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Introduction

HPC landscape

‘Diversity in HPC resources (CPUs, GPUs

or a combination of those)

‘Programming diversity (i.e., open
standards, proprietary model etc)

Domain specific languages
can help us to surmount this
barrier
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Our goal

Develop a domain-specific language
(DSL) framework for modelling
particulate systems

Possible

applications

DNS modelling of
fluid-particle
systems

Modeling of
Powders




What is a domain specific language?

A computer language specialized to specific

application domains

 New concepts and domain operations (functions)

and a compiler must be introduced

Advantages

to reason and optimize
* Implementation of the API left to a lower level

* Restrict writing code that is difficult for the compiler E ‘\

Target implementation to hardware - automatically
generate implementation from specification for the
context

Generate code in best parallelization model

Code usable by different applications

ﬁxamples of domain \

specific languages
l?I'I‘ML guas
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OPS in a nutshell

Application % |:> Dnglication (Embedded API in Fortran/C/C++) H ° A DSL for mu Iti _ block
Source-to-Source translator ( Python / Clang-LLVM) ] grid StrUCtu res
- : ‘D' OPS Platform Specific appl |Cat|0ns that
Modified Platform Specific OPS Platform Specn‘lc Optimized Optimized kend librari o oge
Application Appllcatlon Files ptimized Backend libraries aCh|eveS pOI‘ta b'l'ty
) 2 . Sequential for testing \ across different
Conventional Compiler (e.g. icc, nvee, pgee, clang, XL, Cray) + ] <_I SIMnge;tAonzed } a rchitectu res
iler fl
X compiler flags = Seri? 7
Mesh |:> P_Iatform Specific > OpenMP-Offload ) . . .
............ (nfS) pinary Executable SYCL } obtain optimized

codes for different
architectures

...................... ’ H|P/ROCm

Hardware
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OPS-Particle syntax: Domain entities

Existing structures Yok s e — Eulerian fields
(ops_block) (ops_dat )
Interblock
Eulerian halos
(ops_halos )
g I
}
L )
New structures for
OPS-Particle




OPS-Particle syntax: Domain operations

Operations to extend OPS into Lagrangian systems
* Mapping operations
* Interblock & intrablock communications
* [teration operations
= |teration operators for particle, particle/grid and
grid/particle operations need to be defined
e [|nitialization & deletion operations




Particle maps & Halo communications in

f
OPS-Particle j i -0-0-@

e OPS-Particle provides intra-block and : g(:ﬁ"': ae

inter-block communications for particle f, —

data ».”4;6,—{(I+1)+Jn ]——»°—>°
* Halo types « OPS-Particle provide

projection operations to uniform grids
for adressing grid-particle interactions
(staggered) approach
e Supported mapping strategies
o The decoupled (classical) approach

= Exchange: Exchange of local particles

* Forward: Copy data from actual to
ghost (virtual) particles

= Reverse: Send data from ghost to

actual particles (e.g. forces) .
 Halos change with time (Dynamic event) o The coupled (hybrid) alﬂ;oroach 1)

I-1,)
TR stagseredgrid cell (L1t
Facilities Council aggered gr e (I - )
(1+1,)-1)

(1-1.0-1) Cell (1-1,J-11) J-1)




Classical approach

Exchange
particles

|

Border ]

* Update of maps & particle halos
are two independent processes

* Both built if particles in step n+1
populate different cells

» Construction of particle halos
rely on box regions

communication
prootocols

!

Build lists for actual
& ghost particles

Forward
communications




Hybrid approach

Ghost zone

= Coupling of operations of
particle-to-grid projection
(mapping processes) and -
halo reconstruction No update

* Reformulation of mapping
rules

= Split block cells into interior A
& boundary regions Conditions for ghost list rebuild

Conditions for ghost list rebuild

Engagement rules
* Partial update of maps for actual particles
Eﬁé‘?}'&?ﬁ%" * Reconstruction of virtual lists if particle enters/exits ghost zone (compression
mode)

 No virtual list reconstruction if particles moves within ghost zone




Assembly of hybrid approach for
maps & halo communications

Retauild
Update rn.n?s for actual maps for i — Exchange/Remap
particles ficles for intrablock halos
Mo
L Exchange/Remap

