sham orbitals CJ’.‘, leading to O(N) scaling by imposing
localization conditions (see Refs. [15,26] and references therein).

Note that the density matrix based density update Eq. (6) will be superior to the orbital based Eq. (4) only when the num-
ber of occupied orbitals becomes larger than the number of basis functions that are locally non-zero. Due to localization
there will be such a turning point as the system size grows. This is also visible in Fig. 1, which shows the cross-over point
(dashed and solid blue! lines and square symbols) around 300 atoms.

3. Grid operations

To illustrate the role that is played by the grids in NAO-based calculations, we return to the example of computing the
Hamilton matrix. In practice, the integration grid used for evaluating an approximation to h; is composed of overlapping
atom-centered grids, where each radial shell of points is a Lebedev grid [27-29]. The radial positions of the shells on the axis

2
ranging from zero to infinity are taken to be r; = — log (1 - (ﬁ) > , S=1,...,Nwga |30]. For other options and extensive

tests on the grids in conjunction with Gaussian basis functions we refer to Ref. [9].

The overlapping grids are then partitioned using a partitioning of unity method [5,31], i.e., each atom-centered grid (cen-
tered at a site o) is associated with a weight function p,(r) (¢ = 1,..., Ngas) such that 3°,p,(r) = 1 for every point r € R*. On
this grid the exact value of h; is approximated using a quadrature over the discrete integration points {r}, i.e., we set
hi = > .w(r)f (r) where w(r) is the combined weight of radial, angular and partition weights atr, f(r) = (goifl(pj)(r) is the inte-
grand and the summation runs over all grid points.

! For interpretation of color in Figs. 1-7, the reader is referred to the web version of this article.
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In practice the quadrature is not done one grid point at a time but larger batches of points, B,, are used [10]. This allows
the use of matrix-matrix products for computing the matrix elements hy. The full algorithm (closely related to the ones in
[10,11,25,32]) is presented in detail in Algorithm 1. Three observations are imminent at this point. First, for Step 1a to yield
as small number of non-zero basis functions as possible it is important to have grid batches that are as localized as possible.
Second, Step 1a scales technically O(N?) (e.g., compute the square of the distance of each atom from each grid point) but has
an extremely small prefactor. In fact, the indices of the non-zero basis functions for each batch can be computed at the ini-
tialization stage for the current atomic configuration and stored thereafter if desired, requiring only one O(N?) step for each
atomic configuration. Third, the loop over the batches is an embarrassingly parallel operation. In fact, the only communica-
tion operation is a global reduction that takes place when summing up the results in Step 2.

Algorithm 1. Integration of the Hamilton matrix with given grid batches B,

(1) For each batch of points By:
(a) Find the non-zero basis functions in the batch. Denote the number of these by nnz(B,).
(b) For eachr ¢ B, and each non-zero basis function ¢;, i = 1,...,nnz(B,) evaluate the matrices K, = w(r)@;(r)
and Ljr = (ho;)(r).
(c) Compute the part of the submatrix of the Hamilton matrix that corresponds to B,, h;[B,], with a matrix-
matrix product over the points in B,, i.e., hj[B,] = > KirLj,.
(2) After the loop over B,’s is finished sum up the results: h; = 3, h;[By].

4. Grid partitions
4.1. General form of the problem

Let us start with the formal definition of the general problem of finding the grid batches that are as localized as possible
for the grid based operations as given in Problem 1:

Problem 1. Given a (finite and non-empty) set of points P c R, find the batches {B,}, v =1, ..., Npaches such that

(1) uyB, =P.
(2) BynB, =0 forv##pu.
(3) co < #B, < c; for some ¢, #P = c; > 1. Here #S denotes the number of points in the set S.
(4) The quantity
(a) avg,{nnz(B,)} or
(b) max,{nnz(B,)}
is minimized.

The target 4a aims for optimal performance whereas the target 4b is geared towards minimal workspace memory
consumption.

