
  allocate(nbuf(mstates,5))   do i=1,mstates     nbuf(i,1)=nbasm(i)     nbuf(i,2)=nactm(i)     nbuf(i,3)=inactm(i)     nbuf(i,4)=idetm(i)     nbuf(i,5)=spinm(i)   enddo 
  if(np.gt.0) then     ncount=maxci*mstates     call MPI_Bcast(civm,ncount,MPI_REAL8,master,MPI_COMM_WORLD,ierr) 
    ncount=maxvec*maxvec*mstates     call MPI_Bcast(vecsm,ncount,MPI_REAL8,master,MPI_COMM_WORLD,ierr) 
    ncount=maxnact*maxci*mstates     call MPI_Bcast(ioccm,ncount,MPI_INTEGER8,master,MPI_COMM_WORLD,ierr) 

    ncount=nmol*nbase     call MPI_Bcast(ncombv,ncount,MPI_INTEGER8,master,MPI_COMM_WORLD,ierr) 

    ncount=5*mstates     call MPI_Bcast(nbuf,ncount,MPI_INTEGER8,master,MPI_COMM_WORLD,ierr) 

    if(nmol.ge.3)then       ncount=(nmol-1)*nbase       call MPI_Bcast(inter_couplings,ncount,MPI_INTEGER8,master,MPI_COMM_WORLD,ierr) 

    endif 
  endif 
  do i=1,mstates     nbasm(i)=nbuf(i,1)     nactm(i)=nbuf(i,2)     inactm(i)=nbuf(i,3)     idetm(i)=nbuf(i,4)     spinm(i)=nbuf(i,5)   enddo 
  deallocate(nbuf)

#ifdef ACC 
!$acc kernels 

present(u,w,a)
 

#endif 
#ifdef OMPTGT 

#ifdef OMP5 
!$omp target t

eams loop priv
ate(coef,k) 

#else 
!$omp target t

eams distribut
e parallel do 

private(coef,k
) 

#endif 
#endif 
      do i=1,n

elecs 

        do j=1
,i 

          coef
=0.0d0 

          do k
=1,nelecs 

            co
ef=coef+u(i,k)

*w(k,j)+u(j,k)
*w(k,i) 

          endd
o 

          a(i,
j)=coef 

          a(j,
i)=coef 

        enddo 

      enddo 
#ifdef OMPTGT 

#ifdef OMP5 
!$omp end targ

et teams loop 

#else 
!$omp end targ

et teams distr
ibute parallel

 do 

#endif 
#endif 
#ifdef ACC 
!$acc end kern

els 

#endif

Coen de Graaf	 ADAC Paris, September 2023

GronOR, a massively parallel and 
GPU accelerated program for Non-
Orthogonal Configuration Interaction 



Electronic structure calculations

1927 — Quantum mechanical description of the chemical bond in H2

Heitler London

Ha Hb

<latexit sha1_base64="NRxIezaoaK3LyZ75GePjV6zVhlU=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FL4KXCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDPz209MG67kg50kLIjJUPKIU2Kd1OolI94n/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo+sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfUvq7X7WqV+l8dRhBM4hXPw4QrqcAsNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gCJqY8l</latexit>

�a= Ha-1s = Hb-1s
<latexit sha1_base64="/0McH6mtjKPUjw9LcLHSk9oW1m0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FL4KXCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDPz209MG67kg50kLIjJUPKIU2Kd1OolI94P++WKV/XmwKvEz0kFcjT65a/eQNE0ZtJSQYzp+l5ig4xoy6lg01IvNSwhdEyGrOuoJDEzQTa/dorPnDLAkdKupMVz9fdERmJjJnHoOmNiR2bZm4n/ed3URtdBxmWSWibpYlGUCmwVnr2OB1wzasXEEUI1d7diOiKaUOsCKrkQ/OWXV0nroupfVmv3tUr9Lo+jCCdwCufgwxXU4RYa0AQKj/AMr/CGFHpB7+hj0VpA+cwx/AH6/AGLLY8m</latexit>

�b

Evolved into Valence Bond Theory 
- non-orthogonal atomic-like or bond-like orbitals 
- stays close to the Lewis structures 
- computationally elaborated 

