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The underlying physical laws necessary for the
mathematical theory of a large part of physics and the
whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws
leads to equations much too complicated to be soluble. It
therefore becomes desirable that approximate practical
methods of applying quantum mechanics should be
developed, which can lead to an explanation of the main
features of complex atomic systems|without too much

computation.

Paul Dirac (1926) Proceedings of the Royal Society of London. Series A, Containing Papers of a Mathematical
and Physical Character, Vol. 123, No. 792 (6 April 1929)
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m Description of matter with quantum mechanics
(Schrédinger equation)
m Users: Theoretical chemists / Physicists

Répartition 2014
en nombre de projets

©GEN Applications

- Health Drug design

- Electronics  Nano- and micro-electronics

- Materials ~ Carbon Nanotubes, graphene
- Catalysis Enzymatic reations, petroleum
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m TREX CoE: Targeting REal chemical accuracy at the eXascale

m Started in Oct. 2020
m Objective: Make codes ready for exascale systems
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TREX CoE: Targeting REal chemical accuracy at the eXascale
Started in Oct. 2020

Objective: Make codes ready for exascale systems

Two regimes for exascale:

m Single exascale run
m Thousands of petascale simulations in high-throughput (HTC)

m How: Instead of re-writing codes, provide libraries

m One library for high-performance (QMCkI)
m One library for exchanging information between codes (TREXIO)
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QMC kernel library (QMCKkI)




-I-g:_x Quantum Monte Carlo (QMC)

Problem: Stochastic resolution of the Schrédinger equation for N electrons

B fdrl...drNd>(r1,...,rN)HCD(rl,...,rN)
fdrl .. .drN <1>(r1, ceey rN)CD(rl, ey rN)

E

’H\Il(rl,...,rN) .
———— % sampled with (W x ¢
W(rl,...,l’/\/) P ( )
r1,...,rn:  Electron coordinates

H: Hamiltonian operator

®:  Almost exact wave function
E: Energy

W:  Trial wave function
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m Very low memory requirements (no
integrals)

m Distribute walkers on different cores or
compute nodes

m No blocking communication: near-ideal

scaling
m One Monte Carlo step is fast (~ 1ms)

Bad
m Difficulty to parallelize within a QMC
trajectory: depends on the number of
electrons

l m Linear algebra with small matrices

Quantum Monte Carlo (QMC)

Input:
(Rt N e
Ao ) \V4
QMC code
Nproc
Stochastic dynamics ST R T 8 R
of electrons: L ¢ {SC() )\
Ur (7, ..., TN) 2 ) 250 E\ ! /S
FUr(ri, .. 7o) .
62‘1‘7(’71;....7‘\,) (E /.\” \ " 57 (

Expectation values: :
E()(Rnunl)v AEU(R"‘HH)* 4. ......................
VERua), p(7), -

) 11/ 33 >



-rz-_)( Programming for the exascale

Progress in quantum chemistry may require codes with new ideas/algorithms
New ideas/algorithms are implemented by physicists/chemists

Different scientists have different programming language knowledge/preference

Exascale machines will be horribly complex to program




rQ _>< Programming for the exascale

m Progress in quantum chemistry may require codes with new ideas/algorithms
m New ideas/algorithms are implemented by physicists/chemists

m Different scientists have different programming language knowledge/preference
|

Exascale machines will be horribly complex to program

Is it reasonable to ask physicists/chemists to write codes for exascale machines? I
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(from https://github.com/jeffhammond/dpcpp-tutorial)

std::vector<float> h_x(length,xval);
std: :vector<float> h_v(length,yval);
std: :vector<float> h_z(length,zval);

try {
sycl::queue q(sycl::default_selector{});
1 const float A(aval);
Z(n+ ) — Z(n) + ax + Y sycl::buffer<float,1> d_X { h_X.data(), sycl::range<i>(h_X.size()) };

sycl::buffer<float,1> d_Y { h_Y.data(), sycl::range<i>(h_Y.size()) };
sycl::buffer<float,1> d_z { h_z.data(), sycl::range<i>(h_z.size()) };

q.submit([&](sycl: :handler& h) {

1 do i=1,n
2 2(i) = zZ(1) + A * X(1) + Y(E) auto X = d_X.template get_access<sycl:: ::iread>(h);
3 end do auto Y = d_Y.template get_access<syc. ead>(h);
auto Z = d_z.template get_access<sycl:: iread_write>(h);

h.parallel for<class nstream>( sycl::range<i>{length}, [=] (sycl::id<i> it) {
const int i = it[e];
Z[i] += A * X[i] + Y[i];
i
1
q.wait();
3
catch (sycl::exception & e) {
std::cout << e.what() << std::endl;
return 1;

