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©) Involvement in the EUROfusion ACH-EPFL

— Total involvement in the EUROfusion ACH-EPFL: 6PMs

Projects:

= Support to the kinetic module of JOREK (JOREK-particles): 5.4PMs
» Task 1: Implement native HDF5 parallel 10 for JOREK particles
» Task 2: Benchmark of the JOREK particles collision operators

» Task 3: Support the porting of JOREK particles on GPUs

= Visualization tools - Real-time dynamics and ParaView solutions: 0.6PMs

= Not reported here, please see F. Cabot presentation: “Visualization tools - Real-time dynamics and ParaView
solutions” (@ ~12h40 on Wednesday 27" of November 2024)
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©) Tasks agreed for the JOREK ACH-EPFL support 2024

2 — Benchmark of the JOREK
particles collision operators

Task 1 - Implement native HDF5

parallel 10 for JOREK particles

Implement native parallel

HDF5 10 for removing Benchmark JOREK-particles

binary collision operator

Description one-node memF)ry limit for InermelEvise) aehne dhe
JOREK-particles 10 relativistic Langevin solver
(MPI_Gatherv) g
Status PARTIALLY COMPLETED
AdJustmer\ts re.quwed before Delays with development of
merging with JOREK .
. . : native HDF5 parallel 10,
Issues production branch, impossible

to access to LEONARDO for adaptation of the present

large performance testing

Adapt present code for
performing meaningful
benchmark, test & unit test
adaptation, perform
benchmarks

Performance testing of native
HDF5 parallel 10 with large
datasets on LEONARDO and/or
JED clusters

Remaining actions to perform
before completion

implementation likely required

3 — Support the porting of
JOREK particles on GPUs

Provide support for the
porting of JOREK-particles to
GPU via OpenMP and
OpenACC pragmas

PENDING

Insufficient number of PMs

not planned for ACH projects

anymore; covered by TSVV 8

itself with additional external
support



Status of the task N# 1: implement native
HDF5 parallel IO for JOREK particles
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@1 Task 1: premises and constraints for |mplement| DF5 parallel 10

t

JOREK-particle 10 currently in production N
- ' call HDF5_array2D_reading(file, real8 2D, group name// ,start=[ I T,i here])
. . o S b
'JOREK‘partlde data structure: list of article base properties Oéll(mjigrriousjlhipartlclesu"i:x = reals 20(:,j)
a " X a en 0 ‘
derlved ”partlcle” types 7 . v deallocate(real8 2D)

-
allocate(real8 2D(2,n here))

.HierarChical structure in HDFS SUbdiVided MPI_REALE i e SRR 8 call HDF5_array2D_reading(file, real8 2D, group name//"st HSIZE T,i here])

do j=1,n here

REALS, ¢
. . Lot . EoU=ITT & sim%groups(i)%particles(j)%st = real8 2D(:,j)
in particle groups & datasets ' ‘ i b 8
call MPI_Gatherv(x( , M ) ] deallocate(real8 2D)
» F ( =0,n cpu-1)], &
™ H T4+ H ( ). i e N Bl weight
ParthIe ertlng Operatlons v group - i GAthem:-.‘am 3 s roc, :i-1),1), i=6,n cpu-1)], & allocate(real8 1D(n here))
MPI_REAL8, ©, MPI_COMM WORLD, ierr call HDF5_arraylD_reading(file, real8 1D, group name// t",start=[1_here])
H H oo do j=1,n here
'COpy pa rt|C|e property In array aile (st( sim%groups(i)%particles(j)%weight = real8 1D(j)
d e end do
sim%groups deallocate(real8 1D)
=Gather property array from all MPI ) el
o(particles iper procle:l-1). 1992, 156 cou-1)1: & allocate(int4 1D(n here))
MPI RE ¢ call HDF5_arraylD_reading_int(file, int4 1D, group name//"i , start=[i_here])
tasks to the master task : . A e ek are
. . L L ¥ sim%groups(i)%particles(j)%i elm = int4 1D(j)
= V column of multi-D array is 1), hére, FPLREALS, ¢ eddo
st_all(2,:), par s_per_proc, . & deallocate(int4 1D)

gathered sepa r‘ately Example of JOREK-particle write in production Example of JOREK-particle reading in production
Objective:

mRepeat for each particle property

=Master task writes property array in Maximum number of particles limited by the available memory in one node

