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A practical solution to achieving scalability on millions of cores is to employ ‘ensemble’ calculations in which 

multiple related jobs are executed concurrently. Molecular dynamics (MD) provides an example in which  

multiple trajectories of a given system may be launched simultaneously, and statistics can afterwards be 

gathered over all trajectories to obtain results (ergodic theorem). MD is a very powerful computational 

technique that provides detailed and accurate information on structural and dynamical properties of chemical 

systems, but classical molecular dynamics simulations are based on empirical force fields which are obtained 

by parameterization. Thus, the accuracy of predicted properties depends on the system. To solve this problem 

we propose to use ab initio quantum chemistry dynamics implemented in the software package, GAMESS. 

However, quantum chemistry is very expensive. In order to make ab initio dynamics computationally tractable, 

supercomputers and linear scaling methods are necessary. Specifically, we use the Blue Gene/Q 

supercomputer, and the linear scaling Fragment Molecular Orbital (FMO) method, together with ensemble type 

calculations. In this poster, we explore how the ensemble strategy can be employed with FMO in GAMESS to do 

MD. 

Supercomputer Challenge 

 ALCF supercomputer Mira  

Blue Gene/Q architecture: 

 1,024 nodes per rack 

 16 cores/node 

 1.6 GHz processor 

 16 GB of memory/node 

  Mira has a total of  

 48 racks (768,000 cores) 

 768 terabytes of RAM 

 peak performance of 10 petaflops 

 384 IO nodes 

 240 GB/s, 35 PB storage 

   
 Mira (Blue Gene/Q system) 

A challenge for quantum chemistry codes such as 

GAMESS is to execute efficiently on increasingly 

large numbers of cores. Core counts in the hundred 

thousands range and beyond demand methods that 

are both inherently scalable and implemented via 

highly parallelized algorithms. One of our 

development plans is to utilize methodological 

improvements such as ensemble calculations. We 

plan to exploit multilevel parallelism to achieve 

this goal. 

GAMESS (General Atomic and Molecular Electronic Structure System)  

 Ab initio quantum chemistry package. 

 Maintained by the research group of Prof. Mark Gordon at Iowa State University           

(http://www.msg.ameslab.gov/gamess). 

 Enables all major quantum mechanical methods (Hartree-Fock, Møller-Plesset 

perturbation theory, coupled cluster, multiconfiguration self consistent field, 

configuration interaction, density functional theory). 

 Ported to all major computer architectures. 

 Free and widely used on everything from laptops to supercomputers. 

 About a million lines of code, with an associated parallelization library comprising 15,000 

lines. 

 Highly scalable, including many distributed data algorithms. 

The Fragment Molecular Orbital (FMO) method 

 In FMO, a molecular system is divided into fragments and the total properties, 

such as the energy or its gradient, are calculated from those of the fragments 

and (in FMO2) their pairs, computed in the embedding potential. FMO treats the 

electrostatics for the whole system while the exchange-repulsion and charge 

transfer are only accounted for at the local level of fragment pairs. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 The total energy can be written as: 

 

where the energies E of fragment I or fragment pair IJ are obtained using QM 

methods such as RHF or DFT in the embedding potential of the whole system. 

 Current applications: 

 geometry optimizations (full: ~1,000 atoms, partial: ~20,000 atoms) 

 single point QM energies (~20,000 atoms) 

 pair interaction analysis (~20,000 atoms) 

   - drug design, ligand docking, chemical reactions in solution etc 

 Massively parallel FMO utilizes the Generalized Distributed Data Interface (GDDI). 

 With the system divided into fragments, each fragment or pair is 

computed on a distinct subset, or group, of the available processors 

 Each fragment/pair is then run in parallel in each group 

 This provides two levels of parallelization, greatly increasing the parallel 

efficiency 
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Example of FMO fragmentation scheme (a) molecular cluster, (b) 

polypeptide, and (c) silicon nanowire [from Fedorov, Nagata, Kitaura, 

Phys. Chem. Chem. Phys. 2012, 14, 7562-7577] 

FMO MD ensemble calculations on Mira for a cluster of 256 water molecules 
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Application: Towards High-Accuracy 

Predictions of Water Clusters and Bulk 

Properties of Liquid Water  

Plan: perform ab initio molecular dynamics simulations of water using 

FMO2 to provide a comprehensive and quantitative comparison with 

experimental results and to calibrate empirical potentials 

MD 1 step timings for 

FMO RHF/6-31G* (c16 

mode); 

Total time is equal to sum 

of GAMESS execution 

time and overhead. The 

overhead includes only 

system overhead – time to 

boot nodes/start job/clean 

up files. 