It should be noted that the general form of Problem 1 is not solvable in practice due to high complexity, and therefore it is
necessary to employ heuristic methods instead of solving the optimization problem directly. However, in the special case
when ¢y = 1, the optimal solution can be found and it is given by batches containing only single points. We use this case
as a reference for our algorithms and denote B = {rr = r(v)}, the set containing the vth integration point.

We note that the problem setting is closely related to partitioning methods needed in adaptive multilevel methods for
solving parallel differential equations (see, e.g., Ref. [33] and references therein) except that in our case the grid is not evolv-
ing and the global localization of the partitions is not an issue. Another relation can be found to the integration methods dis-
cussed in Ref. [34]. However, our aim is not to partition the space into regions where different cubatures can be applied but
focus on the localization of the integration batches for a given grid and cubature. Finally, the problem of finding good grid
partitions is a generic one for many codes similar to ours. Nonetheless, while the use of grid partitions is mentioned in sev-
eral works (e.g., Refs. [11,24,25,35], in the slightly different context of load balancing in Ref. [36]), to our knowledge only one
work (Ref. [11]) discusses the choice of their shape to minimize the computational work in a comparative way (in that case, a
hybrid of the radial shell and octree methods below).

4.2. Three top-down methods to partition the grid

In this section we present three top-down methods to partition the atom centered real-space grids. The methods are top-
down in the sense that they generate the batches without using information on the structure of the grid within the generated
batch. The resulting algorithms are very efficient and the batching can be done with minimal cost. On the other hand, the local
distribution of the points is not fully accounted for and, e.g., local variations in the density of points are not considered. We will
return to this question in Section 5.3 for our discussion about alternative bottom-up methods for generating the grid batches.
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4.2.1. Radial shells and their partitions

The first method is based on the geometric properties of the overlapping grids and is the most straightforward of the
methods we consider. In this case, the batches are simply taken to be the Lebedev grids making up the radial shells. Further-
more, they can be refined by considering halves, quadrants and octants of the shells, leading to

B, = {angular grid/subset of the grid for one radial shell}

for v=1,..., Nparches-

4.2.2. Octree partitions of the grid

The second method does away with the relation between the grids and the atoms and considers the grid only as a set of
points in R?. Then the grid is recursively partitioned into eight sub-grids by splitting the set of points with planes parallel to
the coordinate axes. The details are given in Algorithm 2 that uses a depth-first method to build the octree defining the grid
batches B,. In Step 4 several conditions can of course be employed to accept S, as a new batch. We have used two conditions
that must be satisfied simultaneously: (1) the value representing a weighted size of the batch,

MaXyes, {nNnz({r})}

#S,u X
maxeep{Nnz({r})}

must be less than a given bound, Cs, and (2) the absolute size of the batch, #S,, must be less than a given (different) bound

Cn. We note that the octree method has a close relation to spatial division methods used for a long time in computational

geometry, e.g for constructing a mesh for finite-element calculations [37,38].

Algorithm 2. Octree method for grid partitioning

(1)Initialize the active set S to contain all the points S = P
(2) Compute the center of mass for S
(3) Split S into eight subsets Sy, ..., Sg using cut-planes parallel to coordinate axes and going through the center of mass.
(4)For each subset S, check if S is acceptable:
(a) If yes, make S, into a batch B, = S,.
(b) If no, go to 2 with S, as the new active set S.

4.2.3. Grid adapted cut-plane method

The obvious drawback (from the algorithmic point of view) of the octree method is that the coordinate axes are given a
special role as the planes determining the three planes to cut the set S. Also tying the local origin to the center of mass of S
does not necessarily result in even-sized subsets S,. Both shortcomings are relatively easy to overcome by (1) using only a
single plane to cut S but adapting the orientation of the plane to S and (2) adjusting the location of the plane so that the
resulting partitions are even-sized. The details are given in Algorithm 3. In Step 6 we use the same criteria as in the case
of the octree method. We note that the adapted cut-plane method is a variation of a method presented in the lecture notes
by Kahan [39] and closely related to “Principal Direction Divisive Partitioning” algorithm used in data mining [40].