}

©l0Ele)


https://github.com/jeffhammond/dpcpp-tutorial

R=

t> h_¥(length, yval);
t> h_z(length, zval);

queue q(sycl::default_selector{});
const float A(aval);
sycl::buffer<float,1> d_X { h_X.data(),

buffersf
buffer<f

sycl::range<i>(h_X.size()) };
t,1> d_¥ { h_v.data(), sycl::range<i>(h_Y.size()) };
t,1> d_z { h_Z.dara(), sycl::range<i>(h_z.size()) };

ye
q.submit([&](sycl: :handlera h) {
auto X = d_X.tenpla

auto ¥ = d_Y.templa
auto Z

» get_access<sycl: :acce
get_access<sycl: 1ac

ode: :reat>(h) ;
mode: :read=(h);
d_Z.tenplate get_access<sycl::access: :mode::read_write>(h);

h.parallel for<clas:

stream>( syc

range<i>(length}, [=] (sycl::idei> it) {

onst int 1 = it[e];
Z[4] += A * X[4] + Y[i];
i
hH
q.wait();

ch (sycl::exception & e) {
std::cout << e.what() << std::endl;

1
https://commons.wikimedia.org/wiki/File:Mad_scientist_transparent_background.svg




-rg :—>< The dream

A compiler! that can read an average researcher's code and transform it into highly
efficient code on an exascale machine.

do i=1,n
2(i) = Z(1) + A * X(1) + ¥(1)

7.

'Wikipedia: A compiler is a computer program that translates computer code written in one
programming language (the source language) into another language (the target language)




'r,z :-)( Reality

Artificial Intelligence is not ready yet . ..

do i=1,n
2 Z(i) = z(i) + A * X(1i) + Y(1)
end do|

https://commons.wikimedia.org/wiki/File:Mad_scientist_transparent_background.svg




-rg :->< Reality

so let's use Natural Intelligence and add a human layer between the machine and
the researchers : a bio-compiler

do i=1,n
2 Z(1i) = z(i) + A * X(1) + Y(1)
end do|

https://commons.wikimedia.org/wiki/File:Mad_scientist_transparent_background.svg
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Identify the common computational kernels of QMC

Implement these kernels in a human-readable library (QMC experts)
Bio-compile the human-readable library in a HPC-library (HPC experts)

Scientists can link either library with their codes
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m We don't impose a programming language

m The code can stay easy to understand by the physicists/chemists
Performance-related aspects are delegated to the library

m Codes will not die with a change in architecture

m Scientific code development does not break the performance

m Scientists don't lose control on their codes
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m We don't impose a programming language

m The code can stay easy to understand by the physicists/chemists
Performance-related aspects are delegated to the library

m Codes will not die with a change in architecture

m Scientific code development does not break the performance

m Scientists don't lose control on their codes

v

Separation of concerns
m Scientists will never have to manipulate low-level HPC code
m HPC experts will not be required to be experts in theoretical physics

m Better re-use of the optimization effort among the community
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m The APl is C-compatible: QMCkI appears like a C library = can be used in all
other languages

m System functions in C (memory allocation, thread safety, etc)
m Computational kernels in Fortran for readability

m A lot of documentation (remember: the HPC compiler is a human!)




-rQ ->< Literate programming

Literate programming is a programming paradigm introduced by Donald Knuth
in which a computer program is given an explanation of its logic in a natural
language, such as English, interspersed with snippets of macros and traditional
source code, from which compilable source code can be generated. (Wikipedia)




-rQ -—>< Documentation library

Literate programming with org-mode:

Here, comments are more important than code

Can add graphics, IATEXformulas, tables, etc
Documentation always synchronized with the code

]
]
m Some functions can be generated by embedded scripts
]

Web site auto-generated when code is pushed

documentation.