HDF5 dataset = Improve scalability implementing native parallel HDF5 writing operations
=Particle read operations (V group): Constraints:
=Parallel (native HDF5) read of =Full (retro) compatibility with already existing JOREK-particles HDF5 files
property array by each MPI task =Preserve present implementation of JOREK-particles routines without duplications
=Copy property data in the respective =Do not degrade the performance of the JOREK-particles 10 routines
field of the particle list element =Provide unit tests and documentation
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Particle 10 fully restructured:

=MPI (All)Gather only instanced
once for retrieving particle info

=Data copy to/from particle list
to/from arrays done only once

= Full OpenMP enabled

= May induce a slighter
increase of memory usage

*MP|_Gatherv calls wrapped in
common subroutine with native
HDF5 parallel write

= MPI_Gatherv moved in
common HDF5 module
(available to all code)

*Group properties wrote only by
the master task

— Assumed to be the same
for each MPI task

Create particle
group in HDF5 file

8
@ Task 1: status of the native HDF5 paraIIeI IO |mplementat|on

(MPI) Gather
information for
particle write

Transform particle
list to set of arrays
(OpenMP acc.)

>

Parallel write of
array in HDF5 file

Master task writes
common particle
(group) data

V groups

>

Deallocate arrays

Parallel read of
common particle
(group) data

Compute N#
particles & offset
of each MPI task

-

Allocate & initialize
task particle list

>

Allocate & read
particle arrays

Copy array to
particle list
(OpenMP acc.)
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‘ Deallocate arrays |7

V groups
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Task 1: further details on the native HDF5 parallel 10 implementation

combined MPI_Gatherv / native parallel HDF5 native parallel HDF5 write natlve paraIIeI HDF5 read

H5Lexists f(ﬁle id tm'v(dsetname) exists,error)
.exists) then

mpio_collective= 4 ([179\4>r1f(mp10 collective_in)) mpio_collective=mpio_collective_in; mpio_collective

if(present(mpio_collective_in)) mpio_collective = mpio_collective_in

v, V. anc sent a .present .and. %y % E
use gather _loc=use_gatherv.and.presen (mpw r'\nk) [ n#(nfvcpu) & transfer_property - HSP_DEFAULT_F; use_hdfs_parallel - ) ,dsetname,
present (mpi_comm_loc).and.presg r\\(d1m1,all,tasks) .present(displs) Z >
use_hdfs_parallel if(present(use_hdf5_parallel_in)) use_hdf5_parallel = use_hdf5_parallel_in s
if(present (use_hdf5_paralt®Wn)) use_hdf5_parallel=use_hdf5_parallel_in if(use_hdf5_parallel) call HDF5_set_parallel_io_properties(transfer_property,mpio_collective) 5

#(usegatherv_loc) use_ g baraliet ot s gsther_lo | | ‘ PRI G ot array size

e rr e dim(1l) = diml
f(use_gatherv_loc) thgh rank
MPI_Gatherv(arffaylD,diml_all_tasks(mpi_rank+1) ,MPI_INTEGER,arraylD_tot,&
d1m1 all_tasks,dig¥ls,MPI_INTEGER,master_task,mpi_comm_loc,ierr)
f(mpi_rank.eq.m, :ter_task) then A
if(present(stffrt).and.present(compress_level)) then £ HpLSSSta GO Lk endif
le_id,arraylD_tot,diml_tot,dse (present(compress_level)) t H5Dget_space_f (§ataset_id,dataspace_id,error)

se_hdf5_parallel_in=use_hdf5_p property = get_HDF5_plist(rank, dim, .not. prigent(start), compress_level) y ; 7
Use Gatherv? T Gather array e get the space

y X H5Sget_simple_exWent_ndims_f(dataspace_id,rank,error)
property = get_HDF5_plist(rank, dim, )

Wy —— "le_id,arraylD_tot,diml_tot,dse end 3F f(rank.e
use_| hde parauel in=use_| hde parallel mpio_ collect‘lve in=mpi from a II IVI PI .
else if(present(compress_level)) the
1 HDF5_arraylD_saving_int(fi le_id,arrale_tot,diml_tot,dsetname,compress_\evechompress_Leve\,& ool S s = 8 S by if(present(reqdims_in) Sagd.
use_hdf5_parallel_in=use_hdf5_parallel,mpio_collective_in=mpio_collective) HsDcreate_f(file_id,trim(dsetname),HST_NATIVE_INTEGER,& %
ae filespace,dataset,error,property)