<latexit sha1_base64="mB+llytu6cTouPVfXkK5ZF3InFM=">AAACJnicbVDLSgMxFM3UV62vUZdugkVoEcuMFHVTKLgR3FSwD+iUcidN29DMgyQjlKFf48ZfceOiIuLOTzGdmYW2Hkju4Zx7Se5xQ86ksqwvI7e2vrG5ld8u7Ozu7R+Yh0ctGUSC0CYJeCA6LkjKmU+biilOO6Gg4Lmctt3J7cJvP1EhWeA/qmlIex6MfDZkBJSW+mbNaUhWKznhmPUhuV18jlOSiuWSAzwcg+NSBfgCJzWVyn2zaFWsBHiV2BkpogyNvjl3BgGJPOorwkHKrm2FqheDUIxwOis4kaQhkAmMaFdTHzwqe3Gy5gyfaWWAh4HQx1c4UX9PxOBJOfVc3emBGstlbyH+53UjNbzpxcwPI0V9kj40jDhWAV5khgdMUKL4VBMggum/YjIGAUTpZAs6BHt55VXSuqzYV5XqQ7VYv8/iyKMTdIpKyEbXqI7uUAM1EUHP6BXN0bvxYrwZH8Zn2pozsplj9AfG9w9feqSI</latexit>

 = (�a�b + �b�a)(↵� � �↵)

<latexit sha1_base64="zdVphzQopTE+gfqCJw6p6Zc9EfU=">AAACFHicbVDLSgNBEJz1GeMr6tHLYBAEIeyKqBdB8CJ4iWgekA1L76STDM7OrjOzQljzEV78FS8eFPHqwZt/42STg6+CoYuqbqa7wkRwbVz305manpmdmy8sFBeXlldWS2vrdR2nimGNxSJWzRA0Ci6xZrgR2EwUQhQKbITXpyO/cYtK81hemUGC7Qh6knc5A2OloLTrC5A9gX7S5wHc5SX0Va7RY3oZZBAOqS/xhrpBqexW3Bz0L/EmpEwmqAalD78TszRCaZgArVuem5h2BspwJnBY9FONCbBr6GHLUgkR6naWHzWk21bp0G6s7JOG5ur3iQwirQeR3W47AtPXv72R+J/XSk33qJ1xmaQGJRt/1E0FNTEdJUQ7XCEzYmAJMMXtrpT1QQEzNseiDcH7ffJfUt+reAeV/Yv98sn5JI4C2SRbZId45JCckDNSJTXCyD15JM/kxXlwnpxX523cOuVMZjbIDzjvXyRRnkA=</latexit>

h�a|�bi = Sab 6= 0



Ha Hb

Electronic structure calculations

1928 — Foundations of Molecular Orbital theory

Hund Mulliken

<latexit sha1_base64="KGP7KEeKEUp2bLU5f0t79hzZEWo=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdSMU3AhuKtgHNKFMpjfp0MkkzEyEEvsBbvwVNy4UcesHuPNvnDZZaOuBgcM553LnHj/hTGnb/rZKS8srq2vl9crG5tb2TnV3r63iVFJo0ZjHsusTBZwJaGmmOXQTCSTyOXT80dXU79yDVCwWd3qcgBeRULCAUaKN1K/WXE5EyAG7yZD1Q/yQkxS7MtcvsW1Sdt2eAS8SpyA1VKDZr365g5imEQhNOVGq59iJ9jIiNaMcJhU3VZAQOiIh9AwVJALlZbNjJvjIKAMcxNI8ofFM/T2RkUipceSbZET0UM17U/E/r5fq4MLLmEhSDYLmi4KUYx3jaTN4wCRQzceGECqZ+SumQyIJ1aa/iinBmT95kbRP6s5Z/fT2tNa4KeooowN0iI6Rg85RA12jJmohih7RM3pFb9aT9WK9Wx95tGQVM/voD6zPH9fkmjw=</latexit>

h�g|�ui = 0

<latexit sha1_base64="jRnPgaRFSLCphZsUAt79ceWoV10=">AAAB/3icbZDLSgMxFIbP1Futt1HBjZtgEdxYZqSoG6HgRnBTwV6gHYZMmmlDM5khyQilduGruHGhiFtfw51vYzqdhbYeCPn4/3PIyR8knCntON9WYWl5ZXWtuF7a2Nza3rF395oqTiWhDRLzWLYDrChngjY005y2E0lxFHDaCobXU7/1QKVisbjXo4R6Ee4LFjKCtZF8+6CbDJifoiuUAT7NrsC3y07FyQotgptDGfKq+/ZXtxeTNKJCE46V6rhOor0xlpoRTielbqpogskQ92nHoMARVd4423+Cjo3SQ2EszREaZerviTGOlBpFgemMsB6oeW8q/ud1Uh1eemMmklRTQWYPhSlHOkbTMFCPSUo0HxnARDKzKyIDLDHRJrKSCcGd//IiNM8q7nmlelct127zOIpwCEdwAi5cQA1uoA4NIPAIz/AKb9aT9WK9Wx+z1oKVz+zDn7I+fwDpeZVv</latexit>