Instead of writing comments documenting code, we write code illustrating J




r2—>< Literate programming with org-mode

File Edit Options Buffers Tools Table Org Text Help

s @00 e X BE Q

| ~context- | input | Global state |
~mie: Atomic Orbitals I | -X(3)- | input | Array containing the coordinates of the points |
#+SETUPFILE: ../docs/theme.setup | ~R(3)~ | input | Array containing the x,y,z coordinates of the center |
#+INCLUDE: .. /tools/Lib.org | ~n- | input | Number of computed Gaussians |
. . . | ~A(n)~ | input | Exponents of the Gaussians |
The atomic basis set is defined as a list of shells. Each shell s is | “VGL(1dv,5)~ | output | Value, gradients and Laplacian of the Gaussians |
centered on a nucleus A, possesses a given angular momentun [ and a | “v- G || Mo e o oy AR |
radial function R,. The radial function is a Linear combination of
\enphiprimitive} functions that can be of type Slater (p=1) or Requirements :
Gaussian (p =2
- ~context~ is not 0
-0
Ry(r) = Nilr = Ra|™ 3~ agsexp (—yslr = Ral") - “ldv- >= 5
- A1)~ > @ for all ~i-
. . . - -X- is allocated with at least 3 x § bytes
In the case of Gaussian functions, 7s is always zero. - R §a allacated with 3t least 38 byees
The normalization factor A, ensures that all the functions - “A- i3 allocated with at least n x 8 byte
of the shell are normalized to unity. As this normalization requires Ve 1S altocated with at least mx 5x § bytes
the ability to compute overlap integrals, it should be written in the
File to ensure that the file is self-contained and does not require RLTTIID G A L O CUE LD ()
the client program to have the ability to compute such integrals. Rk WexitTcoig
o . qck1_ao_gaussian_vgl(const qnekl_context context,
Atomic orbitals (AOs) are defined as s O i
) const double *R,
Xi(r) = Pygiy (1) Roi (r) const int64_t xn,
§ const int64_t *A,
where 6(i) returns the shell on which the A0 is expanded, const double *VGL
and 7)(i) denotes which angular function is chosen. Const intsa_t ldv);
#rend_src
In this section we describe the kernels used to compute the values,
gradients and Laplacian of the atomic basis functions. T —.
integer function qnckl_ao_gaussian_vgl_f(context, X, R, n, A, VGL, ldv) result(info)
Headers

inoe’ use quekl

© Context implicit none
: integers8 , intent(in) :: context

O IS [EirEood realss , intent(in) :: X(3), R(3)
® Rad1a1 part integer*8 , intent(in) n I

aussian basis functions realss  , intent(in) :: A(n)

realss , intent(out) :: VGL(ldv,5)

~gmckl_ao_gaussian_vgl- computes the values, gradients and integer#8 , intent(in) dv

Laplacians at a given point of -n- Gaussian functions centered at

the same point: integerss

alig

B2
Top (1459,0)

<N>_Giticontext (Org ARev ? Undo-Tree Fill) Ma




amckl_numprec_fh_func.f9@
gmckl_numprec_func.h
gmckl_numprec.org
anckl_ao.org anckl_numprec_private_type.h
gmckl_ao_private_func.h anckl_numprec_type.h
amckl_ao_private_type.h gmckl.org
amckl_context.c README.org
gmekl_context_fh_func.£9@ table_of_contents
gmckl_context_fh_type.f98 test_gmckl
gmckl_context_func.h test_anckl_ao.c
gmckl_context.org test_gmckl_ao_f.f90
amckl_context_private_type.h test_amekl.c
anckl_context_type.h test_gmckl_context.c
qmckl_distance_f.f90 test_gmckl_distance.c
anckl_distance_fh_func.f90  test_amckl_distance_f.f9@
istance_func.h test_gnckl_error.c
test_gmckl_memory.c
test_anckl_numprec.c
gmckl_error_fh_func.f90 test_gmckl.org
(base) scemama@lpqdh82:~/TREX/amckl/src$ []

amckl_ao_f.f90
anckl_ao_fh_func.f98
gnekl_ao_func.h

Generated code

#define QMCKL_INVALID_CONTEXT k1_exit_code) 103)

fine QMCKL_ALLOCATION_FAILED K1_exit_code) 104)
#define QMCKL_DEALLOCATION_FAILED ckl_exit_code) 105)
#define QMCKL_INVALID_EXIT_CODE ((amck1_exit_code) 106)
|l _context handling %/

The context variable is a handle for the state of the library,
and is stored in a a structure wh
the library. To sin
pointer to the internal data structure
signed integer, defined in the ~g
ve of ~QMCKL_NULL_CONTEXT~ for the contex
~NULL~ pointer. */

