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Introduction – TREX

TREX CoE: Targeting REal chemical accuracy at the eXascale

Started in October 2020, ended in March 2024

Objective: making codes ready for exascale systems

How ? – Instead of rewriting codes, provide libraries

One library for high-performance (QMCkl)

One library for exchanging information (TREXIO)
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Introduction to QMCkl

QMCkl: High-performance Quantum Monte Carlo library

Outline

Fast and Accurate Calculations: Jastrow Factor and DGEMM

Conclusion 

Development of Accurate and Efficient Algorithms 
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Introduction – QMCkl

QMCkl: A unified approach to accelerating 
Quantum Monte Carlo Codes

Quantum Monte Carlo kernel library (QMCkl)
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Introduction – QMCkl

QMCkl: Algorithms and APIs implemented
Quantum Monte Carlo method
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Introduction – QMCkl
Quantum Monte Carlo method

Simulation: N2 molecule – 14e, 2 Nuclei
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Introduction – QMCkl

QMCkl: Algorithms and APIs implemented

Kernels Needed

<latexit sha1_base64="75NEPRVZ+2sCVuVHOfhXqOcSe44="></latexit>

 (r1, . . . , rn): Wavefunction
�!r (r1, . . . , rn): Drift Vector

r2 (r1, . . . , rn): Kinetic Energy

Kernels well Implemented and Tested
<latexit sha1_base64="WAjWOMqnIZpia8MAxZg/A0H9rbw="></latexit>

AOs: �(ri),
�!r�(ri),r2�(ri)

MOs: �(ri),
�!r�(ri),r2�(ri)

Inverse of small matrices

Jastrow correlation factor (eN, ee, eeN)
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Introduction – QMCkl

Quantum Monte Carlo kernel library (QMCkl)

QMCkl API

Simple kernels of QMC written by scientists

Human readable API front-end (Scientists) 
HPC API (Scientists 

and Experts)

CPU kernel GPU kernel XPU kernel

Runtime
Vendor specific kernels

? ? ? ?
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Introduction – QMCkl

Quantum Monte Carlo kernel library (QMCkl)

QMCkl API

Simple kernels of QMC written by scientists

Human readable API front-end (Scientists) 
HPC API (Scientists 

and Experts)

Bio-compiled kernels to obtain HPC library

CPU kernel GPU kernel XPU kernel

Runtime
Vendor specific kernels
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Introduction to QMCkl

QMCkl: High-performance Quantum Monte Carlo library

Outline

Fast and Accurate Calculations: Jastrow Factor and DGEMM

Conclusion 

Development of Accurate and Efficient Algorithms 



12/9/2414

Accurate ab initio calculations ⇒ Accurate models 
High-Performance Implementation: Jastrow Factor

QM/MM Study of the Nitrogenase MoFe Protein Resting State:
Broken-Symmetry States, Protonation States, and QM Region
Convergence in the FeMoco Active Site
Bardi Benediktsson and Ragnar Bjornsson*

Science Institute, University of Iceland, Dunhagi 3, 107 Reykjavik, Iceland

*S Supporting Information

ABSTRACT: Nitrogenase is one of the most fascinating enzymes in nature, being responsible for all biological nitrogen
reduction. Despite decades of research, it is among the enzymes in bioinorganic chemistry whose mechanism is the most poorly
understood. The MoFe protein of nitrogenase contains an iron−molybdenum−sulfur cluster, FeMoco, where N2 reduction takes
place. The resting state of FeMoco has been characterized by crystallography, multiple spectroscopic techniques, and theory
(broken-symmetry density functional theory), and all heavy atoms are now characterized. The cofactor charge, however, has been
controversial, the electronic structure has proved enigmatic, and little is known about the mechanism. While many computational
studies have been performed on FeMoco, few have taken the protein environment properly into account. In this study, we put
forward QM/MM models of the MoFe protein from Azotobacter vinelandii, centered on FeMoco. By a detailed analysis of the
FeMoco geometry and comparison to the atomic resolution crystal structure, we conclude that only the [MoFe7S9C]

1− charge is
a possible resting state charge. Further, we find that of the three lowest energy broken-symmetry solutions of FeMoco, the BS7-
235 spin isomer (where 235 refers to Fe atoms that are “spin-down”) is the only one that can be reconciled with experiment.
This is revealed by a comparison of the metal−metal distances in the experimental crystal structure, a rare case of spin-coupling
phenomena being visible through the molecular structure. This could be interpreted as the enzyme deliberately stabilizing a
specific electronic state of the cofactor, possibly for tuning specific reactivity on specific metal atoms. Finally, we show that the
alkoxide group on the Mo-bound homocitrate must be protonated under resting state conditions, the presence of which has
implications regarding the nature of FeMoco redox states as well as for potential substrate reduction mechanisms.

