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Abstract

GronOR is a program package for non-orthogonal configuration interaction calculations.
Electronic wave functions are constructed in terms of anti-symmetrized products of multi-

configuration molecular fragment wave functions. The computational complexity of the non-
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orthogonal methodologies implemented in GronOR applied to large molecular assemblies re-
quires a design that takes full advantage of massively parallel supercomputer architectures and
accelerator technologies. This work describes the implementation strategy and resulting per-
formance characteristics. In addition to parallelization and acceleration, the software develop-
ment strategy includes aspects of fault resiliency and heterogeneous computing. The program
was designed for large-scale supercomputers, but also runs effectively on small clusters and
workstations for small molecular systems. GronOR is available as open source to the scientific

community.

Introduction

Electron and excitation energy transfer in molecular systems constitute fundamental chemical pro-
cesses in a wide range of important phenomena, including the interconversion of photo-excitation
and electric energy found in natural biomolecular photosynthesis and man-made photo-voltaic
electronic devices. Understanding transfer rates in processes such as electron transfer, multiple

3 is critical for the

exciton generation,1 intermolecular Coulombic decay,2 and exciton diffusion
design of new materials with high energy conversion efficiencies.* Key to quantifying transfer
rates is the ability to accurately determine the electronic coupling between states with different
electronic configurations.”’ Electronic coupling can only indirectly be estimated from experi-
ments, but in theoretical approaches are directly expressed in terms of elements of the Hamiltonian
and overlap matrices in a diabatic representation of the electronic states involved. Among the many
theoretical and computational methods that are available for efficiently evaluating electronic cou-
pling, non-orthogonal configuration interaction with multiconfigurational fragment wave functions
representing the diabatic states (NOCI-F) is one of the most rigorous approaches.® Expressed in
an independently optimized, and therefore in principle non-orthogonal orbital set, each diabatic
state is ensured to be unbiased and to include full orbital relaxation. Our implementation of NOCI

is one among the many that have been developed over the last decade.”'” The idea of expressing

each electronic configuration in its own set of orbitals is not new, but only recently computers have



become sufficiently powerful to efficiently perform such calculations.

NOCI-F naturally includes static correlation corrections in the expansion of the fragment states
in terms of multiconfigurational wave functions, typically from Complete Active Space Self-
Consistent Field (CASSCF) calculations, but the direct inclusion of dynamic correlation effects
would lead to unmanageable and computationally prohibitively expensive computations. An al-
ternative approach taken here is to shift the diagonal elements of the NOCI matrix with dynamic
correlation energy corrections (DCEC) calculated for the multiconfiguration fragment states used
to construct the many-electron basis functions (MEBF). The DCEC are evaluated using a per-
turbative method such as Complete Active Space Second-order Perturbation Theory (CASPT2).
Alternatively, the coefficients of the relatively short Complete Active Space (CAS) wave functions
can be dressed with the effect of dynamic correlation with the help of intermediate effective Hamil-
tonian theory. 2" Taking the effects of dynamic correlation into account in NOCI-F calculations has
been demonstrated to significantly change electronic coupling in singlet fission studies and to give
very accurate results in a study of the magnetic coupling strength in organic radicals.?!

Although the construction of MEBFs from independently optimized but non-orthogonal mul-
ticonfiguration fragment wave functions leads to relatively compact wave function expansions in
terms of Slater determinants or combinations thereof, the evaluation of the Hamiltonian matrix for
such an expansion involves the evaluation of contributions from large numbers of non-orthogonal
determinant pairs. These contributions can be evaluated independently and, therefore, a massively
parallel procedure emerges naturally. With singlet fission studies as the primary research target,
this original version was limited to the construction of MEBFs of singlet spin symmetry, and used
labeled two-electron integrals in an atomic orbital (AO) basis.

The present program package, GronOR, is an open source program?>2? developed through a
collaboration between the University of Groningen and Oak Ridge National Laboratory to be a
massively parallel and GPU-accelerated software application to perform non-orthogonal configu-
ration interaction calculations very efficiently on modern computer architectures. The first version

of GronOR was developed on the 27PF Titan supercomputer with NVIDIA Kepler accelerators,



installed in 2013, and its successor the 200PF Summit supercomputer with NVIDIA Volta accel-
erators, installed in 2019, at the Oak Ridge Leadership Computing Facility (OLCF). The GronOR
project was part of OLCF’s Early Science Program for the development of scalable applications, >*
and is a feature application project in the Accelerated Data and Computing (ADAC) Institute. >
The University Rovira i Virgili in Tarragona, Spain, joined the development team, and the appli-
cation includes new features and has undergone a series of significant methodological and perfor-
mance improvements. New features include the ability to construct general spin states beyond just
singlet spin states, the treatment of dynamic correlation energy corrections, the ability to construct
multi-fragment states, and the deposition of cml-formatted results into the iochem-BD repository
for easy sharing with the scientific community.?%2” Methodological improvements include the
transformation to a common orbital basis and associated two-electron integral transformation re-
sulting in a significant reduction in the computational cost of processing two-electron integrals.
Implementation improvements include a more efficient base-state generator, and options to use
the most efficient linear algebra solvers available for the problem size as well as the computer
architecture used.

The NOCI implementation in GronOR provides certain features that distinguishes it from other
NOCI codes. First, there is the possibility to treat ensembles of molecules through the construction
of the many-electron basis functions as anti-symmetrized spin-adapted products of fragment wave
functions. This ensures a pure diabatic description of the different electronic configurations with
full orbital relaxation. This is in principle also possible in other codes, such as the state interaction
implemented in OpenMolcas, but there the active space of the different MEBFs must have the same
size and the orbitals must be of similar character. These restrictions do not exist in GronOR. As
long as the fragment wave functions can be written as a linear combination of Slater determinants,
GronOR can calculate the Hamiltonian and overlap matrix elements of the resulting MEBFs. Sec-
ond, GronOR can handle medium-sized systems without making any approximation in the calcula-
tion of the matrix elements. The recent improvements described below have significantly increased

the maximum system size for which rigorous NOCI calculations can be performed. GronOR can



handle systems with up to 150 atoms in an almost routine fashion. Other implementations either
introduce approximations (ab initio Frenkel-Davydov approach) or have only reported results for

small systems with very short wave function expansions of the fragment wave functions. !1-28-30

Methodology

Construction of spin-adapted antisymmetrized products of fragment wave

functions

The ensemble wave function W is expanded in terms of the MEBFs ®; that can be Slater determi-

nants or combinations thereof,

N
Y=Y ¢ (1)
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where the MEBFs are spin-adapted linear combinations of antisymmetrized products of fragment

orbitals ¢ i
(b,' :ZaijAH¢jk (2)
J k

with A the antisymmetrization operator and a; j the MEBF expansion coefficients.

In early versions of GronOR the spin coupling was limited to singlet MEBFs formed by two
singlet, two doublet or two triplet fragments.32* While sufficient for the study of phenomena re-
lated to singlet fission, it strongly limits other possible applications of NOCI-Fragments. GronOR
now includes an improved spin coupling algorithm based on Clebsch-Gordan coupling coefficients,
which allows to generate MEBFs with any spin moment from fragment wave functions with arbi-
trary spin, compatible with the total spin of the MEBF. This opens opportunities for a much wider
range of applications, such as magnetic interactions in molecular or extended systems. As the
wave functions of fragments A and B are expressed in determinants of maximum Mg, first a list
is generated with all possible Mg-determinants between M ;,,4x and —Ms ,,,4x by subsequent appli-

cations of the step-down operator S—. Then the determinants of the two fragments are combined



multiplying only those determinants for which the sum of the respective Mg-values add-up to the
total spin of the MEBF. Spin symmetry is assured by multiplying with the appropriate Clebsch-
Gordan coefficient C(S1, Mgy, S, Ms3,S,Ms), calculated through a recursive algorithm as outlined
by Zuo, Humbert and Esling.3! In GronOR, this procedure can be extended to the study of sys-
tems composed of more than two fragments by providing the intermediate spin coupling for pairs
of fragments. The spin adaptation of the MEBFs is in principle similar to the construction of the
configuration state functions (CSF) in standard multiconfigurational approaches such as CASSCF,

although the details of the implementation differ.