#+NAME: gmcKl_context */

typedef int64_t gmekl_context ;
fine QMCKL_NULL_CONTEXT (amckl_context) @
/% Decoding errors /
To decode the error messages, ~amckl_string_of_error~ conve
error code into a string. %/

char* gmckl_get_ao_basis_shell_ang_mom (const amckl context context) {
if (gmekl_context_check(context) QMCKL_NULL_CONTEXT) {

return NULI

amckl_context_struct const ctx = (gmckl_context_struct* const) context;

assert (ctx != NULL);
int32_t mask = 1 << 4;

if ( (ctx->ao_basis.uninitialized & mask) != 8) {
return NULL|

assert (ctx->ao_basis.shell_ang_mom != NULL);
return ctx->ao_basis.shell_ang_mon;

i
/TREX/gmckl/src/qmekl_ao.c [unix] [C] [ 15% ] (104/674,16)

#+NAME: MAX_STRING_LENGTH

const charx gmckl_string_of_error(const gmckl_exit_code error);
void gmekl_string_of_error_f(const gmekl_exit_code error,
char result[128]);

Updating errors in the context */

ated in the context using ~gmckl_set_error~. */

The error is up
mandatory to specify

When the error is set in the context,
from which function the error is triggered, and a message

explaining the error. The exit code can't be ~QMCKL_SUCCESS~.

x__ # Hea
/TREX/amckl/include/gmekl.h [unix] [CPP] [ 31% ] (85/269,1)

8 100% N 82% (3 04/19 10:21 #

us ¥ +6°C

LinksysRouter 2% = /: 216

26/ 33
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@ Atomic Orbitals x +

Atomic Orbitals

The atomic basis set is defined as a list of shells. Each shell s is centered on a
nucleus A, possesses a given angular momentum [ and a radial function R,. The

type Slater (p = 1) or Gaussian (p = 2);

(r) = NG|

New.
—Ra™ Y ak exp(—ylr — Ry
=

In the case of Gaussian functions, n, is always zero. The normalization factor Ay
ensures that all the functions of the shell are normalized to unity. As this
normalization requires the ability to compute overlap integrals, it should be

client program to have the ability to compute such integrals.

Atomic orbitals (AOs) are defined as

Xi(r) = Py () Rogo (r)

angular function is chosen.

In this section we describe the kernels used to compute the values, gradients and
Laplacian of the atomic basis functions.

1 Polynomial part

1.1 Powers of z — X;;

to the given maximum value given in input for each of the n points:

1\2|3\B-

lio| OrgWork | Web| eMail

radial function is a linear combination of \emph{primitive} functions that can be of

‘written in the file to ensure that the file is self-contained and does not require the

‘where (i) returns the shell on which the AO is expanded, and 7}(i) denotes which

‘The qnckl_ao_power function computes all the powers of the n input data up

abc 0 6 trexcongithubiolqmekliqmekl_sohtnl a9 A @B &Nt =
® Personal M OCaml M LCPQ M GP2 M Biblio M ToUpdate B TREX M ERC B AVDA M Microsoft M Padlets »

Table of Contents

@ Atomic Orbitals

m OCaml W LCPQ M QP2 M Biblio B ToUpdate B TREX B ERC B ADA B Microsoft  »

Generated web site

x 4

0 6 teccoegithubiolgeklamckso- Q | G A @B essan

Vavi = —2ai(X: — R:)vi

Av; = a; (4X — R[*a; — 6)v; P HOME
context  input Global state Table of Contents
X(3) input  Array containing the coordinates of the points
R(3) input  Array containing the X,z coordinates of the center
n input  Number of computed Gaussians
A(n) input  Exponents of the Gaussians

VGL(1dv,5) output Value, gradients and Laplacian of the Gaussians

ldv input  Leading dimension of array V6L

Requirements :
« context isnoto
«nso
.« ldvoss
« A(i) >0forall i
+ Xisallocated with at least 3 x 8 bytes
« R isallocated with at least 3 x 8 bytes
« A isallocated with at least n x 8 bytes

+ V6L is allocated with at least n x 5 x 8 bytes

aqnckl_exit_code
ackl_ao_gaussian_vgl(const guckl_context context,
const double *X,
const double *R,
const inte4_t *n,
const inted_t *A,
const double Ve,

const int6a_t ldv);




TR=X<

At each QMC step, we need to evaluate Ejpc(r1,...,rn) = H
u \I!(rl,.. .,FN)
m AW(r1,...,ri,...,ry): kinetic energy
n ﬁi\ll(rl, ey Fiy. .. ry): drift in the stochastic process