■ INTRODUCTION

Nitrogenases are nature’s solution to making atmospheric
nitrogen available to organisms.1−3 These metalloproteins are
the only enzymes that catalyze the reduction of dinitrogen to
ammonia according to the reaction equation (in the case of
molybdenum-dependent nitrogenase)

+ + +
→ + + +

− +N 8e 8H 16MgATP

2NH H 16MgADP 16P
2

3 2 i

The mechanism for N2 reduction (including binding site) as
well as important questions such as why eight electrons instead
of six are required and why obligatory H2 evolution is necessary
for NH3 formation are all still unsolved problems, though

reductive elimination of hydrides has been proposed for the
latter.4

Nitrogenases are multiprotein metalloenzymes that contain
unusual and complex iron−sulfur clusters to deal with the
difficult problem of N2 activation. The most active and best
characterized enzyme is the molybdenum-dependent nitro-
genase, which under turnover conditions is a protein complex
consisting of the Fe protein (nifH) and MoFe protein
(nifDK).5 The Fe protein is a homodimer and contains an
iron−sulfur cubane cluster, and it acts as a reductase. It binds to
MoFe protein and reduces it one electron at a time via a
MgATP-dependent process. The MoFe protein is an α2β2
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Single slater determinant:
no static and part of dynamic correlation

 T = D0
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Multi-determinant Ψ!:
static and part of dynamic correlation

 T =
NdetX

i=1

CiDi
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Jastrow slater multi-determinant Ψ! :
static and dynamic correlation

3-body Jastrow factor

Slater determinants

Schautz, Friedemann, and Claudia Filippi, J. Chem. Phys. 2004,
120.23, 10931-10941.

Chilkuri, Vijay Gopal, and Frank Neese, J. Comput. Chem. 2021,
42.14, 982-1005.

 T = J (e, e, n)
NdetX

i=1

CiDi
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Multi-determinantal Fully parallel 
Quantum Monte Carlo ansätze

Mono-determinantal ansätze
(DFT/HF/SR-CC)



Jastrow 3-body Correlation Factor
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Jastrow factor
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electron-electron distances electron-nucleus distances

Anthony Scemama, Vijay Gopal Chilkuri and Claudia Filippi, in 
preparation

High-Performance Implementation: Jastrow Factor
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Jastrow factor
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Anthony Scemama, Vijay Gopal Chilkuri and Claudia Filippi, in 
preparation

High-Performance Implementation: Jastrow Factor
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Jastrow factor
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Jastrow factor
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High-Performance Implementation: Jastrow Factor
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DGEMM based algorithm shows 

large speedup over naïve algorithm

Automatic OpenMP based intra-

node parallelization

High-Performance Implementation: Jastrow Factor

Final Speedup (vs Doc) → 35× for 1000 electrons
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High-Performance Implementation: Jastrow Factor
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Speedup for Jastrow Factor
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DGEMM based algorithm shows 

large speedup over naïve algorithm

Automatic OpenMP based intra-

node parallelization

Lacking 
Performance

High-Performance Implementation: Jastrow Factor

Final Speedup (vs Doc) → 2× for 100 electrons
Final Speedup (vs Doc) → 35× for 1000 electrons
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Introduction and Motivation

Introduction: Biological N2 reduction

Phenomenological models

Outline

Fast and Accurate Calculations: Jastrow Factor and DGEMM

Conclusion 

Development of Accurate and Efficient Algorithms 



Naïve DGEMM vs Intel MKL
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Jastrow Factor: Algorithmic Development

Naïve DGEMM is 10x slower 

Performance worse especially for 

small sizes

State of the art – Intel MKL

≈ 10x

Jastrow factor
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Hierarchical Data Layout
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Jastrow Factor: Algorithmic Development

MR

NB

MB

K

K

NR

MC

KC

M

N

A C

B

Blocking of data

Tiling based on Hardware Caches

Highly efficient memory access

Almost zero cache miss (prefetch)

Aligned allocation of blocks and tiles

More information than MKL 

Goto, Kazushige, and Robert A. van de Geijn. *ACM Transactions on 
Mathematical Software (TOMS)* 2008, 34.3, 1-25



Core Block Layout
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Jastrow Factor: Algorithmic Development