Intra-block for interblock halos }
communications & map

Flow chart for ot e

. !
hy b r I d Intra-block commun ications &

map rebuild
operations oo [
. S

1

Interblock communications &
map rebuild
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Performance considerations

* Hybrid scheme
substantial faster

-©-Hybrid strategy: Total time

-©-Classical strategy: Total time ] © Better performance
-0-Hybrid strategy: Mapping of local particles T due to
102 -0-Classical strategy: Particle mapping - ) .
; -p-Hybrid strategy: Particle halos & virtual maps i. Partial update of
—~ -P-Classical Strategy: Particle halos ] parti clem aps
? ii. Generation of
= intrablock/inter
block halos
based on

the projection
of particles to
grids

Number of Particles




Iteration operations: Particle loops

ParamType, typename...

template <typename. ..
void

ops_particle par loop (void (*kernel) (ParamType..
int dim,
double *range,

char const *name, ops particle particle,
Oops particle iterate type iterate type,
ops particle mapping map, OPSARG... arguments)

Features

 kernel : User operations on the particle level

* iterate_type: Flag identifying the particle set.
Supported types for particle sets: Local, local with
virtual and particles in given regions

* map: Map for performing rudimentary grid-particle
interactions
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Function to perform basic

particle operations for a given

ops_particle structure

 Update particle structures
(local operation only)

* Rudimentary particle-grid
interactions

‘2%¢2

OPSARG>

)y

Kernel operations
Local particle operations] Particle mterpolatlons
(I_l;J) IIJ)
an+1__an
/@) m =) Ny
9 (I-1,0-1) ("Jﬁ




Iteration operations: Grid-particle loops

e Perform advanced grid-

template<typename... ParamType, typename... OPSARG> . .

void ops_par loop(void (*kernel) (ParamType...), partlde operations
char const *name,ops particle particle, o Support maps with AxMza
ops particle mapping map, ops stencil stencil, AX ..
int dim, int *range, OPSARG... arguments) G

Filtering operator

* kernel: User defined grid point-

particle operations Particles in cells

Block grid

* map: Map for projecting particle to . Grid point/particle

. (T mee nteract
ngdS - . . ]_| |_1 ‘ In eracCZ;,o]n: ()
* stencil: Accessing particle cells ||| g: Operation of

from grid points summation, min-max etc

Stencil
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Iteration operations: Particle-Grid interactions

template <typename... ParamType,

typename... OPSARG> Perform particle-grid interactions

void ops par particle grid loop ( . " . . .
void (*kernel) (ParamType...), Support interactions with grids

char const *name, with sizes different than the size
of the map grid

ops particle particle,

ops particle mapping map, int dim,
ops particle iterate type iter type,
double *range, ops stencil stencil,
OPSARG. .. arguments)

Map to grid

e kernel : User-defined particle-grid node
interactions
* map : map for accessing grid structures

* jterate_type : Flag to identify particle
E sets User defines operations at particle-grid point level

 stencil : Stencil to access grid nodes



Iteration operations: Particle-Particle
inte raCtiOnS To handle interactions between

different ops_particle structures

void ops particle inter loop (void *kernel, * Can be used in modelling the

char const *name, ops particle particlel, mechanistic interactions
ops particle mapping mapl, ops particle .
particled, ops particle mapping mapJd, ops stencil between partldes

stencil, ops particle iterate type iter type, * Update marker positions due to
int dim, double *range, OPSARG... arguments) movement of individual particle
: : : ; 5 X10'5
Particle |
- R to grid 4l
Eg. Compute contact force l stencil *'i—".: 3r
i oL

Fi Fi

— i - Particle J to 1F 2 ’
ole%® grid o
' ! 0( P — 1

Particle | Particle J EEENL N 0 0.5 1 1.5
h/R* X10-3

—Hertian law -
o OPS-Particle

5T




Kernel functions

Kernel functions define operations at the smallest scale

* Grid node

 Individual particle (ops_particle_par_loop)

* Interaction between a grid node with individual particle (ops_par_loop)

* Interaction between an individual particle and a grid node
(ops_par_particle_grid_loop)

* The interaction between two particles of different type
(ops_particle_inter _loop)
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K I f t.
void KerComputeVelAtXp (ACCP<double>& ufp, const ACCP<double>& xp,