Factorization of the cofactor matrix

The resulting Hamiltonian of the non-orthogonal MEBFs, requires the evaluation of non-orthogonal
determinant matrix elements. The computationally most demanding contributions are those from

the two-electron elements
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with g1, the two-electron operator and S(ik,jl) the second-order co-factor of the overlap matrix
of the molecular orbitals. The non-orthogonal determinant matrix elements are effectively eval-

uated using a method based on factorization of the transformed second order cofactor matrix as

t32 t. 33,34

developed by van Montfort”< and by Broer and Nieuwpoor The method was implemented
for single determinant matrix elements in the General Non-Orthogonal Matrix Element (GNOME)
computer program, and forms the basis for efficient calculation of large wave function expansions
in GronOR. The core of the method is a transformation to corresponding orbitals ¢ and  with a

diagonal overlap matrix, expansion in a common orbital set {y },35 and factorization of the trans-



formed cofactor matrix,
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in which A,, is the overlap between ¢,, and {,,. The number of singularities @ (i.e., the number of
A’s equal to zero) determines the functional form of the matrices F and G in terms of the expan-
sion coefficients ¢ and d.3>3* Their explicit forms are given in the supplementary information. A

transformation of the two-electron integrals in terms of corresponding orbitals is not required.

Common orbital transformation

In configuration interaction approaches based on orthogonal Slater determinants, the computa-
tional cost can be significantly reduced by transforming the two-electron integrals from the atomic
to the molecular orbital basis. However, the fact that NOCI expresses each state in a different
set of MOs complicates such integral transformations. This required the design and implemen-
tation of a novel procedure to generate a common MO basis that can be used to describe all the
electronic states and to express the two-electron integrals in this new basis.?> The overlap matrix
of the orbitals with non-zero occupation numbers of all electronic states is diagonalized and the
eigenvectors with small eigenvalues are discarded to remove the linear dependencies from the ba-
sis. The size and the accuracy depend on the threshold for linear dependency, but the size of the
new common MO basis is typically only slightly larger than half the number of electrons in the
system. This new approach significantly reduces the size of the two-electron integral file, often by
two orders of magnitude for moderately large AO basis sets. As a result of the use of this common
MO basis procedure, NOCI roughly scales as N* in the number of electrons of the system instead
of the number of basis functions. It makes possible the study of much larger molecular systems

using this methodology.



Dynamic correlation correction

NOCI-Fragments is designed such that the fragment (or monomer) wave functions used to con-
struct the MEBFs can be calculated with virtually any post-Hartree-Fock scheme. In the applica-
tions described here, fragment wave functions are calculated from a CASSCF approach, but other
choices such as the ICE-CI (or CIPSI),3%37 ORMAS, 38 XASSCF (X=R, G or L), stochastic
CI*'2 or any other multiconfigurational expansions can also be used. The wave function expan-
sions for each fragment wave function can be chosen differently. These multiconfigurational frag-
ment wave functions take into account non-dynamic (or static) electron correlation, but dynamic
electron correlation is more complicated to include. The inclusion of dynamic electron correlation
can be accomplished in two different ways. The first shifts the diagonal matrix elements of the
NOCI Hamiltonian matrix with the DCEC of the fragment electronic states, typically calculated
with multiconfigurational second-order perturbation theory (CASPT2, NEVPT2).43** The Hamil-
tonian is expressed in an orthogonalized MEBF basis, then the shifts are applied on the diagonal
and subsequently the matrix is transformed back to the original non-orthogonal basis. The second
approach also uses dynamic electron correlation modified wave functions through explicit inclu-
sion of this effect in the wave function using effective Hamiltonian theory to dress the reference
wave function with dynamic electron correlation effects as implemented in the dynamic electron

correlation dressed complete active space (DCD-CAS) of Pathak, Lang and Neese.*’

Design Strategy

The implementation of GronOR is based on four basic design principles. The first design principle
is to develop for massive parallelism in order to be able to effectively use the largest supercom-
puters available for open science. This requires an implementation that minimizes load imbalance
through the use of the appropriate programming model for the algorithm. The best choice for
evaluating the large expansions of NOCI-F properties in terms of independent contributions is a

task-based master-worker model. Parallelism is also significantly affected by communication re-



quirements, which in GronOR are minimized by keeping the large integral list memory resident
once moved from the file system, and by controlling the number and size of messages by evaluat-
ing the matrix element contributions in batches. Finally, collective communication event such as
synchronizations and reduction operations are negatively impacting load imbalance and are, after
the initial setup phase, completely avoided in GronOR’s design. For all communication operations
the ubiquitously available Message Passing Interface (MPI) is used.

The second design principle is to take full advantage of accelerators. To ensure maximum
portability of the code, GPU acceleration is achieved through a directive-based approach using
OpenACC or OpenMP target off-loading. With the latest compiler technologies this can be done
with minimal impact on performance in comparison to the less portable CUDA. Acceleration on
CPU-based system is accomplished using OpenMP threading directives. The GNOME algorithm
depends on two linear algebra solvers, a singular value decomposition and an eigenvalue solver,
and provides a CPU-version for these. Whenever available, a computer vendor’s optimized linear
algebra library provides these solvers that are highly optimized for their architecture, such as the
Math Kernel Library (MKL) for Intel architectures and the CUSOLVER library for NVIDIA GPU
accelerators. GronOR provides options to use both of these alternatives. Because all computational
work in GronOR can be carried out on GPU accelerators, it is computationally most efficient for
GPU execution to use libraries that expect input data to already reside in GPU memory and to also
leave the output data in GPU memory, as does the NVIDIA CUSOLVER library. Other options
exist, such as the MAGMA“® or SLATE*’ libraries, and the code could easily be adapted to using
these, especially as the calling procedure is usually similar if not identical. However, some of
the alternative library routines include copying input data from and output data to host memory,
which for GronOR is not required as all data already resides in GPU memory and would lead to
unnecessary data transfer.

The third design principle is to implement fault resiliency where possible and appropriate. The
task-based master-worker model provides for an effective way to achieve hard fault resilience by

duplicating towards the end of a run any still outstanding tasks and incorporating the first results



returned to the master rank. Storing each Hamiltonian matrix element as soon as completed in a
check-point restart file provides a means for resiliency against network failures, power failures and
job execution time limit terminations.

The fourth and final design principle is to deliver a heterogeneous computing capable imple-
mentation. In the current implementation in GronOR, most routines exist in two versions. One
version is optimized to use GPU accelerators, while the other is optimized to execute effectively on
CPUs. The versions can be used simultaneously to support accelerated and non-accelerated ranks
on the same node to use all available compute resources. Another application mode is to compile
independent accelerated and non-accelerated executables for use on compute clusters with accel-
erated and non-accelerated partitions on the same interconnect network. The ability to run with
independent executables is needed as runtime systems and libraries can be expected to be different

on these partitions, but needs to be supported by the job scheduler.