Algorithm 3. Grid adapted cut-plane method for grid partitioning

(1) Initialize the active set S to contain all the points S = P
(2) Compute the center of mass for S
(3) Find the direction of the cut-plane by computing the normal n of a plane IT through the center of mass such that
D opeslir — )% is maximized.
(4) Compute the position of the cut-plane that divides S into two even-sized sets. This is done by sorting the set of real
numbers {r-n} . and dividing the sorted set.
(5) Split S into two subsets S;, S, using the cut-plane.
(6) For both subsets Sy, u = 1,2, check if S, is acceptable:
(a) If yes, make S, into a batch B, =S,..
(b) If no, go to 2 with S, as the new active set S.

The complexity of Algorithm 3 is easy to compute. At each level k of the partition tree the cost is linear in the number of
points in the grid, O(N), so that the total cost is O(knq[N). Since the algorithm keeps the binary tree balanced we have that
kmax ~ log,N and the complexity of the full algorithm is O(Nlog,N). Similar reasoning gives that the octree method, Algorithm



V. Havu et al./Journal of Computational Physics 228 (2009) 8367-8379 8373

2, has a complexity O(NloggN) for optimal inputs. However, since our grid is not uniform and thus the octree is not balanced
the actual runtimes are slightly worse. In practice, grid partitioning accounts only for a negligible part of the cost of the EST
calculation.

5. Results
5.1. Top-down methods: timings and batch size

To test the different grid partitioning methods, we consider four different physical systems: fully extended polyalanine
chains, cluster cutouts of fcc Cu, periodic Au(100)-"“hex” surfaces [41-44], and bulk fcc Al. The basis sizes and grid param-
eters used in our calculations are shown in Table 1 and they correspond to the values given in Ref. [8].

We show the changes in timings for one self-consistency cycle, the weighted average number of non-zero basis functions
over batches, (nnz):

_ >_,#B,-nnz(B,)
(nnz) = —Z‘,#Bv

as well as the maximal number of non-zero basis functions over all the batches: nnz;q = max,{nnz(B,)}. In addition, we
show the average size of the batches, B, and their standard deviation, . With the octree and adapted methods, we have used
the values Cs = 200 for the desired weighted size of a batch, and Cy = 400 for the maximal size of a batch as the parameters
controlling the termination of the algorithm.

The results for the polyalanine chains are displayed in Fig. 3. It is clearly visible that the adapted cut-plane method yields
a partitioning that (1) gives the smallest average and maximal number of non-zero basis functions, (2) allows for the largest
average batch size and consequently (3) gives the best performance. The actual savings for a single self-consistency cycle for
the largest molecule are 14% and 24% when compared to the radial shells and octree methods, respectively.

The results for the octree method are notably bad for the longest polyalanine chains. This is a result of the “long and thin”
nature of the molecules. Since the octree method recursively splits each batch into eight sub-batches the shape of the ori-
ginal molecule is inherited by the batches. Consequently, some batches extend over a large portion of the molecule and lead
to a growing number of non-zero basis functions in the batch. This phenomenon is illustrated in Fig. 4 where the worst batch
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Fig. 3. Results of different grid batching algorithms for fully extended polyalanine molecules: (a) timings in seconds for one self-consistency cycle of
different grid partitioning methods, full lines = entire cycle, dashed lines = integration of the Hamilton matrix, (b) non-zero basis functions per batch, nnz,
and (c) average size of the batches and their standard deviation.
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in this respect is shown in red and is clearly far from optimal shape. The problem could be solved by running a post-analysis
on the batches produced by Algorithm 2 but since the adapted cut-plane method solves the problem in a natural and efficient
way, there is no point in pursuing the matter further.