�u = �a � �b

<latexit sha1_base64="ErvvlWnVQT6Z6ySggE4Ps2WkJLo=">AAAB/3icbZDLSgMxFIbP1Futt1HBjZtgEQShzEhRN0LBjeCmgr1AOwyZNNOGZjJDkhFK7cJXceNCEbe+hjvfxnQ6C209EPLx/+eQkz9IOFPacb6twtLyyupacb20sbm1vWPv7jVVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQyvp37rgUrFYnGvRwn1ItwXLGQEayP59kE3GTC/j65QBvg0uwLfLjsVJyu0CG4OZcir7ttf3V5M0ogKTThWquM6ifbGWGpGOJ2UuqmiCSZD3KcdgwJHVHnjbP8JOjZKD4WxNEdolKm/J8Y4UmoUBaYzwnqg5r2p+J/XSXV46Y2ZSFJNBZk9FKYc6RhNw0A9JinRfGQAE8nMrogMsMREm8hKJgR3/suL0DyruOeV6l21XLvN4yjCIRzBCbhwATW4gTo0gMAjPMMrvFlP1ov1bn3MWgtWPrMPf8r6/AHQTZVf</latexit>

�g = �a + �b

<latexit sha1_base64="72668M1iIp6yNxT023Zf6lpUb0I=">AAACLHicbVBdS8MwFE39nPOr6qMvwSEIwmjHUF+EwV4EXya4D1hLSbO0C0ubkqTC6PaDfPGvCOKDQ3z1d5hufdDNC4GTc+65yT1+wqhUljUz1tY3Nre2Szvl3b39g0Pz6LgjeSowaWPOuOj5SBJGY9JWVDHSSwRBkc9I1x81c737RISkPH5U44S4EQpjGlCMlKY8s+m0JIW3EGLPnjjJkHqhw7Uhn5fl96kXTuCllmsLOV2W04lnVqyqNS+4CuwCVEBRLc98cwYcpxGJFWZIyr5tJcrNkFAUMzItO6kkCcIjFJK+hjGKiHSz+bJTeK6ZAQy40CdWcM7+dmQoknIc+bozQmool7Wc/E/rpyq4cTMaJ6kiMV48FKQMKg7z5OCACoIVG2uAsKD6rxAPkUBY6XzLOgR7eeVV0KlV7atq/aFeadwXcZTAKTgDF8AG16AB7kALtAEGz+AVfICZ8WK8G5/G16J1zSg8J+BPGd8/EJKo2g==</latexit>

 = c1|�g�g|+ c2|�u�u|
<latexit sha1_base64="7JoTM8BiFytvE4cZTr8Ol+FggnY=">AAACPnicdVC7SgNBFJ2NrxhfUUubwSBExLAbgtoIARvBJoJ5QHZZ7k4myZDZBzOzQljyZTZ+g52ljYUitpZOdlNoogfmcjj3XO7c40WcSWWaz0ZuaXlldS2/XtjY3NreKe7utWQYC0KbJOSh6HggKWcBbSqmOO1EgoLvcdr2RlfTfvueCsnC4E6NI+r4MAhYnxFQWnKLzUtMXMuOhswdZLVsA4+GYHtUwWlaM+EYn2hrNTXFWf3X6hZLZsVMgReJNSMlNEPDLT7ZvZDEPg0U4SBl1zIj5SQgFCOcTgp2LGkEZAQD2tU0AJ9KJ0nPn+AjrfRwPxT6BQqn6s+JBHwpx76nnT6ooZzvTcW/et1Y9S+chAVRrGhAskX9mGMV4mmWuMcEJYqPNQEimP4rJkMQQJROvKBDsOZPXiStasU6q9Rua6X6zSyOPDpAh6iMLHSO6ugaNVATEfSAXtAbejcejVfjw/jMrDljNrOPfsH4+gZ/CK7K</latexit>

= c1�g�g(↵� � �↵) + c2�u�u(↵� � �↵)

MO Theory 
- orthogonal delocalized orbitals 
- less intuitive 
- computationally advantageous 



Electronic structure calculations: Non-Orthogonal Configuration Interaction

NOCI-F: 

1. Full orbital relaxation 

2. Static and dynamic electron correlation 

3. Short wave functions : intuitive interpretation 

             but 

4. Computationally demanding



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

Organic crystals

Charge transfer salts

Donor-Acceptor complexes

B

A

B

A
B

1 - Calculations on Fragment A and B

Multiconfigurational wave functions 

A:  S0,   T1,   S1,   D+,   D–,   . . .  

B:  S0,   T1,   S1,   D+,   D–,   . . .

