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General Atomic and Molecular Electronic Structure System (GAMESS)

• General purpose electronic structure code
• Focus on ab initio quantum chemistry
• GAMESS ECP enables computation of large systems 

(> 10K atoms) using high-accuracy QM methods.
• Languages: Fortran + C library
• Programming models: CUDA/OpenMP-target



Introduction

Traditional Ab initio methods are expensive.
• HF & DFT ~1,000 atoms
• MP2 ~100 atoms
• CCSD(T) ~10-20 atoms
To achieve high chemical accuracy, these methods limit to 
small molecular systems.

Challenging to solve complex systems!

15,000++ atoms



Effective fragment potential (EFP)

• A QM-based force field
• Designed to model solvent 

effects
• Noncovalent interactions
• Rigid model

Fragment molecular orbital 
(FMO)

• Break system into smaller 
pieces

• Ab initio method based on 
many-body expansion

• Flexible fragments

Effective fragment molecular 
orbital (EFMO)

• Merger of EFP+FMO
• Simplifies FMO and improves 

accuracy
• Ab initio method 
• Flexible fragments

To enable direct connecWon with complex experiments with high accuracy

Fragmentation methods



EFMO for heterogeneous catalysis

Divide into fragments

• QM level
o Restricted Hartree Fock (RHF) 
o Resolution-of-the-identity MP2 (RI-MP2)
o RI coupled cluster (RI-CC)
o Density functional theory (DFT)

• MAKEFP à prepare EFP parameters
o Couple-perturbed Hartree Fock (CPHF)
o Time-dependent Hartree Fock (TDHF)

• QM level (RHF, RI-MP2, RI-CC, DFT)
• EFP-EFP (an ab initio force field)

Study reaction pathway
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EFMO for heterogeneous catalysis

• QM level
o Restricted Hartree Fock (RHF) 
o Resolution-of-the-identity MP2 (RI-MP2)
o RI coupled cluster (RI-CC)
o Density functional theory (DFT)

• MAKEFP à prepare EFP parameters
o Couple-perturbed Hartree Fock (CPHF)
o Time-dependent Hartree Fock (TDHF)

• QM level (RHF, RI-MP2, RI-CC, DFT)
• EFP-EFP (an ab initio force field)

Porting QM codes to GPU
Start

M1 M2 Mn…
Initial Guess

M1 M2 Mn…
Monomer

D1 D2 Dn…
Dimer
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Improve time to solution



Initial Molecular Orbital Guess

Led by Daniel Del Angel



Initial Molecular Orbital Guess

• Electronic structure described in terms 
of Molecular Orbitals (MOs) – 
optimized iteratively

• A starting set of MOs (the initial guess) 
• Matrix operations accelerated with 

GPU libraries (e.g., cuBLAS, cuSOLVER)

Initial guess Iterations

module offloaded_guess_mod
…
subroutine offloaded_DGEMM(matrices)
 use iso_c_binding,omp_lib
 …
 interface to cuBLAS
 …
 !$omp target data map (tofrom: matrices)
     call  cuBLAS_DGEMM(matrices)
 !$omp end target data 

subroutine MO_GUESS
 use offloaded_guess_mod
   …
   if (offloading_enabled) then 
       call offloaded_DGEMM(matrices)
   else 
       call DGEMM(matrices)
   end if
   …



Initial guess offloading results

• Calculations performed on Perlmutter with 128 logical cores per node
• One 1 node, the speedup of the GPU code is 59x
• On 64 nodes, the speedup is 6.7x

Using 8 MPI ranks/node, 8 threads/rank Using 4 MPI ranks/node, 16 threads/rank

Less speedup when increasing the number of nodes:
• Communication overhead
• The work is not distributed across GPUs.



Offloading HF/MAKEFP (CPHF and TDHF)
two—electron integral (TEI)-related codes

Led by Tosaporn Sa4asathuchana, Peng Xu, Buu Pham, & Melisa Alkan 



Offloading HF/MAKEFP (CPHF and TDHF)

• CPHF and TDHF
– Common to HF and MAKEFP

• Bottleneck
– Evaluation of two-electron integrals

• Some integral subroutines contain 
>1,000 lines of code.