𝜇Architecture – Skylake 

Fast memory buffers

Cache Layout

L2 and L1 cache

Register file

Port Layout

https://en.wikichip.org/wiki/intel/microarchitectures/skylake_(server)Goto, Kazushige, and Robert A. van de Geijn. *ACM Transactions on 
Mathematical Software (TOMS)* 2008, 34.3, 1-25



Core Block Layout
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Jastrow Factor: Algorithmic Development

𝜇Architecture – Skylake 

Fast memory buffers

Cache Layout

L2 and L1 cache

Register file

Port Layout

https://en.wikichip.org/wiki/intel/microarchitectures/skylake_(server)Goto, Kazushige, and Robert A. van de Geijn. *ACM Transactions on 
Mathematical Software (TOMS)* 2008, 34.3, 1-25

Disk

RAM

L2
L1

Registers

Slow

Fast



Optimized Cache Access
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Jastrow Factor: Algorithmic Development

KC

Matrix

Block

Tile

Micro-kernel

NB

MC

KC

MR

NR

NR

MR

A CB

L2

L1

Registers

Blocking of data

Tiling based on Hardware Caches

Highly efficient memory access

Almost zero cache miss (prefetch)

Goto, Kazushige, and Robert A. van de Geijn. *ACM Transactions on 
Mathematical Software (TOMS)* 2008, 34.3, 1-25
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Jastrow Factor: Algorithmic Development

ASM allows complete control over 

register allocation

Portability ensured by code-

generator x86 and RISC-V

Bypassing the compiler

Compiler independent performance

D3.2– Report on initial public release of high-performance software components

Algorithm 1 Micro-kernel DGEMM algorithm
Require: KC 6= 0
k 1
for k 1 to KC do

VR1  VLOAD(A(0, k))
VR2  VLOAD(A(0+VL, k))
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on first pair of Bs
VR5  VFMA(VR5, VR1, VR3)
VR6  VFMA(VR6, VR2, VR3)
VR7  VFMA(VR7, VR1, VR4)
VR8  VFMA(VR8, VR2, VR4)
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on second pair of Bs
VR9  VFMA(VR9 , VR1, VR3)
VR10 VFMA(VR10, VR2, VR3)
VR11 VFMA(VR11, VR1, VR4)
VR12 VFMA(VR12, VR2, VR4)
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on last pair of Bs
VR13 VFMA(VR13, VR1, VR3)
VR14 VFMA(VR14, VR2, VR3)
VR15 VFMA(VR15, VR1, VR4)
VR16 VFMA(VR16, VR2, VR4)
k k+1

end for

3.3.2 Vector Reduction

The Vector reduction instruction is sometimes needed for special kernels. Native instructions are
available for some architectures such as ARM (RISC-V). The INTEL x86 instruction set does not het
have a vector reduce (ADDV) instruction for a VR. In such a case, the ADDV can still be performed
albeit at a higher cost with the following 5-set of instructions.

Algorithm 2 Micro-kernel VRED
XMM0 VCASTPD128(VR1)
XMM1 VEXTRACTF128PD(XMM0, 0x1)
XMM2 VADDPD(XMM0, XMM1)
XMM3 VUNPACKPD(XMM2, XMM2)
XMM0 VADDSD(XMM3, XMM2)
C(0) VSTORESD(XMM0)

Second type using only YMM registers
Where the meaning of each instruction is as follows:

TREX: Targeting Real Chemical Accuracy at the Exascale project has received funding

from the European Union Horizon 2020 research and innovation program under Grant

Agreement No. 952165.

11 of I

Code generator for x86 and ARM
Instruction set
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Jastrow Factor: Algorithmic Development
D3.2– Report on initial public release of high-performance software components

Algorithm 1 Micro-kernel DGEMM algorithm
Require: KC 6= 0
k 1
for k 1 to KC do

VR1  VLOAD(A(0, k))
VR2  VLOAD(A(0+VL, k))
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on first pair of Bs
VR5  VFMA(VR5, VR1, VR3)
VR6  VFMA(VR6, VR2, VR3)
VR7  VFMA(VR7, VR1, VR4)
VR8  VFMA(VR8, VR2, VR4)
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on second pair of Bs
VR9  VFMA(VR9 , VR1, VR3)
VR10 VFMA(VR10, VR2, VR3)
VR11 VFMA(VR11, VR1, VR4)
VR12 VFMA(VR12, VR2, VR4)
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on last pair of Bs
VR13 VFMA(VR13, VR1, VR3)
VR14 VFMA(VR14, VR2, VR3)
VR15 VFMA(VR15, VR1, VR4)
VR16 VFMA(VR16, VR2, VR4)
k k+1

end for

3.3.2 Vector Reduction

The Vector reduction instruction is sometimes needed for special kernels. Native instructions are
available for some architectures such as ARM (RISC-V). The INTEL x86 instruction set does not het
have a vector reduce (ADDV) instruction for a VR. In such a case, the ADDV can still be performed
albeit at a higher cost with the following 5-set of instructions.