A

Orbital relaxation     and     Static correlation

<latexit sha1_base64="uNXlTqbUVei8qpJvJd2wfFuri+k=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARBKEkpVg3SsGNy4j2Ak0Ik8m0HTrJhJmJUEIfxY2v4saFIrrTp3GaZqGtPwx8/Occzpw/SBiVyrK+jNLK6tr6RnmzsrW9s7tn7h90JE8FJm3MGRe9AEnCaEzaiipGeokgKAoY6Qbj61m9+0CEpDy+V5OEeBEaxnRAMVLa8s2m60jqZ3e+NYWXEPuW64yob8EzzXbOds71nOuaXRZyJX2zatWsXHAZ7AKqoJDjm59uyHEakVhhhqTs21aivAwJRTEj04qbSpIgPEZD0tcYo4hIL8sPnMIT7YRwwIV+sYK5+3siQ5GUkyjQnRFSI7lYm5n/1fqpGlx4GY2TVJEYzxcNUgYVh7O0YEgFwYpNNCAsqP4rxCMkEFY604oOwV48eRk69Zp9XmvcNqqtqyKOMjgCx+AU2KAJWuAGOKANMHgEz+AVvBlPxovxbnzMW0tGMXMI/sj4/gEX+J/X</latexit>

 S0 = c0�0 + c1�1 + c2�2 + . . .

linear combination of Slater determinants



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

Organic crystals

Charge transfer salts

Donor-Acceptor complexes

B

A

B

A
B

A

1 - Calculations on Fragment A and B

2 - Construction of multi-electron basis functions: MEBFs

Fragment A:    S0     S1     T1    D+    D–

Fragment B:    S0     S1     T1    D+    D–

MEBF for A — B:  S0S0



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

Organic crystals

Charge transfer salts

Donor-Acceptor complexes

B

A

B

A
B

A

1 - Calculations on Fragment A and B

2 - Construction of multi-electron basis functions: MEBFs

Fragment A:    S0     S1     T1    D+    D–

Fragment B:    S0     S1     T1    D+    D–

MEBF for A — B:  S0S0    S0S1



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

Organic crystals

Charge transfer salts

Donor-Acceptor complexes

B

A

B

A
B

A

1 - Calculations on Fragment A and B

2 - Construction of multi-electron basis functions: MEBFs

Fragment A:    S0     S1     T1    D+    D–

Fragment B:    S0     S1     T1    D+    D–

MEBF for A — B:  S0S0    S0S1    S1S0



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

Organic crystals

Charge transfer salts

Donor-Acceptor complexes

B

A

B

A
B

A

1 - Calculations on Fragment A and B

2 - Construction of multi-electron basis functions: MEBFs

Fragment A:    S0     S1     T1    D+    D–

Fragment B:    S0     S1     T1    D+    D–

MEBF for A — B:  S0S0    S0S1    S1S0    T1T1 



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

Organic crystals

Charge transfer salts

Donor-Acceptor complexes

B

A

B

A
B

A

1 - Calculations on Fragment A and B

2 - Construction of multi-electron basis functions: MEBFs

Fragment A:    S0     S1     T1    D+    D–

Fragment B:    S0     S1     T1    D+    D–

MEBF for A — B:  S0S0    S0S1    S1S0    T1T1   D+D–    D–D+

Diabatic states with full orbital relaxation, but non-orthogonal



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

1 - Calculations on Fragment A and B

2 - Construction of multi-electron basis functions: MEBFs

3 - Calculation of the non-orthogonal matrix elements

Ria Broer, PhD thesis, University of Groningen, 1981 
R. Broer, W. C. Nieuwpoort, Chem. Phys. 54, 291-303 (1981) 
R. Broer, W. C. Nieuwpoort, Theor. Chim. Acta 73, 405-418 (1988)

General Non-Orthogonal Matrix Elements (GNOME) algorithm

. . .  and 
<latexit sha1_base64="fCThyudwgN757Py/EI9qY2zNUb8=">AAACFHicdVDNS8MwHE39nPOr6tFLcAiCUFoV3W4DLztOdB+wlpJm6RaWpiVJhVH3R3jxX/HiQRGvHrz535h1Ffx8JPB47/1Ifi9IGJXKtt+NufmFxaXl0kp5dW19Y9Pc2m7LOBWYtHDMYtENkCSMctJSVDHSTQRBUcBIJxidT/3ONRGSxvxKjRPiRWjAaUgxUlryzUOXIT5gBEJ46dv6wBvoDpHKGhPNCskVecY3K7Zl16r2cQ3+Jo5l56iAAk3ffHP7MU4jwhVmSMqeYyfKy5BQFDMyKbupJAnCIzQgPU05ioj0snypCdzXSh+GsdCXK5irXycyFEk5jgKdjJAayp/eVPzL66UqrHoZ5UmqCMezh8KUQRXDaUOwTwXBio01QVhQ/VeIh0ggrHSPZV3C56bwf9I+spxTy7k4qdTrRR0lsAv2wAFwwBmogwZoghbA4Bbcg0fwZNwZD8az8TKLzhnFzA74BuP1A5SbnLE=</latexit>