For cluster cutouts of fcc Cu, we obtain results with a similar trend except that in this case the radial shells method is
clearly the worst choice whereas the octree method is closer to the adapted method as shown in Fig. 5. Actual savings
are 33% and 11% for the largest cluster. The difference in favor of the adapted method over the octree method is explained
in the two lower panels of Fig. 5. In the middle panel it can be seen that the maximal and average number of non-zero basis
functions is almost equal for both methods but the adapted method obtains this result with considerably larger batches as
shown in the lowest panel of Fig. 5. It follows that the adapted method is able to perform the matrix multiplication in Step 1c
of Algorithm 1 with a larger matrix size, giving better overall performance. In addition, when working with packed matrix
storage for the global Hamiltonian hy;, fewer batches mean that less time is consumed for sorting the locally non-zero matri-
ces h;[B,] into the global structure (which must be done once per batch). It should also be noted from Fig. 5 that the number
of non-zero basis functions has not yet saturated, contrary to the case of the fully extended polyalanines. Consequently, the
method has not yet reached the (near) linear scaling regime for these systems.

Fig. 4. Polyalanine chain of 30 residues (308 atoms) and the worst batch produced by each of the batching methods (red): (a) shells, (b) octree, and (c)
adapted.
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Fig. 5. Results of different grid batching algorithms for the cluster fcc Cu cutouts: (a) timings in seconds for one self-consistency iteration of different grid
partitioning methods, full lines = entire cycle, dashed lines = integration of the Hamilton matrix, (b) maximal and average number of non-zero basis
functions per batch, nnz, and (c) average size of the integration batches and their standard deviation (bottom).
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Our third example is a periodic system: a (5 x m) approximant surface slab to the Au(100)-“hex” surface reconstruction
[41-44] with three layers and an increasing number m of lateral rows. In periodic systems, we need to map the grid from the
periodic images to the “zeroth” supercell. This effectively breaks the original shell structure and leads to a complete failure of
the radial shells method. This is clearly visible in the top panel of Fig. 6 where the integration alone with the radial shells
method takes more time as the entire cycle using the octree or the adapted methods. The adapted method is again the win-
ner here saving 72% and 10% in calculation time for the largest surface when compared to radial shells and octree methods,
respectively.

The failure mode of the radial shells method becomes evident when we inspect the two lower panels of Fig. 6. The ex-
tremely high number of the non-zero basis functions clearly shows that the radial shell based partitioning is not the correct
approach for periodic systems. On the other hand, the two other methods show a clear saturation of the number of non-zero
basis functions, indicating good localization of the batches already from the start. Since the integration grid is distributed
rather uniformly over the supercell, the differences between octree and adapted methods are relatively small. However,
again the adapted method is able to produce the same localization effect using considerably larger batches.

The final example is a system that is periodic in all three dimensions: bulk fcc Al with an increasing number of atoms in
the supercell. The results in Fig. 7 are comparable to the Au(100) surface slab. Again the radial shells method is a failure and
the adapted method performs best. In this case the savings in the calculation time for the largest supercell are 43% and 8%
when compared to radial shells and octree methods, respectively.

For this example, we comment additionally on two more performance related questions, first the memory requirements
for the integrations and the density update, and second the setup time of the (nominally) O(N?) update of the density matrix,
Dj. For a three-dimensional bulk system like fcc Al, both points should be particularly critical because the density of active
basis functions (overlapping from other unit cells) in the integration volume is highest compared to other structure types
with more vacuum (surfaces, molecules,...). On the memory side, one limiting array is the temporary storage of the factors
Kiy = w(r)p;(r) and L;; = (fl(pj)(r) (see Algorithm 1) required to store the basis functions and the Hamiltonian applied to
them on each grid point of the current batch. For the fcc Al unit cells of Fig. 7, the maximum storage size is manageable
and approximately constant as a function of unit cell size, and does not exceed 350,000 entries even for 500 atoms when
using the adapted method. Likewise, the construction of the density matrix Dj for the 500 atom cell remains rather manage-
able, taking approx. 2 s out of a total of 60 s used for the density update as given in Eq. (6).
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Fig. 6. Results of different grid batching algorithms for the Au(100)-(5 x m)-hex surfaces: (a) timings in seconds for one self-consistency iteration of
different grid partitioning methods, full lines = entire cycle, dashed lines = integration of the Hamilton matrix, (b) maximal and average number of non-zero
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The general trend in all cases is thus similar: The adapted cut-plane method performs best in all respects and the octree
method and the radial shells with subdivisions are worse. A remarkable failure of the method based on radial shells can be
seen in the case of the periodic systems, where the maximal number of non-zero basis functions skyrockets. This is due to
the fact that, in periodic systems, the grid operations are all performed on the supercell and thus the ‘natural’ ordering of the
radial shells is destroyed.