 Mira is available via the DOE INCITE 

and ALCC projects 

Novel Computational Impact on Theory and 

Experiment (INCITE) program aims to 

accelerate scientific discoveries and 

technological innovations by awarding, 

on a competitive basis, time on 

supercomputers to researchers with 

large-scale, computationally intensive 

projects that address “ grand 

challenges ”  in science and 

engineering. 

 

2014 INCITE Allocations at ALCF: 5 billion 

core-hours on Mira 

 

Ensemble calculations  

In GAMESS we implemented two types of ensemble calculations (EC) to achieve 

better scalability and advance the implementation of new methods: 

 Weakly coupled EC - requires little or no communication between jobs. The jobs 

are submitted simultaneously and independent from each other. For example, we 

implemented running multiple independent ab initio MD trajectories to study 

properties of the system. EC was implemented at the script level. 

 Strongly coupled EC - requires frequent communication between jobs. For 

example, FMO calculations or enhanced sampling MD (replica-exchange MD, REMD, 

or umbrella sampling MD) in GAMESS. In REMD, multiple copies of the system are 

randomly initialized and run at different temperatures. Then, based on the 

Metropolis criterion configurations are exchanged at different temperatures: 

 

 

 

The present FMO-REMD implementation statically assigns one GDDI group for each 

replica computation. In a GDDI group, FMO is used to calculate the replica divided 

into fragments in parallel, based on the REMD/GDDI code in GAMESS (D.G. Fedorov, 

Y. Sugita, C. H. Choi, J. Phys. Chem. B 2013, 117, 7996). 

MD 1 step timings for 

FMO RHF/6-31G* (c16 

mode); 

This figure shows the 

percentage overhead 

versus the trajectory 

length in steps 

(‘frequency of restarts’). 

Restarting the trajectories 

at every step at script 

level will lead to ~20-40% 

overhead depending on 

number of nodes, but 

restarting every 32+ 

steps leads to very small 

<1% overhead. 

FMO RHF/6-31G* (c16 

mode) scaling of 12 hour 

long ensemble MD 

calculations on up to all 

nodes on Mira, each 

trajectory runs on 512 

nodes. GPFS I/O means 

that GAMESS temporary 

files are saved to the 

relatively slow GPFS, 

compared to the much 

faster ‘RAM disk’ of I/O 

nodes. The biggest 

improvement is achieved 

by combining RAM disk 

I/O with RATTLE which 

permits much larger step 

sizes. 

REMD FMO-RHF/6-31G* 

(c16 mode) scaling for 1 

step; the ‘predicted’ curve 

estimates how FMO-

REMD may scale with 

three-level parallelization 

Implementation of scripting for weakly coupled ensembles 

Candidates for ensemble-type of calculations in GAMESS: 

1.Replica exchange FMO/MD code (REMD) – for early science project on Mira (PI Mark Gordon) 

2.Multi-state reactive molecular dynamics code for FMO – for early science project on Mira (PI Gregory Voth) 

3.Potential energy search using FMO – former INCITE project (PI Donald Truhlar) 

FMO MD RHF/6-31G* for 256 water cluster, demonstration of energy 

conservation for NVE calculations  

Preliminary results of ab initio FMO/MD calculations: radial distribution 

functions are for O-O distance between water molecules 

Conclusions 
For weakly coupled ensemble calculations, we developed a script-

based method scalable up to 49,152 nodes of Blue Gene /Q to execute 

ab initio MD trajectories for 256 water molecules up to 35 ps long. For 

strongly coupled ensembles, a built-in GAMESS implementation of 

three-level parallelization will be needed to adapt GAMESS to future 

exa-scale supercomputers. 

Schematic diagram of ensemble execution in 

‘script mode’:  

For studying the structural and dynamical 

properties of water clusters it is not required to 

run one continuous MD trajectory. The same 

result can be achieved with multiple unique 

trajectories (‘Ergodic Theorem’). Each trajectory 

starts with a new set of equilibrated coordinates 

and velocities. The analysis of generated 

trajectories is done once after all MD 

trajectories are generated. There is no load 

balancing problem since all trajectories have 

same length. Thus, this is well suited to weakly-

coupled ensemble runs implemented at script 

level. EC was implemented at the script level. In 

the script the scheduler provides a partition 

(block).  The job boots multiple sub-blocks of 

that block and initiates simultaneous runs on 

them. For each sub-block run GAMESS files 

are initialized on RAM disk of I/O nodes and 

removed later after run.  