– Contraction with density matrix (DA) to 
form Fock matrix (FA)

• Modernize and restructure Fortran77 
code
– Remove common blocks
– Remove large intermediate arrays

!$omp target distribute parallel do &
!$omp shared(FA,DA) private(ERIs) &
!$omp reduction(+:nintn)
do i,j,k,l

call integral_j01(i,j,k,l,ERIs)
call dirfck_rhf(i,j,k,l,ERIs,nintn,DA,FA)

subroutine dirfck_rhf(i,j,k,l,ERIs,nintn,DA,FA)
!$omp atomic update
 FA(IJ) = FA(IJ)+4*ERIs(ijkl)*DA(KL)
!$omp atomic update
 FA(KL) = FA(KL)+4*ERIs(ijkl)*DA(IJ)
!$omp atomic update
 FA(IK) = FA(IK)-ERIs(ijkl)*DA(JL)
!$omp atomic update
 FA(JL) = FA(JL)–ERIs(ijkl)*DA(IK)
!$omp atomic update
 FA(IL) = FA(IL)-ERIs(ijkl)*DA(JK)
!$omp atomic update
 FA(JK) = FA(JK)-ERIs(ijkl)*DA(IL)



Offloading Results (HF/MAKEFP)

Using 
1GPU

Time from miniERIs (an iteration of RHF method) (s)

Summit (V100) Perlmutter (A100) Frontier (MI250X) Sunspot 
(PVC)

Kernel xlf/
16.1.1-10

nvhpc/
22.5

nvhpc/
22.7

cce/
15.0.1

amd/
5.4.3

cce/16.0.0 
rocm5.5.1 oneAPI

j01 0.26 0.03 0.02 0.01 0.02 0.01 0.01
j02 1.53 0.16 0.09 0.07 0.24 0.09 0.06
j03 1.98 0.15 0.08 0.2 0.72 0.16 0.12
j04 3.88 0.24 0.15 1.98 0.85 4.74 0.35
j05 16.96 1.09 0.54 5.95 15.8 20.88 1.98
j06 79.33 8.92 4.52 5.77 22.44 19.32 3.00

Sum 103.94 10.59 5.4 13.98 40.07 45.2 5.52



Portability of Offloaded Code

Accelerator V100 A100 MI250X PVC

Compiler NVHPC NVHPC
CCE CCE oneAPI

Center OLCF 
Summit

ALCF 
Polaris

OLCF 
Frontier

ALCF 
Aurora



Offloading RI-MP2

Led by Buu Pham



RI-MP2: Using Fortran Interfaces to Accelerated Libraries
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Main bottleneck of RI-MP2
• the tensor contraction.



Relative Timing Across Different GPUs

• 𝐻"𝑂 #$%

• 6-31G(d,p)
• Computed on one node

• Summit: 6 V100s
• Perlmutter: 4 A100s
• Sunspot: 6 Intel GPUs
• Crusher: 4 MI250Xs (8 GCDs)



EFMO/RIMP2 Strong Scaling

• 𝑀𝑆𝑁@ 𝐻+𝑂 ,-./
• 6-31G/cc-pVDZ
• 74,277 basis functions
• Rcut=1.0
• 9,556 dimers
• 13,791 atoms



Offloading RI-CCSD(T)

Led by Dipayan Datta



The Generic Offloading Algorithm: Matrix Tiling to Reduce GPU 
Memory Allocation in RI-CCSD(T)

𝐼!",$%

Four-index intermediates

Prepare tiles on the GPU; tile size 
automatically adjusted at runtime.

Split into 
tiles Sort cluster amplitudes on 

the CPU. Copy at most 𝑁0 
memory-scaling segments to 
the GPU.