\dataset_id,error)

H5Screate_simple_f(rank,dim, filespace,error
-simple_f(rank,dim, pace, ,dsetname,

call H5Sget_simple_ex®ent_dims_f(dataspace_id,dims,maxdims,error)
rt)) then

- %% ; fault t et operties #x#
1 HDF5_arraylD_saving_int(file_id,arraylD_tot,diml_tot,dsetname,& llocate (arrale(reqd'lms in(1))); arraylD :
use_hdf5_parallel_in=use_hdf5_parallel,mpio_collective_in=mpio_collective) xx%x Write € eger r C ) C S using 21

H5Screate_simple_f(rank,reqdims_in,dataspace_req_id,error)
t ISTE H5Sselect_hyperslab_f(dataspace_id, H5S_SELECT_SET_F, &
(l“(’ﬂm(Staf’t)) then start=start, count=shape(arraylD,kind=HSIZE_T), hdferr=error)
N call H5Screate_simple_f(1,shape(arraylD,kind=HSIZE_T),dataspace,erigr) 111 H5Dread_f(dataset_id,H5T_NATIVE_INTEGER,arraylD,reqdims_in,error, &

if(present(start).and.present(compress_level)) then 0 5 ST
JUL HDFS_array1D_saving_int(file_id,arraylD,diml_tot,dsetname,& call H5Sselect_hyperslab_f(filespace, H5S_SELECT_SET_F, & file_space_id=dataspace_id, mem_space_id=dataspace_req_id)
start=start,compress_level=compress_level,use_hdf5_parallel_in=use_hdf5_paralQel,& start=start, count=shape(arraylD,kind=HSIZE_ T), hdferr=error) L1 @5Sclose_f(dataspace_req_id,error)

mpio_collective_in=mpio_collective) call H5Dwrite_f(dataset,HST_NATIVE_INTEGER,arraylD,shape(arraylD,kifmgHSIZG W ,error, & elkse
else if(present(start)) then file_space_id=filespace, mem_space_id=dataspace,xfer_prp=transfer_pifager®y o
111 HDF5_arraylD_saving_int(file_id,arraylD,diml_tot,dsetname,& call H5Sclose_f(dataspace,error) % 1o def t \sfer propertie o
stért start,L{se,hdfsi?aralleljl‘w use_hdf5_parallel,& else ycate(arraylD(dims(1))); arraylD o
_NDWOJOUQCUVEJF\ mpio_collective) call H5Dwrite_f(dataset,HS5T_NATIVE_INTEGER,arraylD,dim,error) cafll H5Dread_f(dataset_id,HST_NATIVE_INTEGER,arraylD,dims,error)

e if(present(compress_level)) then

111 HDF5_arraylD_saving_int(file_id,arraylD,diml_tot,dsetname,&
compress_level=compress_level,use_hdf5_parallel_in=use_hdf5_parallel,&
mpio_collective_in=mpio_collective) I

HGP(lo‘;u‘_f;kproperty,er:'or) Create emory »y:\ 'V -

H5Sclose_f (filespace,error, ( 4
H5Dclose_f (dataset,error) i dataset of: H5Sclose_f(dataspace_id,error)
H5Pclose_f (transfer_propglrty,error) a H5Dclose_f(dataset_id,error)

ine HDF5_arraylD_s ne HDF5_allocatable_arraylD_reading_int

111 HDF5_arraylD_saving_int(file_id,arraylD,diml_tot,dsetname,&
use_hdf5_parallel_in=use_hdf5_parallel,mpio_collective_in=mpio_collective)

rout ving_int ubroutsi

Execute native parallel Execute serial HDF5 Write all array Write data Select Simple read
HDF5 otherwise write if required in HDF5 dataset hyperslab in HDF5 | | hyperslab and of the dataset

read array
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N
Q Task 1: additional implementations and remamm subtasks

Additional subtasks performed:

sImplemented HDF5 write/read arrays for:
=1D-characters, 3D-integers, 3D-double, 4D-double, 5D-double

"Implemented reading routines for allocatable arrays —~

*"Implemented helping routines for:

e HDF5 nnle saving_char(fi hﬁ id,arraylD,diml,dsetname,start,
mm in,use hdf5 parallel in,mpio collective in)