Algorithm 2 Micro-kernel VRED
XMM0 VCASTPD128(VR1)
XMM1 VEXTRACTF128PD(XMM0, 0x1)
XMM2 VADDPD(XMM0, XMM1)
XMM3 VUNPACKPD(XMM2, XMM2)
XMM0 VADDSD(XMM3, XMM2)
C(0) VSTORESD(XMM0)

Second type using only YMM registers
Where the meaning of each instruction is as follows:

TREX: Targeting Real Chemical Accuracy at the Exascale project has received funding

from the European Union Horizon 2020 research and innovation program under Grant

Agreement No. 952165.

11 of I

Ports – 2 and 3 (3/2)

Ports – 0+1, 5 (4/2)

ASM allows complete control over 

register allocation

Portability ensured by code-

generator x86 and ARM

Bypassing the compiler

Compiler independent performance
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Results and Discussion

https://github.com/TREX-CoE/qmckl

2x Speedup for 200 < 𝑀 = 𝑁 < 500

Portability and Productivity

Modular code

DGEMV (𝑢. 𝐴, 𝐴. 𝑣)

Dot product K

K

M

N
A C

B
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Results and Discussion

DGEMM based algorithm shows 

large speedup over naïve algorithm

QMCkl DGEMM gives further 

speedup for small # of electrons

https://github.com/TREX-CoE/qmckl
https://github.com/TREX-CoE/qmckl_dgemm

Final Speedup (vs Doc) → 5× for 100 electrons
Final Speedup (vs Doc) → 35× for 1000 electrons
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Conclusion

Quantum Monte Carlo kernel library (QMCkl)

python setup.py install
Very few dependencies

BLAS/LAPACK (CPU)

TREXIO (optional) and HDF5 (optional)

BSD license: very permissive, you 

can distribute the .tar.gz with your 

code.

Hosted on GitHub:

https://github.com/trex-coe/qmckl
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Conclusion
QMCkl: Literate Programming

Source Code (org-mode) Documentation (website)
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Conclusions
D3.2– Report on initial public release of high-performance software components

Algorithm 1 Micro-kernel DGEMM algorithm
Require: KC 6= 0
k 1
for k 1 to KC do

VR1  VLOAD(A(0, k))
VR2  VLOAD(A(0+VL, k))
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on first pair of Bs
VR5  VFMA(VR5, VR1, VR3)
VR6  VFMA(VR6, VR2, VR3)
VR7  VFMA(VR7, VR1, VR4)
VR8  VFMA(VR8, VR2, VR4)
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on second pair of Bs
VR9  VFMA(VR9 , VR1, VR3)
VR10 VFMA(VR10, VR2, VR3)
VR11 VFMA(VR11, VR1, VR4)
VR12 VFMA(VR12, VR2, VR4)
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on last pair of Bs
VR13 VFMA(VR13, VR1, VR3)
VR14 VFMA(VR14, VR2, VR3)
VR15 VFMA(VR15, VR1, VR4)
VR16 VFMA(VR16, VR2, VR4)
k k+1

end for

3.3.2 Vector Reduction

The Vector reduction instruction is sometimes needed for special kernels. Native instructions are
available for some architectures such as ARM (RISC-V). The INTEL x86 instruction set does not het
have a vector reduce (ADDV) instruction for a VR. In such a case, the ADDV can still be performed
albeit at a higher cost with the following 5-set of instructions.

Algorithm 2 Micro-kernel VRED
XMM0 VCASTPD128(VR1)
XMM1 VEXTRACTF128PD(XMM0, 0x1)
XMM2 VADDPD(XMM0, XMM1)
XMM3 VUNPACKPD(XMM2, XMM2)
XMM0 VADDSD(XMM3, XMM2)
C(0) VSTORESD(XMM0)

Second type using only YMM registers
Where the meaning of each instruction is as follows:

TREX: Targeting Real Chemical Accuracy at the Exascale project has received funding

from the European Union Horizon 2020 research and innovation program under Grant

Agreement No. 952165.

