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1. INTRODUCTION
Hybrid molecular dynamics (MD) simulations, in which the
forces acting on the atoms are calculated by grid-based den-
sity functional theory (DFT) for a solute molecule and by
a polarizable molecular mechanics (PMM) force field for a
large solvent environment, pose a challenge regarding both
the theoretical modeling and the computational realisation.
The Hamiltonian DFT/(P)MM approach presented here guar-
antees energy conservation, excludes artificial distortions of
the electron density at the interface between the DFT and
PMM fragments, and treats the long-range electrostatic in-
teractions within the hybrid simulation system in a linearly
scaling fashion using hierarchically nested fast multipole ex-
pansions [4]. The implementation, which combines the two
MPI/OpenMP-parellel codes IPHIGENIE[3, 4] and CPMD[2]
has proven to scale very well on high performance comput-
ing (HPC) systems. Furthermore, a strategy for construct-
ing highly accurate PMM models for solvent molecules was
developed recently[6] paving the way towards applications.

2. THEORY
The combination of a quantum mechanical (QM) treatment
of a biologically relevant molecule (e.g. a chromophore) with
a computationally much cheaper MM treatment of its envi-
ronment[7] has become a standard tool in biophysics and
medicine[5]. Most current methods, however, use standard
MM force fields, which can not account for polarization ef-
fects dynamically and/or QM methods that are not accurate
enough for applications such as the calculation of infrared
spectra of biomolecules[4]. In order to overcome these re-
strictions and to allow a more accurate modeling of con-
densed phase environments, we have extended a standard
MM force field by Gaussian inducible dipoles and combined
it with a highly accurate grid-based DFT treatment of the
QM subsystem [4].

The task to calculate all DFT/PMM interaction forces from
the DFT/PMM interaction Hamitonian is achieved as effi-
ciently as possible by extending the fast multipole scheme
SAMM4 [1, 3] to symmetrically compute on the DFT grid
the external electrostatic potential generated by the PMM
atoms and in the remaining simulation system the reverse
action of the electronic density on the PMM atoms. The
construction of SAMM4 and our above-mentioned symmet-
ric DFT/PMM interaction scheme guarantees conservation
of energy of the hybrid system, which can be demonstrated
by hybrid water dimer calculations [4]. A joint DFT/PMM
SCF iteration sequentially employs a coarse and a fine con-
vergence criterion in the DFT calculation. As a result the
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Figure 1: The scaling of our IPHIGENIE/CPMD
DFT/PMM implementation for 22 DFT and about
8000 PMM atoms.

computational effort of a DFT/PMM setting is less than a
factor of 2 larger than that of a DFT/MM setting.

3. IMPLEMENTATION
We have implemented the above approach in the MPI/OpenMP-
parallelized PMM-MD C-code IPHIGENIE, which also fea-
tures an interface to the DFT program CPMD [2] writ-
ten in FORTRAN77. For this purpose, CPMD is com-
piled as a library and statically linked to IPHIGENIE. This
compilation strategy makes the hybrid program IPHIGE-
NIE/CPMD easy to run on HPC systems, such as the Super-
MUC petaflop system operated by Leibniz Supercomputing
Centre (LRZ), Munich, where we have also run the scaling
tests presented below.

In a typical DFT/PMM setup, the computing power needed
for the DFT calculation is at least one order of magnitude
larger than that needed for the PMM calculation. Using
the optimal number of processes for the PMM calculation
results in PMM calculation times of a few percent of the
total time. In order to achieve the optimal number of MPI
processes for both program parts, a subset of NDFT “DFT
only” processes can be split off the total number of MPI
processes NMPI = NDFT + NPMM+DFT. This subset skips
the PMM part of the code and is synchronized with the
remaining NPMM+DFT processes before entering the DFT
part.

4. STRONG AND WEAK SCALING
The strong scaling on LRZ’s petaflop system SuperMUC
was tested selecting an alanin-dipeptide molecule (22 atoms)
as DFT fragment (MT/BLYP, Ecut=80 Ry, χDFT=10−6,
∆t=0.5 fs) and describing the aqueous environment by 2114
polarizable TL4P water molecules [6]. Figure 1 demon-
strates that the hybrid approach scales almost linearly up to
512 cores, with still reasonable performance gain up to 2048
cores even in this rather small setting. Note here that for
this small system IPHIGENIE scales up to NPMM+DFT=128
processes, which corresponds to as few as 66 atoms per pro-
cess. Note further, that this small system was chosen in-
tentionally to demonstrate the strong scaling behaviour of
the IPHIGENIE/CPMD software package. For the largest

PMM-only system tested so far (1.5M atoms) IPHIGENIE
(without CPMD) scaled up to 2048 cores, although it has
not been optimized yet for such large atom counts.

The well-known excellent weak-scaling performance of CPMD
is obviously not hampered by the interface to IPHIGENIE
and we are already setting up large-scale DFT/PMM simu-
lations of relevant biomolecules on SuperMUC. Furthermore
we are currently developing a replica exchange formalism for
the DFT/PMM setup, which will add a weak-scaling level of
parallelism and thereby increase the number of usable cores
per problem by another order of magnitude.

5. SUMMARY
Our new DFT/PMM approach combines PMM force fields
with grid-based DFT in an efficient but nevertheless ac-
curate way. It links the MPI/OpenMP-parallel PMM-MD
code IPHIGENIE [3, 4] to the well-established MPI/OpenMP-
parallel DFT code CPMD [2] and offers an unique tool which
- combines a highly accurate DFT description of a local-
ized subsystem with a PMM description of the extended
condensed phase environment that greatly enhances the ac-
curacy compared to conventional unpolarizable MM force
fields;
- scales almost perfectly up to 512 Intel Sandy Bridge cores
even for a small simulation system made up of only 22 DFT
atoms and 8456 PMM solvent atoms (which corresponds to
as few as 66 PMM atoms per PMM-MPI process);
- makes studies of large DFT molecules solvated in accu-
rately modeled condensed phase feasible.
We are now ready to study solvation effects of polarizable en-
vironments on solute molecules such as nucleobases in DNA
or chromophores.
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