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• Next-generation quantum chemistry 
software for molecular properties

• Key capabilities
‒ Kohn–Sham Density Functional 

Theory (DFT)
‒ Time-dependent DFT (TDDFT)
‒ Optical and X-ray absorption
‒ Electronic circular dichroism (ECD)
‒ Polarizabilities and dispersion 

coefficients
‒ Complex polarization propagator 

(CPP)
‒ Response theory for pulses

VeloxChem
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Python/C++ interface with pybind11
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Managing resources with split communicators
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Program design principles
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• Parallelization

‒ Hybrid MPI/OpenMP parallelization
‒ Flexible management of split communicators
‒ Reduction and distribution with minimal communication footprint

• Vectorization

‒ Autogenerated C++ code with minimized memory loads/stores on aligned data
‒ Vecorization enforced by OpenMP 4.0 pragmas



Integrals: Obara-Saika algorithm
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SIMD vectorization

9



10

Performance (ground state)

Beskow@PDC
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Performance (polarizability)
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Performance (excitation energies)



DFT numerical integration
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Ref:  H. Laqua, T. H. Thompson, J. Kussmann, 
and C. Ochsenfeld,  J. Chem. Theory Comput.  
2021, 17, 1512−1521 



Bisecting the grid boxes
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-----------------
NPoints NBoxes
-----------------

0-99 : 0
100-199 : 0
200-299 : 0
300-399 : 0
400-499 : 17
500-599 : 497
600-699 : 95
700-799 : 221
800-899 : 1343
900-999 : 5311
1000-1099: 2949
-----------------



MPI/OpenMP parallelization
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Performance (ground state)
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tDFT (Dardel)

8.22 sec

Functional: B3LYP
Basis set: def2-SVP
Number of basis functions: 7,626
Number of grid points: 9,636,124
Resource: 2 nodes

tDFT: Time spent in DFT in one SCF iteration.



Performance (ground state)
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System # basis tDFT (Dardel)

One layer 1196 1.31 sec

Two layers 2392 4.97 sec

Three layers 3588 10.16 sec

B3LYP / def2-SVPD

2,840,663 grid points

On 2 Dardel nodes



Performance (linear/nonlinear response)
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# basis # density matrices tDFT (Dardel)

1988 40 (linear rsp.) 16.62 sec

1988 270 (nonlinear rsp.) 428.50 sec

PBE0 / def2-SVPD

1,767,771 grid points

On 4 Dardel nodes



Current status of DFT in VeloxChem
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Available methods: HF, MP2 and density functionals
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Electronic energy of
Helium atom

Basis set: cc-pVTZ

In VeloxChem, the density 
functionals are implemented 
based on libxc
(https://gitlab.com/libxc/libxc)



Available properties and spectra

21

• Linear response
‒ Absorption

˃ Eigensolver (supports core excitation)
˃ CPP solver

‒ Electronic circular dichroism (ECD)
˃ Eigensolver (supports core excitation)
˃ CPP solver

‒ C6 dispersion coefficient
‒ Polarizability

• Nonlinear response
‒ Second harmonic generation (SHG)
‒ Two photon absorption (TPA)



Other features
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• Force field parameterization
‒ Localized properties
‒ RESP charges fitting
‒ Dihedral angle potential fitting

• Excitonic coupling model
• Geometry optimization

‒ Transition state search
‒ Based on the geomeTRIC module

˃ https://github.com/leeping/geomeTRIC

• PES interpolation
• Vibrational spectroscopies
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MultiPsi: a multiconfigurational extension of VeloxChem
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• MCSCF wavefunctions
‒ Both state-specific and state-averaged
‒ Quasi-Newton optimizer
‒ Fock-matrix driven active AO-to-MO transformation

• Parallel general CI code
‒ Record optimization of a CAS(22,22)
‒ 418,151,049,316 Slater Determinants

• Linear response (standard and CPP) Ref: https://doi.org/10.1002/wcms.1675



MultiPsi: benchmark
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MultiPsi: (SH)2Ni(SH)2Fe(CO)(CN)2
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CAS(22,22) with 418,151,049,316 Slater Determinants



MultiPsi: 2Fe-2S cluster
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• Variationally optimized MC-PDFT (a form of multiconfigurational DFT)

• Entire protein: 1447 atoms, 11986 basis functions, CAS(10,10)

• 1h per iteration on 8 x 32 cores (Tetralith)
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The ADC(2) approach
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MO integrals

𝝈-build

Nonlinear eigensolver

Jan Wenzel. Development and Implementation of Theoretical 
Methods for the Description of Electronically Core-Excited 
States. PhD thesis, Heidelberg University, 2016.



ADC(2) transition amplitudes
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Benchmark

run on Dardel@PDC
(Dual AMD EPYC Rome 64-core 2.25GHz)
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Absorption spectrum
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NTO analysis using single excitation vector

hole particle

hole particle

𝜆=0.428

𝜆=0.360

Tetramer
S10 (f = 0.5271) 



The eChem project
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The eChem project
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Link:   https://kthpanor.github.io/echem/ or simply   http:://bit.ly/e-chem



The eChem project
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Link:   https://kthpanor.github.io/echem/ or simply   http:://bit.ly/e-chem



Summary
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• VeloxChem is a quantum chemistry software targeting HPC cluster resources
‒ Python-driven science- and education-enabling software platform for quantum 

molecular modeling

• VeloxChem adopts a hybrid MPI/OpenMP and modular programming model 
‒ Emphasis on SIMD vectorization, multi-core scaling, low memory footprint and multi-

Fock matrix handling

• VeloxChem supports a broad range of properties/spectra calculations
‒ Linear/nonlinear response properties/spectra, conventional UV-Vis/X-ray spectra, 

geometry optimization, vibrational spectroscopies, etc.

• VeloxChem homepage: https://veloxchem.org/
• eChem homepage: https://kthpanor.github.io/echem/



Acknowledgements 

38

Thank you!