Example 1: Interaction Of particle Wlth d gl"ld to const ACC<double>& xf, const ACC<double>& u f,
compute fluid velocity at particle | const doubles=di i

= / ;
‘ ’ KEI"ﬂEl deﬁne the double nu = fabs((xp(l) - xf(1, 0, 0)) / (*dx));
‘ the center of mass of WP = L ) T L ) E e B0, 00
particle i }
ACCP: Accessing Lagrangian data

* Interaction between an individual particle and a grid node

* The interaction between two particles of different type
(ops_particle_inter _loop)

double xi fabs ((xp(0) - xf(0, 0, 0))
(1,J) # contribution of node (I,J) to  ufp(0) += (1. - xi) ¥ (1. - nu) *u £00, 0, 0);
‘ @ i ACC: Access grid data
(ops_par_particle_grid_loop)
Science and
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Kernel functions

Example 1: Interaction of particle with a grid to
compute fluid velocity at particle |

oo o

. {*
t

Kernel define the
contribution of node (1,J) to
the center of mass of
particle i

void KerComputeVelAtXp (ACCP<double>& ufp, const ACCP<double>&
const ACC<double>& xf, const ACC<double>& u f,
const double *dx) ({

double xi = fabs((xp(0) - xf(0, 0, 0)) / (*dx));
double nu = fabs((xp(l) - xf(1, 0, 0)) / (*dx));
ufp(0) += (1. - xi) * (1. - nu) * u £(0, 0, 0);
ufp(l) += (1. - xi) * (1. - nu) * u £(1, 0, 0);

ACC: Access grid data
ACCP: Accessing Lagrangian data

XPy

Example 2: Force calculation in particulate
simulations-Frictionless particles

Kernel for force
calculation for
particles | and J

ACCPJ: To
access data of
particle J

void KerLinearLaw (ACCP<double>& xp, ACCPJ<double>& xpj,
ACCP<double>& Rad, ACCPJ<double>& radj,
ACCP<double>¢& FpIl, ACCPJ<double>& FpJ,
const double *Kn) ({

double n[2] = {xpj(0) - xp(0), xpj(l) - xp(l)};
double d = n[0] * n[0] + n[l] * n[2];
double rad sq = (Rad(0) + radj(0)) * (Rad(0) + radj(0));

if (d < rad sqg) {

for (int 1 = 0; i < 2; i++) n[i] /= sqgrt(d);
double h = radj(0) + Rad(0) - sgrt(d):
double fn = (*Kn) * h;
FpI(0) -= fn * n[0] //Update force to particle-I
FpI(l) -= fn * n[l]
FpJd(0) += fn * n[0] //Update force to particle-J
Fpd (1) += fn * n[l]




Operations for particle initialization & deletion

Random particle insertion
random data initialization

Particle to insert

 ave

* Overlap checks exploit
mapping structures

template<template<typename X> class
Distribution,

template<typename X1> class Distributionl,
typename T1>

void
ops_insert random particles (ops particle
particle, double *region, int Nins,

int nattempts, int seed,
OPSDistribution<Distribution, double>
*rad distr, ops dat envelope,

OPS dat distr<Distributionl, T1> &distrl)

100

e Overlap checks 10x faster
than traditional algorithms

e Parallel version is currently
under testing

100 1000

Number of particles

Particle removal
from the system

Particle to remove

 ave

Iteration functions for

removing particles from the
domain via user-defined

criteria




Mini-applications
Lattice Boltzmann in a nutshell

Testing cases: Particles in fluids
Case |: Lagrangian tracking
Case Il: Particles with D<<Ax

Case lll: DNS modelling of fluid-particle
systems

— ) 2 (f _ pea .
Fluid flow modeled with the Lattice file+ 8ttt 4 A0 = file ) = (fi— 7 (00) + Fide

Boltzmann method (LBM) Macroscopic P = Yifispuq =X fi
Why LBM? variables ;- D (6~ 1) Gy~ upf,
e Easy to use, explicit method, l

* A “finite” difference discretization of the
excellent parallel performance

Boltzmann-BGK equation (Uniform grid)

Toomerand * Navier-Stokes retrieved via Chapman-Enksog
Facilities Council .
expansion