11 of I

QMCkl: High Performance code 
development

Scientists: Documentation (code)
Scientists + HPC: Rewriting 
algorithm/equations (“LaTeX 
work”) for HPC
HPC Experts: Optimization 

 T = J (e, e, n)
NdetX

i=1

CiDi

<latexit sha1_base64="rvZJPZzmPz1u7Wj7AvyAVBHaQjw="></latexit>

Jastrow factor

Jeen(r,R) =
NnuclX

↵=1
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NnordX

p=2

p�1X

k=0

p�k�2�k,0X
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l + (Rj↵)
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clkp↵

NelecX

i=1

R̄i ,↵,(p�k�l)/2 P̄i ,↵,k,(p�k+l)/2 (# complexity)

with

P̄i ,↵,k,l =
NelecX

j=1

r̄i ,j ,k R̄j ,↵,l . (GEMM)
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Conclusions
D3.2– Report on initial public release of high-performance software components

Algorithm 1 Micro-kernel DGEMM algorithm
Require: KC 6= 0
k 1
for k 1 to KC do

VR1  VLOAD(A(0, k))
VR2  VLOAD(A(0+VL, k))
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on first pair of Bs
VR5  VFMA(VR5, VR1, VR3)
VR6  VFMA(VR6, VR2, VR3)
VR7  VFMA(VR7, VR1, VR4)
VR8  VFMA(VR8, VR2, VR4)
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on second pair of Bs
VR9  VFMA(VR9 , VR1, VR3)
VR10 VFMA(VR10, VR2, VR3)
VR11 VFMA(VR11, VR1, VR4)
VR12 VFMA(VR12, VR2, VR4)
VR3  VBROADCAST(B(1, k))
VR4  VBROADCAST(B(2, k)) . FMA on last pair of Bs
VR13 VFMA(VR13, VR1, VR3)
VR14 VFMA(VR14, VR2, VR3)
VR15 VFMA(VR15, VR1, VR4)
VR16 VFMA(VR16, VR2, VR4)
k k+1

end for

3.3.2 Vector Reduction

The Vector reduction instruction is sometimes needed for special kernels. Native instructions are
available for some architectures such as ARM (RISC-V). The INTEL x86 instruction set does not het
have a vector reduce (ADDV) instruction for a VR. In such a case, the ADDV can still be performed
albeit at a higher cost with the following 5-set of instructions.

Algorithm 2 Micro-kernel VRED
XMM0 VCASTPD128(VR1)
XMM1 VEXTRACTF128PD(XMM0, 0x1)
XMM2 VADDPD(XMM0, XMM1)
XMM3 VUNPACKPD(XMM2, XMM2)
XMM0 VADDSD(XMM3, XMM2)
C(0) VSTORESD(XMM0)

Second type using only YMM registers
Where the meaning of each instruction is as follows:

TREX: Targeting Real Chemical Accuracy at the Exascale project has received funding

from the European Union Horizon 2020 research and innovation program under Grant

Agreement No. 952165.
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NdetX

i=1

CiDi
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NnuclX

↵=1

NelecX

i=1

i�1X

j=1

NnordX

p=2

p�1X

k=0

p�k�2�k,0X

l=0

clkp↵ (rij)
k
h
(Ri↵)

l + (Rj↵)
l
i
(Ri↵ Rj↵)

(p�k�l)/2

can be rewritten as
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R̄i ,↵,(p�k�l)/2 P̄i ,↵,k,(p�k+l)/2 (# complexity)

with
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Further work and Perspectives

Perspectives

Work in Progress for GPU based Jastrow factor calculation

Collaborations for further work on GPUs:
Runtimes – StarPU with INRIA – Bordeaux
Performance Analysis MAQAO – UVSQ (William Jalby)
Blocking/Linear Algebra for GPU – Chameleon with INRIA – Bordeaux 
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Introduction and Motivation

Introduction: Biological N2 reduction

Phenomenological models

Outline

Fast and Accurate Calculations: Jastrow Factor and DGEMM

Conclusions

Conclusion and Perspectives
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Introduction – TREXIO

TREXIO for Quantum Chemistry data

- Application

- Data
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Introduction – TREXIO

TREXIO for Quantum Chemistry data

Posenitskiy, E., Chilkuri, V. G., Ammar, A., Hapka, M., Pernal, K., Shinde, R., ... 
& Scemama, A. (2023). The Journal of chemical physics, 158(17).* https://trex-coe.github.io/trexio/trex.html

More details in the TREXIO documentation*

Source code in pure C (C99): Best performance/ portability

Performant HDF5 backends for parallel I/O

Interfaces: Fortran, Python, Ocaml, Julia, Rust

Self-Consistent: Self-contained No external knowledge required

AOs: Cartesian, Spherical, Numerical, etc…

Compact Storage: 2e Integrals, CI coefficients (Det, CSFs)
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Introduction – TREXIO

TREXIO Today


