
The Rys quadrature, one of the oldest and most popular two-electron integral 
schemes, is applicable to a shell quartet of arbitrary angular momentum. In this 
quadrature approach, a six-dimensional two-electron integral is computed by 
Gaussian quadrature over a Rys polynomial,

where the number of roots, N, is related to the total quartet angular momentum 
L (i.e., the sum of the angular momenta of the four functions in the integral).

Rys quadrature can be decomposed into three steps:
1. Evaluate the roots and weights of the Rys polynomial
2. Evaluate the three (x, y, z) two-dimensional (intermediate) integrals
3. Combine the uncontracted two-dimensional integrals into the final six-dimensional 

contracted two-electron integral

where the k index refers to a particular contraction.
The roots and weights are typically found using piecewise polynomial fits or, more 
generally, using Stieltjes ‘bootstrapping’ (Int. J. Quantum Chem., 42, 827 (1992)).

This is the structure of the 
main SCF driver. There are  
essentially  three  major 
components:
1. Screening of integrals at shell 

level (not discussed in this 
poster)

2. Integral computation
3. Fock update

This is the structure of the 
electron repulsion integral 
code. It is done by using the 
Rys quadrature method. The 
details of the method are 
described below.

The computed integrals are 
multiplied by electron density. 
The result is accumulated in 
the Fock matrix.
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In the exascale era, only carefully tuned applications are expected to scale to millions of cores. For quantum 
chemistry, one of the practical solutions to achieve such scalability is to employ new highly parallel methods, 
such as using the Fragment Molecular Orbital (FMO) method in the GAMESS code. Other considerations include 
multithreading and the efficient use of memory. To achieve these goals for GAMESS, the following steps are required 
to thread the Restricted Hartree-Fock (RHF) code:
1. Convert Fortran 77 code to Fortran 90 code 
2. Carry out initial code optimizations
3. Make a thread-safe Rys quadrature integral code (by removing common blocks, which can lead to improper data updates)
4. Parallelize the RHF Self Consistent Field (SCF) code by using OpenMP (in addition to previous efforts with MPI) 

To accomplish these steps, we rewrote Rys integral, SCF driver, and Fock-build subroutines. We also implemented 
and benchmarked three OpenMP algorithms. These efforts resulted in a two-fold speedup on Mira, the ALCF’s IBM 
Blue Gene/Q supercomputer.

SCF and Integral Implementation 
in GAMESS 

OpenMP SCF Algorithms
There are two major technical issues to threading GAMESS: making the code thread-safe since the use of 
common blocks is widespread, and updating the Fock matrix. Here, we present three different ways to update 
the Fock matrix using OpenMP threads. The algorithms have been benchmarked on a cluster of 89 water 
molecules for the first SCF RHF/STO-3G iteration, for no screening of integrals, and for [ss|ss] integrals only. 

All benchmarking calculations are done on one Blue Gene/Q node. For fair comparison, we varied the number 
of MPI ranks and varied a matching number of threads for OpenMP. The maximum number of MPI ranks per 
node is 16 due to memory limitations on the Blue Gene system. In these algorithms, MPI parallelization is 
effectively done over I and J shell indexes, while OpenMP parallelization is done over K and L indexes.

Results 

Conclusions 
In this work, we have applied our initial code optimization, and developed a 
thread-safe Rys quadrature integral code with parallelized Self Consistent Field 
method using OpenMP. We implemented and benchmarked three different 
hybrid MPI/OpenMP algorithms. The most efficient MPI/OpenMP algorithm was 
benchmarked against an MPI-only implementation on the IBM Blue Gene/Q 
supercomputer and was shown to be consistently faster by a factor of two.

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

Mira’s IBM 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 TB of RAM
 � peak performance of 10 petaflops
 � 384 I/O nodes
 � 240 GB/s, 35 PB storage

Well parallelized and scalable algorithms are required to efficiently use a supercomputer’s enormous number of 
cores, which is a challenge for quantum chemistry codes such as GAMESS. To take full advantage of the hardware 
capabilities of Mira, our development plans include multithreading the integral codes and incorporating algorithmic 
improvements, such as the use of ensemble calculations. It is very important to parallelize code efficiently at both MPI 
and OpenMP levels.
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For the Replicated Fock Matrix Update, we declared density and replicated it for each thread Fock matrix as shared variables. Here, we effectively 
implemented Fock private since each thread accumulated Fock contributions in its own copy of Fock matrix. At the end, all Fock contributions 
over all threads are summed up. The algorithm consistently outperforms the MPI algorithm, but it is not memory efficient. Memory requirements: 
2*Nbf*Nbf +Nbf*Nbf*numth
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Allocation Programs
Mira is primarily used by projects from DOE’s INCITE and ALCC programs. 
The Innovative and Novel Computational Impact on Theory and Experiment 
(INCITE) and ASCR Leadership Computing Challenge (ALCC) programs 
aim to accelerate scientific discoveries and technological innovations 
by awarding, on a competitive basis, time on DOE supercomputers to 
researchers with large-scale, computationally intensive projects that 
address “grand challenges” in science and engineering. In 2014, INCITE 
allocations at the ALCF amount to 2.1B core-hours on Mira. 

Mira is the ALCF’s 10-petaflops IBM Blue Gene/Q supercomputer.

All calculations have 
been done on a cluster 
of 89 water molecules 
in the 14Ax15Ax15A 
box.

We compared the 
Replicated Fock Matrix 
Update, which is 
the fastest OpenMP 
algorithm, against 
an MPI algorithm. 
Our OpenMP 
algorithm consistently 
outperformed the MPI 
algorithm. 

For the Atomic Fock Matrix Update, we declared density and Fock matrices as shared variables. There is a potential race condition updating the 
Fock matrix since different threads can write to the same Fock element. To avoid this issue, we implemented an atomic Fock update. Memory 
requirements: 2*Nbf*Nbf where Nbf is the number of basis functions.

For the Vector Fock Matrix Update, we declared density as a shared variable. We also declared two vectors as shared, which have size Nbf*numth 
where numth is the number of available threads per MPI rank. This is where I and J contributions to Fock matrix are accumulated.

In this algorithm, we first realize that the Fkl index is a “thread-safe” index since threading is done over the K index while other I and J indexes 
were not “thread-safe”, and the corresponding Fock contributions need to be written in individual thread copy of Fi and Fj vectors. Later Fi and Fj 
contributions over all threads are summed up and added to the Fock matrix. Memory requirements: 2*Nbf*Nbf +2*Nbf*numth
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