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ABSTRACT
In this work, Density Functional Theory (DFT) method is paral-
lelized with MPI-OpenMP in quantum chemistry package GAMESS.
It has been implemented in both regular and Fragment Molecular
Orbital (FMO) based DFT codes. The scalability of the FMO-DFT
code was demonstrated on Cray XC 40 Theta supercomputer. We
demonstrated excellent scalability of the code up 2,048 Intel Xeon
Phi nodes (131,072 cores). Moreover, the developed DFT code is
about twice faster than the original code because of our new grid
integration algorithm.
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1 INTRODUCTION
General atomic andmolecular electronic structure system (GAMESS)
[1, 2] is a free quantum chemical software maintained by the Gor-
don research group at Iowa State University. Most of the methods in
GAMESS code are parallelized with MPI or a native socket library
using the framework of the distributed data interface (DDI) [3].
OpenMP offers an alternative parallelization strategy by thread-
ing the code. OpenMP supports sharing of arrays in memory and
reduces the memory footprint. A hybrid MPI+OpenMP approach
also benefits from reduced memory overhead of MPI and a smaller
amount of global communication. The purpose of this work is to de-
velop a hybridMPI/OpeMP parallelization for the density functional
theory (DFT) in GAMESS.

Typically, the computational cost and memory requirements of
quantum chemical methods scale at least quadratically with the
chemical system size depending on theory. The fragment molec-
ular orbital (FMO) method [4–6] solves this scaling problem by
decomposing a large system into fragments. Fragments are com-
puted explicitly with quantum chemical methods. As a result, the
scaling of FMO is nearly linear, making large scale simulations
feasible. Fragment calculations can be well parallelized [7, 8] using
generalized distributed data interface (GDDI)[9].

In DDI only one half of the MPI ranks does computations, and
the other half is used as data servers. The memory and communica-
tion overhead of such parallelization is high, especially when there
are many cores per node. Replacing intranode MPI parallelization
with OpenMP in a hybrid MPI+OpenMP parallelization is an at-
tractive way to improve the efficiency. In the earlier work [10–13]
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MPI+OpenMP code was developed for HF. HF, however, is less ac-
curate than DFT in general, and for practical applications it is very
desirable to use DFT. In this work, an MPI+OpenMP parallelization
is developed for the DFT method in GAMESS.

2 METHODOLOGY
The basic FMO algorithm consists of two steps, the calculation of
self-consistent field (SCF) for monomers and dimers. Monomers SCF
step is done iteratively until the convergence of all fragments with
respect to the polarizable embedding. Each dimer is calculated only
once. FMO-HF code was parallelized with MPI+OpenMP earlier
[13].

DFT is a quantum chemical method, which can predict properties
of chemical systems accurately with a relatively low computational
cost. The DFT algorithm is very similar to the Hartree-Fock (HF)
method. HF in GAMESS was parallelized with MPI+OpenMP earlier
[11, 12]. DFT requires an integration of the exchange-correlation
(XC) functional over real space, in addition to the steps in HF cal-
culations. The integration of the functional is commonly done nu-
merically, and it takes a long time.

The algorithm of the DFT-specific code is shown in Algorithm 1.
In DFT, the Fock matrix includes the Coulomb and exchange con-
tributions from HF (the exchange part may be scaled or set to zero),
and to this the exchange and correlation (XC) terms specific to
DFT are added. In this work, both energy and its analytic gradient
were parallelized, and the gradient is omitted from Algorithm 1 for
simplicity.

There are various choices of grid point distributions in DFT. In
this work, the Becke’s atom-centered scheme [14] is used, with

Algorithm 1 Schematic algorithm for DFT

1: Set up numerical grid (ri ,ωi )
2: repeat ▷ Begin SCF loop
3: Compute Coulomb and optionally exact exchange terms
4: for each (ri ,ωi ) do
5: Compute electron density ρ(ri )
6: (Optional, GGA) compute density gradient ∇ρ(ri )
7: (Optional, mGGA) compute kinetic energy density τ (ri )
8: Compute f XCi (ρ,∇ρ,τ )
9: Update the Fock matrix using

Fmn+ = ωi f
XC
i ϕm (ri )ϕn (ri ) ▷ rank-2 update

10: end for
11: Diagonalize the Fock matrix, update ρ and ϵ
12: until |D − Dold | < conv or |ϵ − ϵold | < conv
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the Lebedev angular distribution of points, combined with a radial
distribution.