5.2. On the optimality of the grid partitions

Due to the complexity of the general problem of creating the grid batches we cannot determine accurately how close our
heuristic methods are to the optimal solution. However, we can get some idea on the quality of our results by comparing to
the case where the batches are taken to be only single points, i.e., when ¢y = ¢; = 1. In this case we can compare the actual
number of the evaluations of the basis functions to the number of evaluations required in the case of single-point batches. To
this end, recall that B = {r(u)} and define the effectivity of the batches, e, as

o >-,nnz(B,) x #Bv' )
3>,nnz(By7)

The effectivities for all three different batching schemes for all four test cases are reported in Tables 2-5. As expected from
the results above, the adapted method provides best overall effectivity and the results for the radial shells method are worst
by a large factor. When comparing the values for e it should be taken into account that the average batch size is largest for
the adapted method and consequently effectivity close to one is even harder to achieve.

The last two rows of Table 4 show the improvement in e in the case of the reconstructed Au-surface when the parameters
controlling the batch sizes are halved and divided by four, i.e., when Cs = 100, C; = 200 and Cs = 50, C; = 100, respectively.
This aids in improving the effectivity e even further, albeit at the price of a larger overall number of batches (increasing the
overhead from per-batch operations such as sorting matrix elements into the global h;), and reducing the size of the per-
formed matrix products.
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Table 2

Effectivity e of different batching schemes for the fully extended polyalanines.
Number of atoms 18 58 108 158 208 308
Radial shells 1.17 1.27 1.29 1.29 1.29 1.29
Octree 1.08 1.12 1.16 1.21 1.23 1.26
Adapted 1.08 1.11 1.11 1.11 1.11 1.12

Table 3

Effectivity e of different batching schemes for the fcc Cu-clusters.
Number of atoms 13 19 43 55 79 87
Radial shells 1.22 1.31 1.47 1.51 1.55 1.56
Octree 1.10 1.13 1.13 1.13 1.12 1.12
Adapted 1.11 1.12 1.16 1.17 1.17 1.17

Table 4

Effectivity e of different batching schemes for the Au(100)-(m x 5)-surfaces.
Number of Au rows 1 3 5 7 10 13
Radial shells 2.14 2.57 2.67 2.64 2.56 2.52
Octree 1.17 1.11 1.13 1.15 117 1.15
Adapted (Cs = 200, Cy = 400) 1.17 1.16 1.17 1.16 1.17 1.16
Adapted (Cs = 100, Cy = 200) 1.12 1.12 1.13 1.12 1.13 1.12
Adapted (Cs = 50, Cy = 100) 1.09 1.09 1.09 1.09 1.09 1.09

Table 5

Effectivity e of different batching schemes for the fcc Al bulk.
Number of Al atoms in unit cell 4 32 108 256 500
Radial shells 1.96 2.18 2.15 2.03 1.93
Octree 1.11 1.13 1.16 1.13 1.15
Adapted 1.19 1.19 1.24 1.19 1.19

5.3. How about bottom-up methods?

All the methods presented above are so called top-down methods, i.e., they start from a given set of points and recursively
divide it into smaller chunks until a desired batch size is reached. The inherent drawback of top-down methods is that the
local features of the distribution of the grid points in three-dimensional space are not accounted for in detail. This observa-
tion gives rise to another set of approaches, so called bottom-up methods, where the local environment of each of the grid
points is analyzed before creating the grid batches.