hS0S0|Ĥ|S0S0i
<latexit sha1_base64="tdNR4SbIZ2T/B/rxKlDakcoowQo=">AAACFHicdVDNS8MwHE39nPOr6tFLcAiCUFoV3W4DLztO9glrKWmWbmFpWpJUGHV/hBf/FS8eFPHqwZv/jVk3wc9HAo/33o/k94KEUals+91YWFxaXlktrBXXNza3ts2d3baMU4FJC8csFt0AScIoJy1FFSPdRBAUBYx0gtHl1O9cEyFpzJtqnBAvQgNOQ4qR0pJvHrsM8QEjEMKG7zR8G95Ad4hUVpto1vQdfaAr8oxvlmzLrpTt0wr8TRzLzlECc9R9883txziNCFeYISl7jp0oL0NCUczIpOimkiQIj9CA9DTlKCLSy/KlJvBQK30YxkJfrmCufp3IUCTlOAp0MkJqKH96U/Evr5eqsOxllCepIhzPHgpTBlUMpw3BPhUEKzbWBGFB9V8hHiKBsNI9FnUJn5vC/0n7xHLOLefqrFStzusogH1wAI6AAy5AFdRAHbQABrfgHjyCJ+POeDCejZdZdMGYz+yBbzBePwCcd5y2</latexit>

hS1S0|Ĥ|T1T1i
<latexit sha1_base64="lllKLL3tGwTxFML5ThGeCeDV8JI=">AAACFHicdVDLSgMxFM3UV62vqks3wSIIxWFGRdtdwS66rNQ+oDMdMmnahmYyQ5IRytiPcOOvuHGhiFsX7vwb04fg80DgcM653NzjR4xKZVnvRmphcWl5Jb2aWVvf2NzKbu80ZBgLTOo4ZKFo+UgSRjmpK6oYaUWCoMBnpOkPLyZ+85oISUN+pUYRcQPU57RHMVJa8rJ5hyHeZwRCWPOsmmfDG+gMkEoqY83KnXy5cwQdMc142ZxlWsWCdVKEv4ltWlPkwBxVL/vmdEMcB4QrzJCUbduKlJsgoShmZJxxYkkihIeoT9qachQQ6SbTo8bwQCtd2AuFflzBqfp1IkGBlKPA18kAqYH86U3Ev7x2rHoFN6E8ihXheLaoFzOoQjhpCHapIFixkSYIC6r/CvEACYSV7jGjS/i8FP5PGsemfWbal6e5UmleRxrsgX1wCGxwDkqgAqqgDjC4BffgETwZd8aD8Wy8zKIpYz6zC77BeP0AV92cig==</latexit>

hS0S1|Ĥ|D+
D

�i
<latexit sha1_base64="LE8H84lu+qiwgzDQlsSCrOmM0LU=">AAACC3icdVDLSgMxFM3UV62vUZduQovgasioaLsruHFZ0T6gHYZMmmlDM5khyQhl7N6Nv+LGhSJu/QF3/o3ptILPw71wOOdeknuChDOlEXq3CguLS8srxdXS2vrG5pa9vdNScSoJbZKYx7ITYEU5E7Spmea0k0iKo4DTdjA6m/rtayoVi8WVHifUi/BAsJARrI3k2+Uex2LAKYTw0kemILyZMRf2ZG75dgU5qFZFRzX4m7gOylEBczR8+63Xj0kaUaEJx0p1XZRoL8NSM8LppNRLFU0wGeEB7RoqcESVl+W3TOC+UfowjKVpoWGuft3IcKTUOArMZIT1UP30puJfXjfVYdXLmEhSTQWZPRSmHOoYToOBfSYp0XxsCCaSmb9CMsQSE23iK5kQPi+F/5PWoeOeOO7FcaVen8dRBHugDA6AC05BHZyDBmgCAm7BPXgET9ad9WA9Wy+z0YI139kF32C9fgCTN5jj</latexit>