Implementation

Generating integrals and fragment wave functions

For the generation of the molecular integrals and the fragment wave functions, GronOR is inter-
faced to OpenMolcas. ***° The multi-configuration method most often used is CASSCF, followed
by CASPT2 to generate the DCEC. Part of the GronOR software are auxiliary programs for extract-
ing the required data from OpenMolcas files, and to carry out the common orbital transformation
of the wave functions and integrals. This transformation is not required, but significantly reduces
both the number of basis functions in the wave function expansion as well as, and more impor-
tantly, the number of two-electron repulsion integrals. Since this transformation also significantly
reduces the number of near-zero integrals, GronOR can process them in canonical order which

further reduces the memory requirements as no integral labels need to be stored.

10



Input/output

The input data to GronOR consists of the molecular orbital coefficients and determinant lists for
each of the fragment wave functions, and the integrals for the full system, all in either the AO
or common MO basis set. Of these the integrals are always the largest amount of data, typically
contained in multiple files, and reading and distributing the integrals constitute a large component
of the setup time. In this work, the wall clock time required for reading and transfer of coeffi-
cients and integrals is always included in the reported setup times, not in the times reported for
Hamiltonian calculation. For large systems and very large node-count runs, this can negatively
impact the overall scalability. When all integrals can be stored in the memory available to a worker
rank, a single worker rank reads the integrals from file and MPI_Bcast is used to distribute them
to all other worker ranks. If the availability of memory requires the integrals to be divided over
multiple worker ranks, worker ranks in a single group read the integrals from file in parallel and
distribute their portion of the integrals to equivalent ranks in the other groups using MPI_Bcast.
When multiple ranks, executing on one node, require the same batch of integrals, a different in-
tegral distribution mechanism can be used in which integrals are distributed to a single rank on
each node in a first step, followed by intra-node distribution to other ranks on the same node. This
two-step mechanism reduces the setup time on large node-count computer systems.

Fragment molecular orbital coefficients and determinant lists are read by the master rank and

distributed using MPI_Bcast to all worker ranks.

Task-based execution model

Each of the Hamiltonian and overlap matrix elements, as well as their large number of individual
contributions in terms of determinant pairs can be independently calculated. This makes paral-
lelization using a task-based execution model a particularly efficient strategy of achieving load
balance provided the implementation is designed to avoid any form of synchronization between
ranks, and the frequency and size of messages between master and worker ranks do not create

communication contention on the network. The work-flow in GronOR is schematically depicted
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in Figure 1.

After the setup phase, the master rank enters an iterative loop (labeled 1 in Figure 1) consisting
of a blocking MPI_Recv from ANY_SOURCE, determining the source of a received buffer and
accumulating the results in the appropriate arrays, and selecting and sending with a non-blocking
MPI_iSend a 32-byte buffer identifying the next task to be evaluated back to the source worker
rank. Once all tasks have been dispatched, the master enters another iterative loop (labeled 2
in Figure 1) consisting of a blocking MPI_Recv from ANY_SOURCE, determining the source
of a received buffer and, if not previously received and processed, accumulating the results in
the appropriate arrays, and selecting and sending with a non-blocking MPI_iSend a duplicate of
a still outstanding task back to the source worker rank. Once all required results buffers have
been received, the master sends with a non-blocking MPI_iSend a terminate signal to each of the
worker ranks (labeled 3 in Figure 1). Part of the processing of results data on the master rank
is writing a record on a checkpoint restart file every time the calculation of one of MEBF in the
run has completed. This file is read on subsequent restart runs of the same job such that repeated
calculation of completed Hamiltonian matrix elements is avoided. In addition, the master process
periodically writes a status message onto a so-called dayfile which provides information about the
progress of a running job.

Each of the worker ranks after receiving a task definition from the master rank (labeled 1 in
Figure 2) executes for each item in the task list in an iterative loop the evaluation of factorize
cofactor matrices and overlap and one-electron integral contributions (labeled 2 in Figure 2) and
in batches the contributions from the two-electron integrals (labeled 3 in Figure 2) using different
algorithms for cases without or with one or two singularities, which are then returned as a 64-
byte accumulated results buffer with Hamiltonian, overlap and timing information to the master
(labeled 4 in Figure 2) using a non-blocking MPI_iSend. Acknowledgment of the MPI_iSend is
not required as the following MPI_Recv can only receive a next task if the master rank successfully
processed the results buffer. The process on the worker ranks terminates after receiving from the

master, instead of a new task, the corresponding terminate signal (labeled 5 in Figure 2).
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Figure 1: Schematic of the task-based execution workflow. 1: iterative process on the master
rank receiving and processing results buffers and sending new tasks; 2: iterative process on the
master rank receiving and processing results not previously received and sending duplicates of
still outstanding tasks; 3: master rank sending terminate signals to all other ranks once all results
have been received and processed; 4: iterative process on each worker rank receiving a task and
returning calculated results to the master rank until a terminate signal is received from the master
rank. H and S indicate the Hamiltonian and overlap matrix element contributions, respectively.
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Figure 2: Schematic of the task-based execution workflow on the worker ranks. 1: task definition
received from master; 2: evaluation of factorized cofactor matrices, optionally in batches, and
accumulation of overlaps and one-electron contributions; 3: evaluation and accumulation of two-
electron contributions requiring a single or multiple passes through the two-electron integral list
for each batch; 4: returning the accumulated results back to the master rank; 5: termination after

receiving the appropriate signal from the master rank.
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The size of a task is user-defined, and should be chosen large enough to avoid network con-
tention but small enough to avoid load imbalance at the end of the run when the master rank is

waiting for the last few contributing results.

Fault resiliency

The definition of MPI_Recv calls on the master in loops 1 and 2 in Figure 1 is for messages from
ANY_SOURCE. This guarantees that the master will not stall as long as at least one worker rank
is still sending results buffers. The non-blocking MPI_iSend of tasks by the master rank is not
followed by an MPI_Wait to avoid creating a synchronization between the master and any of the
worker ranks. Consequently, in order to avoid premature use of the buffer sent by the non-blocking
MPI _iSend for dispatching a task to a different worker rank, the master rank is using separate
buffers for each worker rank it communicates with. Since the task buffer communicated by the
master rank consists of only four integers, namely the Hamiltonian matrix indices and the first and
last index into the determinant pair list for that element in this task, this has little consequence for
the memory requirements. This design guarantees that a task buffer for a particular worker rank
is only reused after the results from the previous use of the buffer was received and used by that
worker rank. This is particularly important when using an MPI implementation that does not copy
the communication buffer before returning from a non-blocking MPI_iSend.

The blocking MPI_Recv in loop 4 in Figure 1 on each of the worker ranks can only receive
tasks from the master rank. Once a task is received, the computationally demanding calculation
of Hamiltonian and overlap contributions is carried out. When completed, the results are returned
to the master using a non-blocking MPI_iSend. There is no need to issue an MPI_Wait as no new
task will be communicated unless the master rank has received and processed the previously sent
results buffer.

Unless the run-time system captures hardware faults on the computer system and terminates the
running job or the master ranks stalls, this MPI communication strategy avoids any synchronization

that would stall the progress of the computation if one or more of the worker ranks would stall.
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After each completion of a Hamiltonian matrix element, the master rank writes a checkpoint restart
file, so that a job can be restarted in case of a power or network failure or job termination as a result

of a time limit.