<latexit sha1_base64="caItzr1kwWJ6Nj9RUAiJ99QTP/U=">AAACCXicbZDJSgNBEIZ74hbjFvXopTEIHiTMiNsx6MVjBLNAEkNNpyfppGehu0YJw1y9+CpePCji1Tfw5tvYWQ6a+EPDz1dVVNfvRlJotO1vK7OwuLS8kl3Nra1vbG7lt3eqOowV4xUWylDVXdBcioBXUKDk9Uhx8F3Ja+7galSv3XOlRRjc4jDiLR+6gfAEAzSonad3CaTYTvrukUibknsISoUP1CAwqJ+28wW7aI9F540zNQUyVbmd/2p2Qhb7PEAmQeuGY0fYSkChYJKnuWaseQRsAF3eMDYAn+tWMr4kpQeGdKgXKvMCpGP6eyIBX+uh75pOH7CnZ2sj+F+tEaN30UpEEMXIAzZZ5MWSYkhHsdCOUJyhHBoDTAnzV8p6oIChCS9nQnBmT5431eOic1Y8vTkplC6ncWTJHtknh8Qh56RErkmZVAgjj+SZvJI368l6sd6tj0lrxprO7JI/sj5/AEjrmrc=</latexit>atjb,i  tab,ij
!$omp target data use_device_ptr(I,T2,W)

#ifdef USE_CUBLAS
cuBlas_status = cublasDGEMM(cublas_handle,   

cublas_OP_N,cublas_OP_N,M, 
N,K,1.0,c_loc(I),LDA,    
c_loc(T2),LDB,0.0,c_loc(W), 
LDC)

#elif USE_HIPBLAS
call hipblasCheck(hipblasDGEMM(hipblas_handle, 

hipblas_OP_N,hipblas_OP_N,M
N,K,1.0,c_loc(I),LDA,    
c_loc(T2),LDB,0.0,c_loc(W), 
LDC)

call hipCheck(hipDeviceSynchronize())
#endif

!$omp end target data

DOI: 10.1021/acs.jctc.3c00876

• Density fitting approximation: Allows factorizing CC equations in terms of the partially transformed 
three-index intermediates, e.g., 𝒲')

% = ∑1 𝑖𝑒 𝑃 𝑡1
) .

• Integral-direct algorithm: 4-index intermediates are assembled on the fly.



Performance of the Offloaded Triples Correction in RI-CCSD(T)
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Portability of the Offloaded RI-CCSD(T) Code

Accelerator NVIDIA Tesla V100 NVIDIA A100 AMD Instinct MI250X
Compiler NVHPC NVHPC CCE

Center OLCF Summit ALCF Polaris
NERSC Perlmutter OLCF Frontier/Crusher



Offloading DFT

Led by Federico Zahariev



Offload of the exchange-correlation (XC) part of the Fock matrix

M. Manathunga, et. al, 
JCTC. 16, 4315 (2020). 

D. B. Williams-Young, et. al, Front. Chem. 8, 581058 (2020).

Recursive partitioning of the XC grid: batch compression of matrices due to the sparse grid:

Batched (with variable dimensions) versions 
of DGEMM and DSYR2K (Magma library with HIP)

Data prepara^on for DGEMM and DSYR2K with 
OpenMP offload to minimize the CPU ↔ GPU transfers
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Offload of the exchange-correlation (XC) of the Fock matrix (results)

Speed-up versus the number of water molecules 

“speed up”: ratio of OpenMP and GPU offload for the 
average times of the XC part of a SCF iteration on one 
Summit node

Speed Up 10 
waters

20 
waters

32 
waters

47 
waters

SVWN/6-311G 2.81 2.03 3.82 6.24

BLYP/6-311G 2.64 2.27 4.23 8.25

M06/6-311G 3.41 3.34 9.05 9.50

SVWN/6-31G(d) 2.19 2.47 3.43 5.55

BLYP/6-31G(d) 4.01 4.07 4.17 5.20

M06/6-31G(d) 2.62 4.10 5.69 9.06

Extrapolations of the speed-ups
SVWN/6-311G BLYP/6-311G M06/6-311G

SVWN/6-31G(d) BLYP/6-31G(d) M06/6-31G(d)



EFMO for Heterogeneous Catalysis

Gatekeeper groups selectively 
allow reactants “A” (not “B”) to 
enter and form product “P”

Reaction on mesoporous silica 
nanoparticles (MSNs)



EFMO MSN Reaction Path
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Reaction Pathway:
EFMO/RI-MP2/6-31G/cc-pVDZ-ri using Rcut=1

Molecular model Bulk model

Molecular model Bulk model (MSN + 4,600 H2O)
15K atoms

#QM dimers= 9556
#EFP dimers= 6734



Multi-layer EFMO (ML-EFMO)
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To achieve higher accuracy with insignificant increase of computa^onal ^me
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