hS0S0|S0S1i
<latexit sha1_base64="EjD9ALVQXR9pf80vqJUejX4qiaY=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRBGmZEVGXBbtwWcFeoNOWTHqmDc1khiQjlNq1G1/FjQtF3PoE7nwb02kX2nog8PH/53Byfj/mTGnH+bYyS8srq2vZ9dzG5tb2jr27V1NRIilUacQj2fCJAs4EVDXTHBqxBBL6HOr+4Hri1+9BKhaJOz2MoRWSnmABo0QbqWMfepyIHgeMcbl9Wm4X8IOBgmHsydTp2Hmn6KSFF8GdQR7NqtKxv7xuRJMQhKacKNV0nVi3RkRqRjmMc16iICZ0QHrQNChICKo1Sk8Z42OjdHEQSfOExqn6e2JEQqWGoW86Q6L7at6biP95zUQHV60RE3GiQdDpoiDhWEd4kgvuMglU86EBQiUzf8W0TySh2qSXMyG48ycvQu2s6F4U3dvzfKk0iyOLDtAROkEuukQldIMqqIooekTP6BW9WU/Wi/VufUxbM9ZsZh/9KevzBzjdmBE=</latexit>

hD+D�|D�D+i . . . 

- Singular value decomposition 

- Symmetric eigenvalue problem 

- Processing a long list of integrals



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

1 - Calculations on Fragment A and B

2 - Construction of multi-electron basis functions: MEBFs

3 - Calculation of the non-orthogonal matrix elements

4 - Extract information from the NOCI matrix
�⇢� =

H⇢� � 1
2 (H�� +H⇢⇢)S⇢�

1� S2
⇢�

<latexit sha1_base64="6fjHM+omwynpTnrKQT3mzcEq+hQ="></latexit>

• Electronic couplings ⇢ =

<latexit sha1_base64="0qPWt2xHlfH9uUhA6bZ0N7x3ius=">AAACBHicdVDLSgNBEOyNrxhfUY9eBoPgadnVgMlBCHrxGME8wCxhdjKbDJmdWWZmhRBy9e5Vf8GbePU//AM/w9kkgkYtaCiquunuChPOtPG8dye3tLyyupZfL2xsbm3vFHf3mlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh8DLzW3dUaSbFjRklNIhxX7CIEWys1OqogUTnqFssea5XrXinVfSb+K43RQnmqHeLH52eJGlMhSEca33re4kJxlgZRjidFDqppgkmQ9ynt5YKHFMdjKfnTtCRVXooksqWMGiqfp8Y41jrURzazhibgV70MvFPL1PCUPKF/SaqBGMmktRQQWbro5QjI1GWCOoxRYnhI0swUcx+gMgAK0yMza1go/n6H/1PmieuX3bL1+VS7WIeUh4O4BCOwYczqMEV1KEBBIbwAI/w5Nw7z86L8zprzTnzmX34AeftE5/7mIQ=</latexit>

S1S0 � =

<latexit sha1_base64="zx5s5MX27NzhILzNdURmnqgAB24=">AAACBnicdVDLSgNBEJyNrxhfUY9eBoPgadnVgMlBCHrxGME8JFnC7GQ2GTKPZWZWCEvu3r3qL3gTr/6Gf+BnOJtE0KgFDUVVN91dYcyoNp737uSWlldW1/LrhY3Nre2d4u5eU8tEYdLAkknVDpEmjArSMNQw0o4VQTxkpBWOLjO/dUeUplLcmHFMAo4GgkYUI2Ol266mA47gOewVS57rVSveaRX+Jr7rTVECc9R7xY9uX+KEE2EwQ1p3fC82QYqUoZiRSaGbaBIjPEID0rFUIE50kE4PnsAjq/RhJJUtYeBU/T6RIq71mIe2kyMz1IteJv7pZUoYSraw30SVIKUiTgwReLY+Shg0EmaZwD5VBBs2tgRhRe0HEA+RQtjY5Ao2mq//4f+keeL6Zbd8XS7VLuYh5cEBOATHwAdnoAauQB00AAYcPIBH8OTcO8/Oi/M6a80585l98APO2ycwfZlg</latexit>

T1T1

 i = ci,|S0S0i+ ci,�|S1S0i+ ci,µ|S0S1i+ ci,⌫ |T1T1i+ ci,⇢|D�D+i+ ci,�|D+D�i

<latexit sha1_base64="ZqKZ/GP0wvBM3WwUrZgEv8aQrA8="></latexit>

• NOCI wave functions

Compact expansion in diabatic states     ;             Intuitive interpretation



Non-Orthogonal Configuration Interaction with Fragments

NOCI-F: step by step

1 - Calculations on Fragment A and B

2 - Construction of multi-electron basis functions: MEBFs

3 - Calculation of the non-orthogonal matrix elements

4 - Extract information from the NOCI matrix

Implemented in GronOR

T. P. Straatsma, R. Broer, A. Sánchez-Mansilla, C. Sousa, and C. de Graaf, GronOR: Scalable and Accelerated Nonorthogonal Configuration 