GPU-enabled ranks

&

W
ACC ACC

Figure 3: MPI processes are grouped into GPU-enabled (green) and CPU-only (blue) ranks.
The single master rank (orange) orchestrates the distribution of tasks and collects the results re-
turned. M, W denote master and worker ranks, respectively. ACC and OMP denote OpenACC and
OpenMP instrumented code running on the labeled ranks.
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Rank assignments

At the start of a GronOR calculation the available MPI ranks are grouped into GPU-enabled and
CPU-only ranks, as depicted in Figure 3. The number of ranks per node should be chosen such that
each rank has access to roughly the same amount of memory, and GPU-enabled ranks should have
this memory available both on the node and on the accelerator. In cases where integrals need to be
divided among multiple ranks, each rank sharing the integrals are of the same type, GPU-enabled
or CPU-only, so that on hybrid systems the master rank can assign tasks equally. The master rank
is always the last one in the list so that the assignment of ranks sharing integrals in some cases
is easier to accomplish without crossing node boundaries. On systems with NVIDIA GPUs, the
Multi-Process Server (MPS) capability can be used to let GPU-enabled ranks share an accelerator

in situations where this optimizes memory utilization.
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Task size and batch size

The number of determinant pair contributions evaluated in a single task is user-defined, and is
chosen such to avoid network contention while also small enough to avoid load imbalance at the
end of the run when the master rank is waiting for the last few contributing results. On CPU-only
ranks that typically have access to more memory than ranks executing on accelerators, intermediate
results can be accumulated within each task and used in batches when processing the two-electron
integral list. The size of these batches is separately user-defined and used to manage the memory
required for the intermediate arrays. In particular on CPU-only ranks the reduction in the number
of times the two-electron integral list is traversed has been found to improve the computational
performance significantly. The optimal choice of task and batch sizes depend on two aspects
of the hardware used. The task size should be sufficiently large such that network contention
resulting from many small messages is avoided while not creating load balancing towards the end
of calculations from unnecessarily large tasks the master rank is waiting for to complete on a few
of the worker ranks. The size of the batches is determined by the size and bandwidth of available
memory and caches to worker ranks, which is typically larger on the host than the accelerator. In
practical calculations done thus far, a choice of 32 contributions per task appears to be reasonable,
and an effective batch size is found to be one on GPU-accelerators, where caches are small, and 32
on CPU hosts. These choices are set as defaults in GronOR and have been used in all calculations

reported in this work.

Build environment

GronOR is written in Fortran90 with a small number of utility routines written in C. All com-
munication is implemented using MPI, and architecture and accelerator specific optimizations are
included through compiler directives.

Compiling GronOR is facilitated through a cmake-based build environment. GronOR has been
compiled using the Intel, PGI, NVIDIA HPC SDK, IBM XL and Gnu compiler suites. The avail-

able build options are listed in Table 1. The source code has been instrumented with explicit calls
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to timer routines in a timer library that is part of the GronOR git repository. Output of the collected
timings is an input option.

Table 1: Options used by the cmake build system.

Option Description Details
OPENACC OpenACC enabled Recommended for GPU-accelerated computers
CUSOLVER QR algorithms enabled Recommended for GPU-accelerated computers

CUSOLVERIJ QR and Jacobi algorithms enabled Recommended for GPU-accelerated computers
OPENMP OpenMP threading enabled

OMP_TARGET OpenMP target offloading enabled Mutually exclusive with OPENACC

MKL Intel MKL library enabled

Optimization of calculating Hamiltonian matrix contributions

Compiler directives are used to exploit parallelism within each MPI rank. For GPU accelerators
the use of OpenACC or OpenMP target directives can be specified at compile time. Such directives
are embedded in the source code with preprocessor macros in such a way that both the combination
of OpenACC for GPU off-loading and OpenMP threading and the combination of OpenMP target
off-loading and OpenMP threading can be used. This approach was chosen to ensure portability
of the code to a wide range of computer architectures. In order to allow execution on hybrid
architectures, i.e., simultaneous use on accelerated and CPU-only partitions, multiple versions of
a number of routines exist.

For calculations in which the two-electron integral list fits more than once on the memory
of available NVIDIA GPU accelerators, multiple ranks can share a GPU via the NVIDIA MPS
multiple process server. This option can be used in a very flexible manner. For example, if the
integral list fits three times in the combined memory of two GPUs, the integral list can be divided
over two ranks, and three groups of two ranks can share the two GPUs using the MPS server with
three ranks executing per GPU.

For execution on NVIDIA GPUs the singular value decomposition and eigenvalue solvers in
the factorization of the second order cofactor matrices can optionally be carried out using the QR or

iterative Jacobi solvers provide by the CUSOLVER library. These solvers significantly improved
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performance of GronOR, in particular for molecular systems with more than 100 electrons.

Testing and validation

Nearly all parts of the code are exercised in every calculation performed. Only in the generation
of the MEBF base states different paths through the routine are taken depending on the number
of fragments and the spin states. The test suite contains example runs for each of these combi-
nations. Further, the routines used in the calculation of the Hamiltonian matrix element contri-
butions exist in two versions, an OpenMP instrumented version for execution on CPUs, and an
OpenACC/OpenMP-offloading instrumented version for execution on GPUs. Both versions are
compiled for GPU-enabled systems, such that GPU-accelerated ranks and CPU-only can be used
in the same run, while for systems that are not GPU-enabled the CPU-only version is compiled.
This build mechanism allows for optimal flexibility in using hybrid computer systems. The test
suite consists of example inputs that can be used on any of these homogeneous or heterogeneous
computer systems. The test suite contains examples runs that have been validated with indepen-
dent Molcas State Interaction calculations. Since GronOR is build using CMake, the test suite
can be run using CTest with periodic upload to a test dashboard. In addition to test input, a set of
benchmark runs is run to ensure the scalability and accelerated performance. These benchmarks

are run less frequently as they require more computing resources.

Accuracy and Performance of Thresholds and Workflow Param-
eters

Common orbital transformation threshold

The effect of the threshold in the generation of the common molecular orbital basis is illustrated
for an anthracene dimer. The geometry of the fragment was optimized with BLYP/def2-SVP and

the second anthracene molecule is displaced by Ax = Ay = 0.97 A, Az = 3.75 A with respect to
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the first fragment. The atomic orbital basis used to optimize the orbitals of the fragment states
contains 312 basis functions and was taken from the ANO-RCC basis library of OpenMolcas. A
4s,3p,1d contraction was used for carbon and 3s,1p for hydrogen. Each fragment wave function
was obtained with an active space of 6 orbitals and 6 electrons and a threshold of 10~° was used
in the selection of the determinants pairs contributing to the matrix elements between the MEBFs.
Six spin singlet coupled MEBFs have been constructed, including one with both fragments in
the ground state, SySp, two with one fragment in an excited state, SoS; and S1Sp, one with two
fragments in a triplet state, 7777, and two charge transfer states built from the lowest doublet
fragment states, D™D~ and D" D™.

Fig. 4 shows the normalized energies of the MEBFs and the number of two-electron integrals
as function of the threshold (7y;0) used to eliminate the linear dependencies in the common MO
basis. The MEBF energies converge very fast and a threshold of 10~ results in energies that are
practically indistinguishable from those obtained with smaller thresholds. Taking the energies with
the smallest threshold as reference, the largest deviation in the total MEBF energy is 24 meV at
o = 1074, The relative energies of the final NOCI states are even less sensitive to the value
of Tyro. The maximum difference in excitation energy is 6 meV for 70 = 10~*. For higher
thresholds the deviations start to grow and the excitation energies for the higher threshold tested
(5-1073) differ by more than 0.5 eV with respect to the reference values obtained with the smallest
threshold.