Main kernels
m AOs: X(r),ﬁx(r),Ax(r)
= MOs: ¢(r), Vo(r), Ag(r)

m Slater determinants (value, gradient, Laplacian)

m Pseudo-potential

m Jastrow correlation factor (eN, ee, eeN)




rQ ->< Dependencies between kernels

Eioc(R) Epot(R) + Eiin(R)
Epot(R) = Vee(R) + Ven(R) + Van(R) + ECP(R)
i 1M

(R)

®(R)J(R)



rQ ->< Development strategy

Kernel extraction: QMC exterts agree on the mathematical expression of the
problem

A mini-application is written to find the best data layout with HPC experts from
real-size examples

The kernel is written in the documentation library
HPC experts provide an HPC version of the kernel with the same API
The library is linked in the QMC codes of the CoE




-r2:>< Our first application : 3-body Jastrow factor

Noucl Netec i—1 Nnord p—1 P—

k—2dk0
R =D D 3 D 0 D hoa )t [(Ri)! + (Ria)| (Ria Ria) P12

a=1 j=1 j=1 p=

can be rewritten as

Nnord P—1 P—k—25k7o Nauel Nejec

Jeen(|'7 R) = Z Clkpa Z Ei,a,(p—k—/)/Z f’i,a,k,(p—k+/)/2 (4 complexity)
a=1 i=1

with

Nelec

l:)iozkl Z rl,jk Rjal (GEMM)
j=1




TR=XX

Vim-jeen (I’, R) =

0 (Ria)’ _ o)

Our first application : Gradient and Laplacian

Nnord p—1 p—k—25k’o Nnucl Nelec

Clkpa Z Gi m,a,(p—k—1)/2 Pi o,k (p—k+1)/2 +
2 k=0 /=0 a=1 i=1

i.m,a,(p—k+1)/2 Pi.ak,(p—k—1)/2 + Ria(p—k—1)/2 Qi,moci ki, (p—k-+1)/2 +
iran(p—k+1)/2 Qi m,aky(p—k—1)/2 + Om.a

itas(p—k-+1)/2 Uitk (p—k—1)/2 + Gi2,0,(p—k+1)/2 Qi 2,0,k (p—k—1)/2 +
i3.0,(p—k-+1)/2 i 3,0,k (p—k—1)/2 + Gi1,0,(p—k—1)/2 Qi 1,00k (p—k-+1)/2
i2.00(p—k—1)/2 Qi 2,0k (p—k1)/2 + Gi3 0, (p—k—1)/2 Qi 3,0k, (p—k+1)/2)

]
|l

D QI QI T QI

Nejec
and Qi,m,a,k,l = E gi,m,j,k Rj,a,l

) Eimjk = "oy
1




Speedup

4 1 1
500 1000 1500 2000 2500

Number of electrons = 5x(number of nuclei)

~ 80% of the AVX-512 peak is reached on a Skylake CPU with MKL.




r2 —>< Strategy for exploiting exascale nodes

m A few QMC trajectories per compute node = distributed parallelism not
necessary inside the library. Delegated to the calling program.
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m Agregate multiple trajectories to increase the size of the matrices and give enough
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rQ —>< Strategy for exploiting exascale nodes

m A few QMC trajectories per compute node = distributed parallelism not
necessary inside the library. Delegated to the calling program.

m Agregate multiple trajectories to increase the size of the matrices and give enough
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m For each kernel, develop both a CPU and a GPU variant (OpenMP)
m Let StarPU schedule kernels




rQ —>< Strategy for exploiting exascale nodes

m A few QMC trajectories per compute node = distributed parallelism not
necessary inside the library. Delegated to the calling program.

m Agregate multiple trajectories to increase the size of the matrices and give enough
to eat to GPUs

m For each kernel, develop both a CPU and a GPU variant (OpenMP)
m Let StarPU schedule kernels

m Use internally matrices in tiled format for linear algebra (tiled LA) to:
m Keep control on the performance

Schedule tiled LA tasks together with other kernels

Enable hybrid parallelism for large LA kernels

Facilitate usage of GPUs for matrices too large to fit on the GPU
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See Vijay's slides
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Summary




-r2:>< Points we would like to discuss with you

m MIPP for fast and portable matrix multiplication (and more) among tiles
m Advice for efficient use of StarPU:

m Merging many small tasks into one big?
m Usage of Chameleon for tiled LA with StarPU?
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