»Get dataset rank, dimensions and shape, set parallel 10 properties
"Implemented unit tests for:
=HDF5 1/0 routines, particle 1/O routines, action wrappers for 1/0 {’f?

sExtensive documentation in the code

tine HDF5_set_parallel_io_pr ransfer property,mpio collective in)

=Tested backward compatibility & parallel I/O operations

Pending subtasks before completion:

»Performance test on large datasets on Leonardo HPC
= Waiting access to Leonardo HPC (CINECA authentication system down)
= Granted access to EPFL-JED cluster, installation of JOREK on JED underway

»Generate documentation for JOREK wikipage

Adobe Stock | #566038755
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Status of the task N# 2: benchmark of the
JOREK particles collision operators
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@l Task 2: binary collision vs relativistic Langevin solver

Binary collision solver [Homma 2012/2013/2016/2020] Relativistic Langevin solver [sarkimaki 2018]

=Takizuka-Abe collision operator for non-relativistic particles | *Langevin solver for Fokker-Planck (SDE) collision operator

*Applicable only to uniformly weighted particles =Computes relativistic Coulomb collisions between particle
=Collision kernel based on Gaussian distribution of or guiding center w background plasma (relativistic only)
. . npq2q?In A
collision angles with (8) = 0, (8%) = 8?5612%113 At =Relativistic Fokker-Planck operator defined by advection,
0

«Different Coulomb logarithms available parallel & perpendicular diffusion coefficients

Binary & Langevin schemes solve different physics (relativistic/non-relativistic)
= Unclear meaning of a direct benchmark

*Plasma physical properties recovered as a function »Background plasma modeled by Maxwell-Jittner distribution
of the heat flux definition based on MHD fields

»Available heat-flux: non-magnetized, strongly

magnetized, generalized flux limiter *Benchmarked against DREAM code [Hoppe 2021) USINg the

Bump-on-Tail test case forekwiki
® Fully unit-tested (implemented within JOREK task 2),
benchmarked against Homma 2012/2013 results
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©) Task 2: extension of binary collision to relativistic collisions

Godes should solve similar physics before benchmarking:

—> Probably, the easiest path is to extend the binary collision to relativistic particle collisions!

Kinematic of relativistic binary collision for uniformly weighted particles developed in [Sentoku 1998, Sentoku 2008, Pérez
2012, Higginson 2020, Lavell 2024]:

+ cM?\ 2
= define the Center-of-Momentum (CM) of the collision particle pair: v = —2<"PE __ cM — (1 7
MaYatmpyp c?
* transformthe particle 4-momentumin the CM reference:
M _ 1 vM v,
cM _ cM cm|.,,cM ,,CM _ cM :
Pap =Pap+ |z (V" Pap) = MapYapy ]” Vap = YoV [1 T 2 ]
v C
= compute the binary collision given the collisional polar (§™) and azimuthal (¢ “¥) angles
- CM..CM CM.,CM
Pax Paz Pay Pa CM
ax
Pl pel sin M cos ¢pM . .
LCM _ LCM _|..CM,,CM : : CM _ CM CM CM _ CM
Pa = —Pp =|PayDaz _pcczg\cllng pCM sin M Sln¢CM yPal = \/pax t Pay Pa = Ipe” |l
CM CM ay cM
Pa1 Pal cos 6
cM cM
N 0 Paz -

® transformthe 4-momentum back from the CM to the laboratory frame
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Pakizuka-Abe like collision kernel [sentoku 2008]

*Compute velocity in one-particle-at-rest frame (vg = 0)

1 [va_<1_ 17 va-vﬁ)v]
1_va 'Zvﬁ 14 1+)/B c? B

C

=Collision frequency voclf’él computed as in [Sarkimaki 2018]
already implementedin JOREK relativistic Langevin solver
=»Compute the polar collision angle in OPR frame:
OPR

=sSame Box-Muller strategy as in JOREK binary collision

=Gaussian distrib. (§9FR) = 0, <tan2

*Transform the polar angle in the CM frame
sin OFR

yCM (cos HOPR _

tan 9M =

=Azimuthal angle: ¢*™ = 2nuwu € [0,1) uniformly
distributed random number
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Nambu-like collision kernel [pérez 2012, Higginson 2020, Lavell 2024]