The influence of Tp;0 on the time-to-solution can already be anticipated from the number of
two-electron integrals in Fig. 4 that increase exponentially with smaller thresholds, but is quantified
in a more detailed manner in Table 2. Using the smallest threshold results in a basis set of 380
functions to describe the different electronic states of the dimer, which in turn leads to a two-
electron integral file of 21.0 GB. This is too large to be held in the HBM memory of a single V100
GPU used for this calculation, and therefore, the strategy of dividing the integrals over two ranks
was followed, as indicated in the last column of Table 2. For Ty0 > 1079, the two-electron integral

file fits multiple times in the memory of the GPU. The timings in Table 2 are for 100 summit node
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Figure 4: Convergence of the normalized MEBF energies of a anthracene dimer at 3.75 A separa-
tion (circles; blue = SySo, gray = SpS1 /5150, gold = T1 Ty, green = DYD~ /D~ D) and the number
of two-electron integrals (black squares) as a function of the threshold for linear dependencies in

the common MO basis.

Table 2: Wall clock time to solution (in seconds) for the calculation of the 6x6 NOCI matrix of
the anthracene dimer as a function of 7o on 100 Summit nodes, each with six NVIDIA V100

Integrals / M

-log(tyo)

2500
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500

accelerators.
™o basis number of Number of ranks
functions  2-el. int. 18 12 6 6
in millions (3/GPU) (2/GPU) (1/GPU) (1/GPU)
(2/Int.List)
51073 102 13.8 1025 1519 2989
1-1073 138 34.1 1048 1550 3043
1-107* 166 96.1 1114 1634 3203
1107 204 218.6 1207 1807 3536
1-107¢ 366 630.5 2426 4503
1-1077 316 1254.3 6232 6410
1-1078 380 2620.2 13288
AO basis 624 19013.6
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runs with access to six V100 GPUs on the node, with 1, 2 or 3 ranks allocated per GPU using
the MPS protocol, resulting in 6, 12 or 18 ranks used per node. The measured speed-up is close
to the ideal factor of 2 and 3 for the runs with 12 and 18 ranks, respectively, demonstrating the
efficiency of the MPS protocol. There is a factor of about ten between the time to solution for
the Ty;0 = 10~* (18 ranks) calculation and the one with the smallest threshold, with virtually the
same results obtained. Even for the smallest threshold, the number of basis functions is still only
60% of the full AO basis, which illustrates that NOCI calculations are always best executed with
transformation to the common MO basis. While among the 19.0 billion two-electrons integrals
expressed in the AO basis there will be an important fraction of very small integrals that can be
disregarded, it is still more efficient to make a transformation to the common MO basis and use
the integrals in canonical order and avoid doubling the memory requirement when using labeled

integrals.

Anthracene dimer 6x6 NOCI Two-Electron Contributions
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Figure 5: Wall clock cost of evaluating the two-electron contributions to the 6x6 Hamiltonian for
an Anthracene dimer on 100 Summit nodes with one rank per GPU, as a function of the number
of two-electron integrals resulting from using different thresholds 7j;0. The dashed line indicates
linear behavior.

In Figure 5, the wall clock time required for evaluating the two-electron contributions to the

6x6 Hamiltonian for an Anthracene dimer on 100 Summit nodes with one rank per GPU, as a
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function of the number of two-electron integrals resulting from using different thresholds 70 is
depicted. The timings plotted correspond to the sixth column in Table 2. The wall clock cost of the
factorization of the cofactor matrices is independent of Tj;p and is 2952 seconds from extrapolation
to zero integrals. The cost of evaluating the two-electron integral contributions to the Hamiltonian

matrix elements is demonstrated to be completely linear with the number of integrals.

Wave function expansion coefficients threshold
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Figure 6: Convergence of the normalized state energies of a benzene dimer at 8 Angstrom separa-
tion as a function of the CI threshold with the associated execution wall clock time on 12 Summit
nodes.

A wave function expansion coefficient threshold to reduce the length of the wave function ex-
pansion is applied in two steps. First, the threshold is applied to the coefficients in the construction

of the determinant expansion of the MEBFs. Second, the same threshold is applied to the gen-
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eration of the determinant pair list. This threshold strongly determines the computational cost, as
illustrated in Figure 6. As in the case for the common orbital transformation threshold, it is also not
possible to perform the calculation for the full list of determinant pairs. Therefore, the calculation
with the smallest threshold (7c; = 10~®) is taken as reference to check the stability of the results
with larger thresholds. The relative MEBF energies stay nearly constant up to 7¢; values of 1072,
for which the largest deviation is found for the S157 MEBF differing by 0.06 eV from the reference
value. Increasing the threshold to 10~* decreases the relative energy of the $;S; and ! 77 MEBFs
by 0.26 eV and 0.17 eV, while the changes in other MEBFs are still smaller than 0.1 eV. Larger
thresholds lead to unreliable results. Figure 6 also shows how the number of determinant pairs de-
creases rapidly with increasing threshold, leading to a reduction of a factor of ~50 for 7¢; = 1072
compared to the reference value.

More examples of the dependency of the results on the two thresholds described in this and
the previous subsection can be found in the main text and the supplementary information of Refs.
21 and 35. Based on the experience gained by those test cases, the ones described in the present
study and other (so far unpublished) calculations, the default values of 7370 and 7¢; have been put
to 107>, which is somewhat on the safe side, especially for 7y;0, where a ten times larger threshold

would not lead to noticeable changes in most cases.

Singular value decomposition and eigenvalue solvers

The GronOR implementation relies on two linear algebra solvers, a singular value decomposi-
tion and an eigenvalue solver. Optimized versions of these solvers for NVIDIA accelerators are
available in the CUSOLVER library, both as a QR and an iterative Jacobi implementation. The
relative computational efficiency of these implementations depends on the size of the symmetric
matrices, 1.e., for GronOR calculations the number of electrons in the system. In Figure 7 this
efficiency relative to the CPU-only versions is given as a function of the number of electrons for
a 7x7 Hamiltonian for the dimers of benzene (84 electrons), naphthalene (136), anthracene (188),

tetracene (240) and pentacene (292) with a single rank per GPU, and of a 4x4 Hamiltonian for the
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dimers of 5,5 -difluoro-indigo (304), 5,5’-dichloro-indigo (336) and 5,5 -dibromo-indigo (408)
with two ranks per GPU on the JFZ Juwels Booster. Calculations of the systems with 188 or more
electrons show an increasing speedup with the number of electrons when using the GPU-resident
CUSOLVER routines. The indigo derivatives were run with two ranks sharing a GPU to increase
the overall efficiency of the runs. The slight drop in speedup between a single and dual ranks on a
GPU indicates the competition for resources on the device. While below 188 electrons the matri-
ces are too small for the CUSOLVER routines to compete with the CPU-resident routines, for the
larger systems the CUSOLVER routines are significantly more efficient. The speedup results pre-
sented in Figure 7 are for the entire GronOR NOCI calculations, and not for the solver component

only.

Freezing core orbitals

Another approach that can reduce time-to-solution is to remove the core orbitals from the NOCI
computation. To deal with the fact that the core orbitals are not strictly the same for all electronic
states, the average density matrix due to the core electrons is constructed. The eigenvectors of
this average density matrix are used to represent the core orbitals of all electronic states before the
transformation of the integrals to the common MO basis. The energy contribution of these frozen
core electrons is absorbed in the nuclear potential energy and their interaction with the valence

electrons in the one- and two-electron integrals.

Table 3: Comparing the NOCI results of an anthracene dimer with and without freezing the 28
C-1s orbitals. y (in meV) is the electronic coupling between the SoSiand 7177 MEBFs and AE;;
(in eV) are the relative NOCI energies. SNH stands for Summit node hours.