Mini applications: Particle tracker in a 2D
cavity flow

Simulation facts

* Uniform grid of 101 x 101 points

e Relaxation time (t) set to 0.0001

 EQDR scheme to enforce no-slip
boundary condition

* U, setto0.01c  (Re =100)

* 4096 massless particles added in the
simulation

* Runin 4 processes

Science and
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Mini applications: Particle tracker in a 2D

cavity flow

Simulation facts

Uniform grid of 101 x 101 points
Relaxation time (t) set to 0.0001
EQDR scheme to enforce no-slip
boundary condition

U, set to 0.01c, (Re = 100)

4096 massless particles added in the
simulation

Run in 4 processes
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Mini applications: Particles immersed in a
2D cavity (D << Ax)

* Particles have mass now (p.=2.6p, D=2 107)

* [nterpolation schemes used to compute fluid
velocity (uf)at xP

* Drag force computed for each particle based
on (uP-uf)

e Verlet algorithm to integrate particle motion

* Box filter to compute average hydrodynamic
force at grid points

* Martys et al.! forcing scheme to compute
forcing term in the evolution equation of LBM

Science and
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1 Martys, N. S., Shan, X. & Chen, H. 1998 Evaluation of the external force term in the
discrete746 Boltzmann equation. Phys. Rev. E 58 (5), 6855.747




Mini applications: Particles immersed in a
2D cavity (D << Ax)

1

T T
000000 0000000900000 00000

| 98800060060088008980080600600880 0000008008006900050090005058

- Particles have mass now (p,=2.6p, D=2 10%) | Eifntssie G
* Interpolation schemes used to compute fluid °*° i i : B |
- Drag force computed for each particle based o6 i S i
on (uP-uf) T o | SRR SRR

» Verlet algorithm to integrate particle motion ~ | SHHHERHHER I HESHHHEH I
* Boxfilter to compute average hydrodynamic b :E*:'g" gié .'.'3': . ...'.:EE:I :*5:"52" =.::.=;.'§_
* Martys et al.” forcing scheme to compute o2 {iifitiiit e St
forcing term in the evolution equation of LBM 01 :
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1 Martys, N. S., Shan, X. & Chen, H. 1998 Evaluation of the external Torce term in the
discrete746 Boltzmann equation. Phys. Rev. E 58 (5), 6855.747



Mini-applications: DNS modeling of fluid-
particle systems

* Fluid-particle interactions are modeled with the 3
partially saturated method*
filx + &ALt + At) = fi(x,t) + (1 — B + B,QS
uﬂl . I D W
f_ _1 eq _ rr€q
‘Qi__;(fi_fi )&‘Qf_(fi (p,us) — fi) D
& T =W
B, =~ p y
T—1—¢ 7 g
* Testing case: Flow passed a cylinder in a
harrow channel * Particles are not mapped in the LBM
e Comparison with analytical solution 4,, = :
oy grid
puL * Particle grid has Ax;,, = alAxf with
LA S F-ciices Eouncil
INoble, D. R. & Torczynski, J. R. 1998 A lattice-Boltzmann method for partially ‘lal‘ > 1

saturated computational cells. Int. J. Mod. Phys. C9 (08), 1189-1201



Mini-applications: DNS modeling of fluid-

partlc Tl okl

* Fluid-part ST e-al
partially s ST
-1 m]
filx + &At, P
f _1 _©
;= T(/‘:'< R 5

LIJ 10_2 :— ™~

— - —~

* Testingca 103t

F 3
’ j W
n-
| _ D
= 1 — W
b h §
O >

narrow ck - Rt T ] nthe LBM
* Comparis TS~
o ES |
Fq
10-4 | ] | ] | | | | .
pu, 10 20 30 40 50 60 70 80 90 100Axf with
LA D/AXx

INoble, D. R. & Torczynski, J. R. 1998 A lattice-Boltzmann method for partially
saturated computational cells. Int. J. Mod. Phys. C9 (08), 1189-1201

lal] > 1



Conclusions & future work

* The main features of a domain specific language for
Lagrangian systems are set.

* The capabilities of the OPS-Particle for modeling
Lagrangian systems are demonstrated for Particle in Cell
methods

Future work

* Python translator & porting to GPUs
= Code optimization

= Working on Mercury-OPS
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