
1. Biologically important macromolecules, such as proteins, are within 
the scope of electronic-structure calculation because of the 
improvement of computational resources.

2. General Purpose GPU (GPGPU) is successfully applied for many 
kinds of problems in high performance computation using NVIDIA 
CUDA.

1. GPGPU acceleration of ERI including d or higher basis.

2. Fine tuning of Hartree-Fock Exchange of GPU-side, 
integral code of host-side.

3. GPGPU acceleration of second order perturbation.

4. Parallel GPGPU computation of FMO method

Electrostatic potential (Coulomb or J -matrix) :  

Far-field contribution: fast multipole method (FMM) by CPU.

Near-field: two-electron integrals and the J-matrix in terms of primitive 
Hermite Gaussian basis are evaluated by GPU (Direct J Engine).

Schwarz upper bounds are used to reduce # of ERIs to be calculated, 
but we don’t use integral symmetry ( e.g. (p|q)=(q|p) ). Guass-Rys
quadrature is used to evaluate ERIs because of small memory 
footprint. The communication time between CPU and GPU  to 
send/receive  was only about 10% of GPU computation time.

A software library (XA-CUDA-QM) developed in this study makes 
Hartree-Fock quantum chemical calculation with GAMESS FMO 
about 2 times faster by using GPU compared with using multi-core 
CPUs without any degradation of results such as accuracy and the 
value of dipole moment. Especially, GPGPU calculation of 
environmental electrostatic potential becomes 4 times faster than 
multi-core CPUs calculation.

1. Solve a molecule’s total energy and its gradient of FMO.
2. Most time-consuming steps (the evaluation of Coulomb, Hartree-

Fock exchange, and exchange-correlation matrices…) are executed 
on GPUs. Remaining parts are calculated on CPUs.

3. Use single precision arithmetic as much as possible for the sake of 
effective speedup, without degradation of accuracy.

4. Take special care for task scheduling and host-GPU communication 
time to keep as many CPUs and GPUs busy. 

5. We design it for a general module applicable to many quantum 
chemistry softwares.

The upper bound of each ERI is first 
evaluated and ERIs which are small 
in magnitude are calculated on GPU 
with single-precision. The rests (10% 
of total count of ERIs) are calculated 
on CPU with double precision. 

Fig 1. Valinomycin
(x 108 , converged D)

Based on Yasuda [2008], We develop a software library (XA-CUDA-
QM) to accelerate famous QM softwares (GAMESS-US etc...) by 
using GPU. We show the excellent performance of XA-CUDA-QM 
applied to fragment molecular orbital method.

Hartree-Fock exchange (K-matrix) :

Uncontracted McMurchie-Davidson 
algorithm and full integral symmetry
are used.

Energy Gradient :  

The same methods as stated above, except that ERIs for higher 
angular momentum are required. 

Environmental Electrostatic Potential (ESP): 

J-matrix algorithm without FMM. This is the mainly time-consuming 
step of FMO.

CPU       GPU       unnecessary
s,sp,p

CPU             unnecessary
d or more

Table 1 : J-, K -matrix formation time of 
Valinomycin (1CPU vs 1GPU, sec)

Table 2 : FMO2 monomer energies of 
each residue of Chignolin (GAMESS 
2010 R3 FMO-RHF/6-31G, a.u.)

1. The value of dipole moment is exactly the 
same.

2. Benchmark Environment       

Compiler : Intel Fortran compiler 11 + 
Intel math kernel library

CPU: Core 2 Quad@2.66GHz x 4core

GPU: GTX470 x 1 (Fermi), DDR2 4GB

3.  Total monomer energy

E(CPU) : -3661.172662442

E(GPU) : -3661.172662445

error 3.0× 10-9 a.u. (almost nothing)

4.  Calculation Time :

CPU 1104.537 sec, GPU 585.718 sec

Residue E(CPU) �û�(���*�3�8��

1(GLY) -80.2227549536 -3.0E-09 

2(TYR) -534.769290098 0.0E+00 

3(ASP) -417.441523329 -3.0E-09 

4(PRO) -307.413920525 -6.0E-09 

5(GLU) -456.476084651 7.0E-09 

6(THR) -344.370404173 -2.0E-09 

7(GLY) -191.594835091 7.0E-09 

8(THR) -344.375192993 -5.0E-09 

9(TRP) -590.759583792 2.0E-09 

10(GLY) -393.749078255 1.0E-09 

Software
Processor

GAMESS-US
Core 2

GAMESS-US
+ XA-CUDA-QM
GTX470 (Fermi)

Acceleration
Ratio

Total ERI 324.725 18.723 x 17.4

J-matrix 0.458

K-matrix 18.265

Table 3 : Calculation time of 
FMO2 environmental static 
potential of Chignolin (sec)

Time(CPU) Time(GPU)
ESP 711.694 181.958

We show the result of calculation mainly derived from the acceleration 
of electric static potential in tables above. 

We achieve about twice faster calculation by GPGPU than that only 
by a CPU, and about 4 times faster for ESP calculation. When it 
comes to more large proteins, much more acceleration is promising 
because ESP is a much more predominant time consuming part (over 
80%) for large scale proteins.

For SCF part, which is costly other than ESP, in this calculation, so 
called “Direct SCF” method is unfavorable because fragments are 
small enough to store all ERIs in a host memory. On the other hand, 
GPGPU must use direct SCF because of the host-device data transfer 
cost. Hence, we need fine-tuned routines for host-side ERI to 
accelerate whole computation of FMO. 
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