Interaction for Molecular Fragment Wave Functions, J. Chem. Theory Comput. 18, 3549–3565 (2022), doi:10.1021/acs.jctc.2c00266

• Massively parallel 

• GPU-Accelerated 

• Open source 

• Under constant development 

• latest release: GronOR 23.07 

• Interfaced to OpenMolcas

gitlab.com/gronor/gronor 
www.gronor.org



NOCI-F in GronOR

Small CAS: ~20 determinants

<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i



NOCI-F in GronOR

Small CAS: ~20 determinants

Spin-adapted MEBF: 20 x 20 = 400 dets
<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i



NOCI-F in GronOR

<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i

Small CAS: ~20 determinants

Spin-adapted MEBF: 20 x 20 = 400 dets 400 x 400 contributions to the matrix element

160.000 SVD, eigensolvers, 
and integral processing

Lot of work, but fully parallelised

GronOR 

- Open source  

- Fortran 90 

- OpenMPI  

- OpenACC, OpenMP



NOCI-F in GronOR

master

worker 5

worker 4

worker 3

worker 2

worker 1

list of det pairs

<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i

400 x 400 contributions to the matrix element

160.000 SVD and factorised co-factors

1- and 2-el. integrals 
orbital coefficients

Setup phase



NOCI-F in GronOR

master

worker 5

worker 4

worker 3

worker 2

worker 1

broadcasting 
two integers

<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i

400 x 400 contributions to the matrix element

160.000 SVD and factorised co-factors

det p
airs 

1-32

det pairs 33-64

det pairs 65-96
det pairs 97-128
det pairs 129-160

calculate 32 contributions to matrix element

calculate 32 contributions to matrix element

calculate 32 contributions to matrix element

calculate 32 contributions to matrix element

calculate 32 contributions to matrix element

Hamiltonian



NOCI-F in GronOR

master

worker 5

worker 4

worker 3

worker 2

worker 1

receiving two integers 
and two reals

<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i

400 x 400 contributions to the matrix element

160.000 SVD and factorised co-factors

H and S (32-64) send back H and S 
ask for new tasks

still working

still working

still working

still working

Hamiltonian



NOCI-F in GronOR

master

worker 5

worker 4

worker 3

worker 2

worker 1

<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i

400 x 400 contributions to the matrix element

160.000 SVD and factorised co-factors

calculate next 32 contributions to matrix element

still working

still working

still working

still working

det pairs 161-192

broadcasting 
two integers

Hamiltonian



NOCI-F in GronOR

master

worker 5

worker 4

worker 3

worker 2

worker 1

accumulate new  
contributions

<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i

400 x 400 contributions to the matrix element

160.000 SVD and factorised co-factors

still working

still working

calculate next 32 contributions to matrix element

send back H and S 
ask for new tasks

send back H and S 
ask for new tasks

H and S (1
-32)

H and S (97-128)

Hamiltonian



NOCI-F in GronOR

master

worker 5

worker 4

worker 3

worker 2

worker 1

<latexit sha1_base64="9WylqirEcmQ+PlJm10xGb633sjQ=">AAACKHicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqMuCIF1WtA9oQphMJ+3QySTMTISS9hv8D/du9RfcSbeu/AwnaRbaepiBwznncrnHjxmVyrLmRmltfWNzq7xd2dnd2z8wD486MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHt5nffSJC0og/qklM3BANOQ0oRkpLnnnhMMSHjMAHz9IPTp0RUmlzBqcLxYaOyAMVz6xaNSsHXCV2QaqgQMszv51BhJOQcIUZkrJvW7FyUyQUxYzMKk4iSYzwGA1JX1OOQiLdND9pBs+0MoBBJPTnCubq74kUhVJOQl8nQ6RGctnLxH+9TPH9iC3tV8GNm1IeJ4pwvFgfJAyqCGatwQEVBCs20QRhQfUFEI+QQFjpbrNq7OUiVknnsmZf1er39WrjriipDE7AKTgHNrgGDdAELdAGGDyDV/AG3o0X48P4NOaLaMkoZo7BHxhfPw9YpT4=</latexit>