=Collision frequencyvé?él computed as in [Sarkimaki 2018]

already implementedin JOREK relativistic Langevin solver

=*Compute the normalized path length

agmax _ 3 "%ﬂneff”va—vﬁ” (mg+mp) Agcoll

max(mani/ 3,m3n2/ 3)

"s = min(vgf)élAtcon,smax)
=Compute A4 (fitting available): cothd — A~ ! = e~*

=Compute the polar collision angle 8™ (uy € [0,1) uniformly
distributed random number):

cos M = A1 In[e™ + 2ug sinh 4]

=Azimuthalangle: ¢“™ = 2mugy wuy € [0,1) uniformly
distributed random number




/@) Task 2: sampling particle from background plasma & foreseen benchmarks

_ym?
)e ™ d3p w

Ny
mc?

2 L
4mtm-cTy K> ( ™

[
Equilibrium distribution for relativistic plasmas is the Maxwell-Juttner distribution: fy; (p)d3p =

K,,: Modified Bessel function of the second kind, Ty, Ny: plasma temperature and number density
—The 8 —colliding particle must be sampled from the Maxwell-Jittner distribution for consistency w [Sarkimaki 2018]

Modified Canfield method [Zenitani 2022]. Algorithm 2: the modified Canfield method

= Efficient method for sampling particles from a Maxwell-Juttner distribution a < 0.56, b — 0.35. Ry < 0.95

compute 73, Ty, 5 for given t using Eqs. (22)-(24)

*Modified Canfield method: accept-reject method based on: repeat
generate X1, X, ~ U(0, 1)
*Momentum intensity I’ —distributed variate it X<m then i — 3
elseif X; < 3 + my then i — 4
= ' — distributed RNG algorithm provided in [Zenitani 2022] elseif X <73+ m;+ 75 theni—5
elsei — 6
*Momentum direction obtained from Box-Muller transform endif

generate x ~ Ga(i/2,t)
until X, < Ry or X, < R(x;a,b)

. . .
Accept/reject parameters chosen for optimal convergence qrerate Ko, Ky ~ 0,1

p— vx(x+2)
Foreseen collision operator benchmarks: px=p(2X;s—1)

py g 2p X3<1 = X3) CoS (27TX4)
—> Relaxation of particle distribution towards Maxwell-Juttner equilibrium P — 2p/X(1 — X3) sin (27X,)

. . . . Modified Canfield method 3 in tab. Il of [Zenitani 2022
— Bump-on-tail physics as reported in [jorekwiki] odifted Capgallsthod as proposed in tab.ll of [Zentani 2022]
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Conclusions & Future work
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=
= Implement of native HDF5 parallel 1/0 for JOREK-particles:

J Restructured I/O operations w OpenMP accelerated particle list — array copy operations

A Implemented hybrid MPI1_Gatherv / parallel HDF5 writing routines

= Adapted HDF5 writing routines to native HDF5 parallelization
= Implemented hybrid MPI_Gatherv / parallel HDF5 writing routines
= Implemented writing operations for additional datatypes

J Restructured/improved parallel HDF5 reading routines

= Implemented reading method for additional datatypes
= Implemented reading method for allocatable arrays

d Unit tested and tested backward compatibility of HDF5 and particle 1/O routines

= Benchmark of the JOREK-particles collision operators:

= l|dentified suitable strategy for sampling particles from Maxwell-Jittner distribution
= l|dentified numerical scheme for performing relativistic binary particle collisions
= Identified suitable relativistic collision kernels: Takizuka-Abe & Nambu-like collision kernels
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@l Future work

= Actions for task 1 completion:
J Performance test of new JOREK-particles IO routines on large datasets

= Install JOREK on JED & perform tests
= Waiting for access to CINECA-Leonardo supercomputing

1 Write documentation in JOREK wiki server

= Actions for task 2 completion:

J First implementation & unit testing of relativistic binary collision operator
= Introduce random sampling of Maxwell-Jittner distribution
= Implement kinematic of relativistic binary collisions

= Implement relativistic Takizuka-Abe like collision kernel

Jd First benchmark between Binary (Takizuka-Abe) and Langevin collision operator
— Relaxation towards Maxwell-Juttner distribution

= Bump-on-tail distribution

J Implementation of relativistic Nambu-like collision kernel and benchmarking
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Thank you for the attention!
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