C-1s not frozen C-1s frozen difference

y 2.492 2.491 0.98-103
AEg,s, 4.80 4.80 1.3-1073
AErT, 5.69 5.69 -4.7-1073
SNH 31.0 11.6 19.4

number of 2-el. integrals 96,070,591 45,998,436
(845 MB) (405 MB)
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Figure 7: Speedup resulting from using the CUSOLVER QR or Jacobi singular value decom-
position and eigenvalue decomposition solvers relative to using the CPU resident SVD and
TRED2/TQL solvers, as a function of the number of electrons. Results obtained for GronOR cal-
culations of a 7x7 Hamiltonian for benzene (84), naphthalene (136), anthracene (188), tetracene
(240) and pentacene (292) dimers with a single rank per GPU, and of a 4x4 Hamiltonian for 5,5’-
difluoro-indigo (304), 5,5’-dichloro-indigo (336) and 5,5’-dibromo-indigo (408) with two ranks
per GPU on the JFZ Juwels Booster.
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The results in Table 3, obtained for the previously described anthracene dimer with 7¢; = 107°
and Ty;0 = 107%, show that freezing the core orbitals does not affect the outcomes of the NOCI
calculation, both the electronic couplings (only one is shown here, but all other couplings follow
the same trend) and the relative energies of the NOCI wave functions are virtually identical with
and without freezing the core. The only aspect that undergoes a significant change is the time-to-
solution, presented in the table as Summit node hours (SNH). The calculations were done on 100
nodes with 18 accelerated ranks per node in both cases, leading to a wall-clock time-to-solution
of 1116 and 418 seconds, respectively. A speed-up was measured of a factor of 2.7 by removing
the 28 C-1s orbitals of the anthracene dimer, mostly caused by the reduction in the number of

two-electron integrals from 96M to 45M.

Scalability and Accelerated Performance on Supercomputers

Supercomputer Systems Used in the Benchmarks

For the GronOR performance analysis, benchmark calculations were performed on massively par-
allel hybrid supercomputers representing two generations of NVIDIA GPU accelerators, namely

the Volta V100 on Summit and the Ampere A100 on Juwels Booster.

Summit at OLCF

Summit is the 4670-node accelerated supercomputer at the Oak Ridge leadership Computing Fa-
cility (OLCF) at the Department of Energy’s Oak Ridge National Laboratory in Oak Ridge, Ten-
nessee, USA. The IBM AC922 nodes consist of two IBM POWER9 CPUs and six NVIDIA Volta
V100 GPU accelerators. A fast on-node NVIDIA NVLINK interconnect provides 50 GB/s band-
width between each CPU and three GPU accelerators. The single coherent memory domain con-
sists of 512 GB of DDR-4 memory and 16 GB of high bandwidth memory (HBM2) on each of
the GPUs. The aggregate peak performance of Summit is more than 200 PFlop, which placed the

system first on the TOP-500 list of supercomputers from June 2018 to November 2019, and is at
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present the most powerful supercomputer in the United States.

Juwels Booster at JSC

The Juwels Booster module is a 936-node partition of the Juwels supercomputer at the Jiilich
Supercomputer Center (JSC) at the Jiilich Forschungszentrum (JFZ) in Jiilich, Germany. The Bull
Sequana XH2000 Juwels Booster module consists of nodes with two AMD EPYC Rome 7402
CPUs and four NVIDIA Ampere A100 accelerators. Each node has 512 GB of memory and each
GPU has 40 GB of high bandwidth memory (HBM?2e). The peak performance of the Booster
module partition of Juwels is 73 PFlop. Juwels Booster placed number 7 on the TOP-500 list of

supercomputers in November 2020, and is at present the fastest supercomputer in Europe.

Benchmark Results
Naphthalene Dimer

The very first implementation of GronOR demonstrated the flexibility of combining independently
optimized multi-configuration fragment wave function expansions for NOCI studies and illustrated
how the algorithm can be effectively used on parallel, accelerated computers.® With the task-based
design and significant parts of the code base ported to GPU accelerators, code performance was
demonstrated for a dimer of naphthalene molecules in which the wave function was expressed
as the product of molecular wave functions at the CAS(8,8) for one, and CAS(4,4) for the other
molecule. This original benchmark calculation of a 4x4 Hamiltonian (S¢So,S0S1,S51S0,7171) of
the CAS(8+4,8+4) naphthalene dimer required 1,771 seconds on 4604 nodes on Summit, or 2,265
Summit node-hours.® Based on those promising initial performance characteristics of the code,
the additional methodological and implementation improvements were made as described in the
current work. These improvements, in particular the reduction of the list of two-electron inte-
grals as a result of the common molecular orbital transformation, the reduction of the determinant

pairs lists as a result of applying a threshold on the CI expansion coefficients, the transfer of all
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computationally demanding parts of the calculations to the GPU accelerators and the use of GPU-
accelerated optimized solver libraries, have resulted in the significant performance improvements
reported here. With the current implementation of GronOR, the same naphthalene dimer bench-
mark now requires 881 seconds on 32 Summit nodes, or 7.8 Summit node-hours. This is a 290-fold
improvement of the computational efficiency and demonstrates how the recent methodological de-
velopments and code optimizations make the use of NOCI calculations feasible for much larger

molecular systems.

Indolonaphthyridine Dimer

J

Figure 8: Indolonaphthyridine dimer at 4.0 Angstrom separation

Indolonaphthyridine derivatives have been suggested as potential candidates for singlet fission
capable molecules in photovoltaic materials.>® One such derivative is cibalackrot which has been
studied using non-orthogonal approaches by Ryerson et al.>!

A dimer of the core indolonaphthyridine at 4.0 A separation, shown in Figure 8, with 320
electrons was used here to obtain GronOR release 21.04 benchmarks.

Total execution times, including setup, data transfer, and evaluation of the full Hamiltonian

matrix, as a function of the number of nodes used for the calculation of the 7x7 Hamiltonian (S¢So,

5180, SoS1, S181, T1 T1, D~ D™, DTD™) with fragment states Sy, S, 71, D~ and D™ obtained at the
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Table 4: Timings in seconds obtained for the indolonaphthyridine dimer at CAS(4+4,4+4) as a

function of nodes on Summit.

CPU-only GPU + CPU solvers

Nodes Setup ~ Hamiltonian Total Setup ~ Hamiltonian Total
16 9.634  3790.689  3800.324
32 12.820  1888.576  1901.395
64 9.423  4957.121  4966.544 11.550 944.697 056.246
128 10.112  2495.345  2505.458 10.643 476.305 486.947
256 10.579  1330.581  1341.161 11.655 238.943 250.598

GPU + cu-QR GPU + cu-Jacobi

Nodes  Setup  Hamiltonian Total Setup ~ Hamiltonian Total
16 11.115  1894.798  1905.905 10.742  1182.536  1192.291
32 11.134 946.032 956.166 10.796 593.079 603.875
64 10.342 473.336 483.679 10.172 295.478 306.174
128 10.503 238.324 248.826 11.060 149.962 159.984
256 11.101 120.443 131.544 11.602 75.429 86.582

Table 5: Timings obtained for the indolonaphthyridine dimer at CAS(4+4,4+4) as a function of
nodes on Juwels.