The central idea of Becke’s algorithm is to adjust quadrature
weights for regions, where grids of different atoms intersect. In this
algorithm, the real space is separated using fuzzy Voronoy cells.
The weight of each atomic quadrature point is scaled by the Becke’s
factor, where each point “belongs” to an atom. The Becke’s factor
for a point is close to unity in the vicinity of the its atom and is zero
near other atoms. The drawback of the original Becke’s algorithm
is its high O(N 3) scaling. However, the scaling can be improved by
using different criteria for Voronoy partitioning [15].

In this work, special attention was paid to finding points where
Becke’s factors are equal to zero or one. Then one can skip the
calculation of Becke’s factors and reduce the grid size in memory
for points with a zero weight. We also used the fact that points
which are close to each other should have similar Becke’s factors.
Thus, we split the atomic grid to localized clusters of points. Each
atomic grid point is assigned to a layer depending on the distance
to the nucleus; each layer is divided on 3D tiles of varying size. The
advantage of this setup is that points can be manipulated in groups.
It simplifies the memory management and makes it possible to use
BLAS level 3 (instead of BLAS level 2) subroutines for updating the
Fock matrix. Additionally, all in-house linear algebra subroutines
were rewritten to use BLAS libraries as well.

3 RESULTS
In the first series of benchmarks the new and original DFT imple-
mentations are compared. A dual-CPU Intel Xeon Gold 6254 node
was used for this benchmark. A series of B3LYP/6-31G* energy and
gradient calculations of phenylalanine amino acid were performed
using various numbers of cores. A high precision numerical grid
(radial quadrature: 96-point radial Murray-Handy-Laming grid and
1202-point angular Lebedev grid) was used. Timings of the main
steps in DFT are shown in Table 1. The measured speedup factor
for DFT steps is 2 or more for the energy, and up to 5 for the DFT
gradient step.

The parallel scaling benchmarks reported in this work were
performed on Cray XC40 Intel Xeon Phi supercomputer Theta
located at Argonne Leadership Computing Facility (ALCF), which
is a part of the U.S. Department of Energy (DOE) Office of Science
(SC) Innovative and Novel Computational Impact on Theory and
Experiment (INCITE) program. The calculations were performed
in quadrant-cache mode because a previous study [12] showed that
different memory and clustering modes have little impact on the
time to solution for HF implemented in GAMESS. For massively
parallel scaling benchmarks, a spherical water droplet with the 30Å
radius was used and a good scalability up to 2,048 Theta KNL nodes
was obtained (Figure 1).

4 CONCLUSIONS
In this work, Density Functional Theory (DFT) method has been
parallelized with MPI-OpenMP in quantum chemistry package
GAMESS. The parallel performance has been measured on a single
Intel Xeon Phi node and supercomputer Theta (Cray XC40 based
on Intel Xeon Phi). The developed hybrid MPI+OpenMP code scales
well up to 2,048 Intel Xeon Phi nodes. Moreover, we also rewrote

Table 1: Wall-clock timings in seconds for the new and orig-
inal DFT implementations in GAMESS computed on a dual-
CPU IntelXeonGold 6254 server for chemical systempheny-
lalanine at the level of B3LYP/6-31G*. “Init.” column means
grid setup, (“Exc ”) is energy, (“∇Exc ”) is nuclear gradient, and
“Tot.” is total DFT timing1.

Nc2
New DFT code Original DFT code

Init. Exc ∇Exc Tot.1 Init. Exc ∇Exc Tot.1

1 2.1 108.7 21.2 167.7 6.3 253.9 81.8 376.7
2 1.1 55.3 10.1 85.3 3.3 135.9 43.9 201.1
4 0.59 32.6 5.1 48.0 1.7 69.3 22.4 102.6
8 0.33 18.3 2.6 26.1 0.90 35.1 11.3 52.1
12 0.24 12.7 1.8 18.6 0.67 25.4 8.3 38.1
18 0.19 9.4 1.3 13.5 0.50 17.9 5.7 27.2
24 0.15 7.9 1.1 11.3 0.50 16.6 5.3 25.8
36 0.15 6.7 0.91 10.6 0.40 14.4 4.6 22.9
1 The total timing includes the HF step, which is not shown sep-
arately.
2 The number of MPI compute processes (not counting data
servers) or OpenMP threads.
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Figure 1: Scalability of the hybrid MPI+OpenMP FMO-DFT
code in GAMESS on Theta supercomputer for the 30Åwater
droplet. Times in seconds are given for a single FMO2 energy
calculation. “Time” is total time in seconds and “Number of
nodes” is the number Xeon Phi nodes.

DFT grid integration code, resulting in about 2x performance im-
provement compared to the original code.
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