hS0S0|Ĥ|S0S1i

400 x 400 contributions to the matrix element

160.000 SVD and factorised co-factors

sub-master 1

sub-master 2

det pairs 1-128

det pairs 129-256

det pairs 1-32

worker 6

det pairs 33-64

det pairs 65-96det pairs 97-128

det pairs 129-160det pairs 161-192

det pairs 193-224

Hamiltonian



NOCI-F in GronOR

  interface 
    integer(c_int) function cusolverDnDgesvdj(cusolver_Hndl,jobz,econ,m,n,a,lda,s,u,ldu,v,ldv, & 
        work,lwork,devinfo,info ) bind(C,name='cusolverDnDgesvdj') 
      use iso_c_binding 
      import cusolverDnHandle 
      import gesvdjInfo 
      type(cusolverDnHandle), value :: cusolver_Hndl 
      integer(c_int), value   :: jobz 
      integer(c_int), value   :: econ,m,n,lda,ldu,ldv 
      real(c_double), device  :: a(:,:),s(:),u(:,:),v(:,:),work(:) 
      integer(c_int)          :: lwork 
      integer(c_int)          :: devinfo 
      type(gesvdjInfo)        :: info 
    end function cusolverDnDgesvdj 
  end interface

Eigensolver / SVD 

- CPU eispack, mkl 

- Nvidia-GPU cusolver, cusolverj 

- AMD-GPU hipsolver, rocsolver



NOCI-F in GronOR

Eigensolver / SVD 

- CPU eispack, mkl 

- Nvidia-GPU cusolver, cusolverj 

- AMD-GPU hipsolver, rocsolver

  ! ======== CUSOLVERJ ========= 

#ifdef CUSOLVERJ   
  if(isolver.eq.SOLVER_CUSOLVERJ) then 
    ndim=nelecs 
    mdim=mbasel 
    jobz=CUSOLVER_EIG_MODE_VECTOR 
#ifdef ACC 
!$acc data copy(dev_info_d,gesvdj_params) create(workspace_d) 
!$acc host_data use_device(a,ev,u,w,dev_info_d,workspace_d) 
#endif 
#ifdef OMPTGT 
!$omp target data use_device_addr(a,ev,u,w,dev_info_d,workspace_d,rwork) 
#endif 
    cusolver_status=cusolverDnDgesvdj(cusolver_handle,jobz,econ, & 
               ndim,ndim,a,ndim,ev,u,ndim,w,ndim,workspace_d,    & 
               lwork1,dev_info_d,gesvdj_params) 
#ifdef ACC 
!$acc end host_data 
!$acc end data 
#endif 
#ifdef OMPTGT 
!$omp end target data 
#endif 
    cusolver_status=cudaDeviceSynchronize() 
    if(cusolver_status /= CUSOLVER_STATUS_SUCCESS) & 
        write(*,*) 'cusolverDnDgesvdj failed',cusolver_status 
    cusolver_status = cusolverDnXgesvdjGetSweeps & 
        (cusolver_handle, gesvdj_params, exec_sweeps) 
    cusolver_status = cusolverDnXgesvdjGetResidual & 
        (cusolver_handle, gesvdj_params, residual) 
  endif 
#endif



NOCI-F in GronOR

Processing of the 

two-electron integrals 

- openACC, openMP

#ifdef ACC 
!$acc kernels present(aat,aaa,tt,ta,sm,g,lab,ndx) copyin(kl,intndx,jntndx) 
#endif 
#ifdef OMPTGT 
!$omp taskwait 
#ifdef OMP5 
!$omp target teams loop reduction(+:tst) 
#else 
!$omp target teams distribute parallel do reduction(+:tst) 
#endif 
#endif 
    do ii=intndx,jntndx 
      do jj=ii,kl 
        intg=ndx(ii)+jj 
        i=lab(1,ii) 
        k=lab(2,ii) 
        l=lab(1,jj) 
        n=lab(2,jj) 
        tst=tst+g(intg)*(sm(i,k)*sm(l,n) -aaa(i,n)*aaa(l,k)-ta(i,n)*ta(l,k) & 
            -aat(i,n)*aat(l,k)-tt(i,n)*tt(l,k)-aat(l,i)*aaa(n,k)-tt(l,i)*ta(n,k) & 
            -aaa(l,i)*aat(n,k)-ta(l,i)*tt(n,k)) 
      enddo 
    enddo 
#ifdef OMPTGT 
#ifdef OMP5 
!$omp end target teams loop 
#else 
!$omp end target teams distribute parallel do 
#endif 
#endif 
#ifdef ACC 
!$acc end kernels 
#endif



NOCI-F in GronOR

Scaling on Summit
GPU acceleration

indolonaphtheridine



NOCI-F in GronOR

Scaling on Juwels-Booster

Heterogeneous cluster 
A100 + V100 + CPUs

indolonaphtheridine



NOCI-F in GronOR

Scaling on Frontier

GPU acceleration

Nodes 512 512

Ranks 4096 8196

CPU 3089 1740

GPU 163 86

speed-up 19.0 20.2

benzene trimer



NOCI-F in GronOR

Scaling on Leonardo
difluorobenzofuran

(preliminary results)
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