GPU + cu-Jacobi

Nodes Setup ~ Hamiltonian Total
16 13.278 914.969 928.247
32 13.921 458.176 472.097
64 13.891 230.466 244.356
128 13.140 117.118 130.258
256 14.294 60.417 74.711
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Figure 9: Accelerated performance on Summit of the indolonaphthyridine dimer 7x7 Hamilto-
nian at CAS(4+4,4+4), showing a 5.2-fold speedup of the OpenACC instrumented code, 10.3-fold
speedup using the cusolver QR solvers, and 16.2-fold speedup using the cusolver iterative Jacobi
solvers used on six ranks per node, compared to CPU-only runs with 30 ranks per node. Dashed
lines indicate ideal (i.e., linear) scaling. Runs using the cusolver Jacobi solvers are 1.3 times faster
on Juwels compared to Summit.
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CAS(4,4) level using OpenMolcas are given in Tables 4 and 5 for Summit and Juwels respectively,
and in Figure 9. Calculations at the CAS(4+4,4+4) level significantly reduce the number of de-
terminant pairs contributing to Hamiltonian and overlap matrices compared to more accurate and
more representative calculations at the CAS(8+8,8+8) level, and makes it reasonable to still carry
out CPU-only runs to assess the performance impact of GPU-acceleration. The computational re-
quirement for each individual determinant pair is comparable for both cases, however. This makes
the CAS(4+4,4+4) calculation a good test case to illustrate the improvement of performance from
GPU acceleration. On 64 nodes, GPU acceleration on Summit using 6 ranks per node with SVD
and EVD solvers still carried on the CPU leads to a speedup factor of 5.2 compared to a 30 rank
per node optimized CPU-only run. When in addition the the SVD and EVD are executed on the
GPU using the QR or Jacobi solvers provided by the CUSOLVER library the speedup factors are
10.3 and 16.2, respectively. The efficiency of the cusolver SVD and EVD solvers, compared to the
same solvers running on the CPU, increases with the size of the input matrices which in GronOR
depends on the number of electrons in the molecular system. For the indolonaphthyridine dimer
with 320 electrons the iterative cusolver Jacobi solvers are clearly more efficient than either the
CPU-based or cusolver QR solvers. For systems with around 100 electrons, the cusolver rou-
tines exhibit similar efficiency as the CPU-based solvers, and for systems with fewer electrons the
cusolver routines are less efficient.

For the calculations using the different solver options, the execution wall clock times measured
on Summit for the setup, the Hamiltonian calculation and the total wall clock times are given in
Table 4, and for the calculations using the cusolver Jacobi solvers depicted in Figure 9. Setup time
is defined as the wall clock time measured on the master rank between the start of the calculation
and the first request for a task from one of the worker ranks. The setup time is more or less
constant, appears independent of the number of nodes used in the calculation, but becomes on the
larger node-counts a significant fraction of the total wall clock time because of the relatively short
execution time needed to calculate the Hamiltonian matrix elements for this small CAS space. The

scalability of the Hamiltonian calculation remains near-ideal for this chemical system from 16 to
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256 nodes.

A comparison of V100 and A100 GPU runs using the cusolver Jacobi solvers on Summit and
the Juwels Booster system, respectively, is given in Figure 10. The Juwels Booster A100 GPUs are
about 15% faster than the V100, but with six V100 GPUs per node on Summit and four A100 GPUs
per node on Juwels-Booster, per node Summit is expected to be 1.3x faster. While calculations are
performed as much as is possible on the GPUs, wave function coefficients need to be transferred
from host to device memory at the start of each determinant pair calculation, and OpenACC GPU
kernel invocation overheads also involve communication between host and device. As a result,
Summit nodes are in practice found to be 1.5 times faster, which in part can be explained by
the faster communication between host and device, which is NVLINK on Summit and PCle on
Juwels. More effective end-to-end connectivity on Summit also appears to contribute to better
observed scalability on Summit. For both computer systems, however, the setup time becomes a
noticeable fraction of the total execution time for this small benchmark.

Table 6: Timings obtained for the indolonaphthyridine dimer at CAS(8+8,8+8) as a function of
nodes on Summit.

GPU + cu-Jacobi
Nodes Setup ~ Hamiltonian Total Eff. Ham. Eff. Total

128 36.097 19281.201 19317.298 100 100

256 32.543  9684.957  9717.501 99.5 99.4

512 36.991  4831.476  4868.458 99.8 99.2
1024 39.205  2419.037  2458.242 99.6 98.2
2048 44.371  1212.410  1256.781 99.4 96.1
3072 36.214 807.297 843.511 99.5 95.4
4096 39.707 605.582 645.289 99.5 93.5

Table 7: Timings obtained for the indolonaphthyridine dimer at CAS(8+8,8+8) as a function of
nodes on Juwels.

GPU + cu-Jacobi
Nodes Setup ~ Hamiltonian Total Eff. Ham. Eff. Total

128 26.314 16357.383 16383.516 100 100

256 27.904  8171.100  8199.758  100.1 99.9
384 28.107  5460.332  5488.439 99.9 99.5
512 28969  4097.502  4216.471 99.8 97.1

33



Time in seconds

1200

600

300

150

75
32

Time in seconds

1200

600

300

150

75
128

Indolonaphthyridine dimer 7x7 CAS(4,4;4,4) Hamiltonian

oJuwels Total
Juwels Hamiltonian
oSummit Total
Summit Hamiltonian

64 128 256 512
Nodes

Indolonaphthyridine dimer 7x7 CAS(4,4;4,4) Hamiltonian

o

.

256 512

oJuwels Total
Juwels Hamiltonian
oSummit Total
Summit Hamiltonian

p

1024 2048

GPUs

1024

4096

Figure 10: Timings for the Hamiltonian calculation and total execution wall clock times on Sum-
mit and Juwels for the indolonaphthyridine dimer 7x7 Hamiltonian at CAS(4+4,4+4), showing
the relative performance of the Summit V100 and Juwels-Booster A100 accelerators. Top panel:
Performance as function of nodes. Bottom panel: Performance as function of GPUs. Dashed lines
indicate ideal, i.e., linear, scaling. The relationship between timings per node and per GPU is 4:1
for Juwels Booster, and 6:1 for Summit.
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Indolonaphthyridine: CAS(8+8,8+8) 7x7 Hamiltonian
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Figure 11: Timings for the Hamiltonian calculation and total execution wall clock times on Sum-
mit and Juwels for the indolonaphthyridine dimer 7x7 Hamiltonian at CAS(8+8,8+8), showing a
parallel scalability efficiency of 93.5% when run on 4096 Summit nodes and of 97.1% when run
on 512 Juwels nodes, with 128 node runs as the baseline.Dashed lines indicate ideal (i.e., linear)
scaling, which for Juwels is shown up to 938, the number of GPU-capable nodes.
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The second indolonaphthyridine dimer benchmark was carried out at the CAS(8+8,8+8) level
of wave function expansion, which represents a more common production usage of the method.
Timings obtained on 128 to 4096 Summit nodes and on 128 to 920 Juwels nodes are given in
Tables 6 and 7, respectively, and depicted in Figure 11. With 128 node runs as baseline, the
parallel scalability efficiency of the Hamiltonian calculation is near-ideal at 99.5% and 99.8% on
4096 Summit nodes and 512 Juwels nodes, respectively. The setup time on both systems is also for
these calculations independent of the number of nodes used, and leading to total parallel scalability

efficiencies of 93.5% and 97.1% on Summit and Juwels, respectively.

Heterogeneous Computer Systems

Benzene Dimer: CAS(6+6,6+6) 4x4
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Figure 12: Timings for total execution wall clock times for a 4x4 Hamiltonian calculations for a
benzene dimer at CAS(6+6,6+6) executed on the Juwels Booster partition compared to a hybrid
calculation on the Juwels resource running across the Juwels Booster, Juwels GPUs and Juwels
Cluster partitions. The Juwels Booster partition runs (blue curve) use four ranks per node, i.e.,
four GPUs per node as given on the horizontal axis. In the hybrid runs (orange curve) for each
data point the same number of nodes on the V100 and cluster partitions are added, i.e., four A100
GPUs, four V100 GPUs and the cluster CPUs for each of the nodes on the horizontal axes.