We have implemented and tested two bottom-up methods: First, a method where a Delaunay mesh with the grid points
as nodes is created and the mesh is partitioned with a multilevel graph partitioning method. This is all realized using exter-
nal established tools [45,46]. Second, a method where the batches are built by grouping nearby points together and then
recursively merging the groups until a desired batch size is reached. We denote the number of merged items per level a
grouping factor, gf.

The bottom-up methods are able to produce a set of batches that is similar to the ones produced the grid adapted method
as can be seen from Tables 6 and 7. However, they require more resources. The first method, a combined Delaunay mesh and
graph partitioning approach, uses a large amount of memory to store the mesh. The second method, the grouping algorithm,

Table 6
Performance of the bottom-up methods for a single polyalanine residue (18 atoms).
Graph part. Groups, gf =2 Groups, gf =4 Groups, gf =8
(nnz) 257.97 265.37 266.01 273.36
Effectivity 1.08 1.11 1.11 1.14
Average batch size 200.00 255.90 255.56 508.81

Std. dev. of batch size 493 3.37 8.65 36.25
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Table 7
Performance of the bottom-up methods for a Au(100)-(1 x 5) surface.
Graph part. Groups, gf =2 Groups, gf =4 Groups, gf =8
(nnz) 796.73 834.79 845.39 902.90
Effectivity 1.17 1.22 1.24 1.32
Average batch size 199.98 255.99 255.89 509.54
Std. dev. of batch size 4.65 0.61 3.91 32.13

needs a lot of searches to find the nearest neighbors of the groups at each level. These searches take a lot of computation time
to complete. Even for small test systems the grid partitioning using the grouping algorithm becomes by far the most time
consuming part of the electronic structure calculation, rendering the approach useless in practice.

On the other hand, the actual graph partitioning method is fast and it can accept also other graphs than Delaunay meshes
as input. The bottom-up methods can thus be developed further by building a graph by connecting nearby points and then
splitting the graph. In this case, it is important to include the local distribution of the grid points by using a graph whose
nodes can have a varying index.

6. Conclusions

The results and theoretical considerations above show how grid partitioning combined with localization of the basis func-
tions leads to linearly scaling grid-based operations, i.e., the integration and the electron density update, in EST calculations
using NAOs as the basis set. The effect of the grid partitions is most pronounced for periodic systems, but also the perfor-
mance for non-periodic cases is notably improved when the grid is properly divided into batches.

The fact that localization entails the performance of NAOs is not a surprise. However, the complexity of the actual prob-
lem of finding an optimal grid partitions is too high to be tackled in full, and heuristic methods must be employed. It is some-
what more surprising that the methods implemented and tested here exhibit such a big difference in their performance. The
best method we have obtained, the adapted cut-plane method, is rather close to the theoretical optimum for our test sys-
tems, indicating a good level of heuristic approach. The octree method suffers from the tendency to generate batches with
very few points leading to inefficiency and has the drawback of unnecessarily replicating the geometry of the system. Finally,
periodic systems present a more complicated environment due to the complex mapping of the periodic images of the grid-
points. This problem manifests itself most strikingly in the failure of the radial shell method.

In this work we have focused mainly on the top-down methods. The other approach, bottom-up methods, suffers from the
fact that it is problematic to generate a graph over the grid that accurately describes the local environment of the grid points.
In addition, however, the much simpler top-down adaptive grid method used above performs at nearly the same or better
effectivity than the formally more rigorous bottom-up methods attempted here. Apparently, this fast, well-tuned top-down
approach captures all practically needed aspects of the grid partitioning problem, leaving no incentive to pursue any more
complicated schemes.
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