36



The task-based implementation of the algorithm in GronOR with completely independent and
asynchronous execution of contributions by worker ranks makes it possible to effectively run
NOCI-F calculations on heterogeneous compute clusters. The Juwels machine at JFZ is an ex-
ample of a compute resource with CPU and GPU partitions on the same interconnect. To illus-
trate how GronOR can take effective advantage of different partitions, a small benzene dimer at
CAS(6+6,6+6) calculation was conducted across different partitions and compared with use of the
Juwels Booster partition only. Two sets of runs were conducted. As baseline, a Juwels Booster
only runs were carried out on 2 to 128 nodes using 4 ranks per node, each assigned to one of
the A100 GPUS. Slightly super-linear scalability is observed caused by the single master rank al-
located but not using a GPU. Timings are compared in Figure 12 with timings for similar runs
using in addition the same number of nodes on the V100 GPU and CPU-only Cluster partitions,
each with the same number of ranks per node. In these runs the master rank was executed on a
CPU-only node of the Cluster partition, and no super-linear scalability is observed. Timings for
the hybrid runs are, as expected, more than two times faster. For each data point in Figure 12,
the comparison is between using, per node, four A100 GPUs and four each of A100, V100 GPUs
and four CPU ranks. For example, the speedup given in Figure 12 is comparing 2 nodes on the
Booster with six nodes used in hybrid mode, i.e., 2 nodes on the Booster, 2 nodes on the V100
partition, and 2 nodes on the CPU-only partition. In the hybrid runs, the A100 GPUs were found
to consistently contribute 47%, the V100 GPUs 49%, and the CPU-ranks 4% of the total number
of matrix element contributions. Since the A100 GPUs are faster than the V100 GPUs, this result
could again point to more efficient data transfer on Summit’s NVLINK compared to the PCle bus

on Juwels Booster.

Clusters and Workstations

While large-scale massively parallel accelerated supercomputers have been the primary target in
the development of GronOR, the code also runs quite effectively on small compute clusters and

workstations for small molecular problems. On computer systems with a single or a few GPU
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accelerators the same CUSOLVER routines can be used together with the NVHPC compilers,
while for non-accelerated systems the MKL solver routines with the Intel compilers, or the solver
routines included in the software with Gnu compilers can be used.

Tetracene is one of the original materials found to exhibit singlet fission, and still serves as
a key material in computational studies.>> A tetracene dimer, with 240 electrons, represents the
upper limit of system sizes that can be studied on small computer systems with one or a few GPU-
accelerated nodes. Production calculations of the 6x6 Hamiltonian of a tetracene dimer at the
CAS(8+8,8+8) level could be carried out on a departmental cluster node with two NVIDIA V100

accelerators in just over 24 node-hours using 10 accelerated ranks.

Discussion

Non-orthogonal configuration interaction based on independently optimized multi-configuration
diabatic fragment wave functions provides a rigorous and effective methodology for the compu-
tational study of a range of important processes involving multiple electron excitation, electron
and excitation energy transfer, exciton diffusion, intermolecular Coulombic decay. Understanding
these and other processes is fundamental to finding new techniques for exploiting photosynthesis
for novel materials or photo-excitation dynamics for energy conversion in photovoltaic devices.
While non-orthogonal methods are substantially more computationally demanding than their or-
thogonal alternatives, they offer a number of advantages in the form of simpler expansions of wave
functions in terms of constituent fragment states and a much more intuitive interpretation of the
importance of the fragment states for NOCI calculated properties. The motivation for the devel-
opment of GronOR described in this work is to provide highly efficient computational software
that make NOCI-F calculations feasible for sufficiently large molecular systems to benefit research
focused on energy conversion and transfer applications.

Currently, GronOR scalability and accelerated performance has been demonstrated on NVIDIA

GPU accelerators. Once available to the development team, GronOR is planned be ported using
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the same strategies to other accelerators, such as the AMD and Intel GPUs which are expected to
be part of the next generation of supercomputers.
GronOR is available as open source application under the Apache 2.0 license to the scientific

community from its GitLab repository.
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1 GNOME algorithm

The calculation of the interaction between non-orthogonal Slater determinants is based on the General
Non-Orthogonal Matrix Elements (GNOME) algorithm developed by Broer, Nieuwpoort and van Montfort
in the 1980s. 2 Here, the focus is on the two-electron part of the matrix elements, the simpler one-electron
part is analogous and the expressions can be found in the original articles.
The basic expression for the calculation of the two-electron part of the interaction between two non-
orthogonal Slater determinants reads
(Dalgial®s) = 3 S (gitgualinn) Sk, ) (1)
i<k j<l
with S(ik, jl) the second-order co-factor of the overlap matrix of the orbitals. By applying a corresponding

orbital transformation

¢i = Z ;U Ui = Z%‘ij‘ (2)
J J
the overlap matrix becomes diagonal and the two-electron contribution to the Hamiltonian matrix element
becomes
(Palgral®s) =D (didlgraldie) [] Am (3)
i<k m##i,k

with Ay, = (¢ |tm). Substituting ¢ and ¢ by their expansion in basis functions x (either AO basis or the

common MO basis, see below) leads to

(®algr2l®s) = > Y (XuXplGr2lxvX0) B(up, vo) (4)
p<v p<o
with
1 . . o
B(:U/pa VU) = 5(1 - PMP)(I - PZIO') Z Ciuckrpduidak H A7n (5)
ki m#ik

the transformed second-order co-factor. This super-matrix with approximately N*/8 elements can be

written as the product of two N x N matrices F(w) and G(w)

B(up,vo) = (1 — Pu,)(1 — Puo) F(w) 4, G(w) po (6)

This is the factorized transformed second-order co-factor and forms the basis of the GNOME algorithm.

F and G depend on w, the number of zeros in the overlap matrix of the corresponding orbitals.

Il —. 5 ._
F(O)u =5 Y Gpdvid;" G(0)u = 2F(0)u [T (7)



F(l)p.lj = Z éi,udui)\;l G(l)p,u = émp,dNVm H )\2 ()‘m = 0) (8)

For w > 2, both F and G are zero.

2 Common MO basis

The construction of the common molecular orbital basis to express the non-orthogonal states is described
in detail in Ref. 4. A short version is given here for completeness.

To facilitate the calculation of the matrix elements among the non-orthogonal Slater determinants,
the one- and two-electron integrals need to be expressed in a common basis set. The standard atomic
orbital (AO) basis functions provide such a common basis, but have the disadvantage of being very large
and severely limiting the applicability of the NOCI approach as implemented in GronOR. The first step
towards a more compact basis set of molecular orbitals is to collect the doubly occupied and active orbitals

of all the (non-orthogonal) electronic states of a fragment

T = {¢17¢27"‘7¢k7¢17w27‘"7¢l7w17w27"'uwm7"'} (10)

where ¢;, 1;, w;, ... are the optimal orbitals used to describe the diabatic fragment states ®, ¥, Q, ....
Although Y defines a complete basis to express the fragment states, it is a non-orthogonal and, more
importantly, a strongly linear dependent basis set.

To construct a more compact common MO basis, the n x n overlap matrix of the orbitals in T is

calculated, where n = k + 1+ m + ..., the sum of all the inactive and active orbitals.

Sij = (il;) (11)
The eigenvectors U of this overlap matrix also constitute a complete basis

Sq=UTSU, (12)

with the difference that the linear dependencies can be removed from the basis by considering only those

eigenvectors whose eigenvalue )\, is larger than the user-defined threshold 7)/0.

U 2eZTMo, y, (13)



The reduced basis V is expressed in the AO basis to obtain the final common MO basis set
W =cC(S)" 2V (14)

where C' is the coefficient matrix of the orbitals in T.
This process is repeated for all fragments and the resulting basis sets are accumulated. Once all

fragments are processed, the integrals are expressed in the new common MO basis.
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