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Abstract

This study systematically analyzes the performance bottlenecks of the RAMSES-HR5 simulation
code, which is widely used in the field of astrophysics, and proposes optimization strategies to
improve its computational efficiency. RAMSES-HR5 is a numerical simulation code capable of
accurately modeling galaxy formation and evolution, based on a hybrid parallel structure that
incorporates AMR. However, in HPC environments, RAMSES-HR5 experiences issues such as
thread-level load imbalance, MPI communication bottlenecks, and frequent I/O operations, which
degrade resource utilization and increase overall execution time. To address these issues, we
conducted profiling of the core computational modules in RAMSES-HR5 using Intel VTune
Profiler, analyzing CPU usage, memory access patterns, and MPI communication wait times to
identify performance hotspots. To mitigate the identified hotspots, we replaced the static scheduling
in OpenMP parallel loops with dynamic scheduling and introduced MPI_Waitsome and
MPI_Reduce+Bcast to enhance communication concurrency. In addition, we reduced unnecessary
communication and I/O overhead by lowering the frequency of memory monitoring and output
routines. The optimized code demonstrated a 10 - 15% reduction in total execution time in an 8-core
cloud environment, with improved parallel efficiency in terms of computation - communication

overlap, thread workload balancing, and reduced MPI traffic.
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Function Module CPUTime % of CPU Time
-__krnp_fork_barril:r libiomp5.s0 6311.070s& 411%R
pmpi_allreduce_ libmpifort.so.12 1998.537s 13.0%
__kmp_fork_call libiomp5.so 1706.718sk 11.1% R
pmpi_waitall_ libmpifortso.12 1141.301sk 74%R

__intel_avx_rep_memset ramses3d 417.669s 27%

"NiAis applied to non-summable metrics.
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1$omp parallel do
doi=1, num_cells

call process_cell(i)

|7 3 (59 £Y)
I$omp parallel do schedule(dynamic, 4)
[> doi =1, num_cells

call process_cellfi

end do end do
a8 5 8 28 2S M Wt

IV. RAMSES-HR5 AlE#|o]Ad A%
HH3E A 7= B 2 A5 HEE

£ Aol A= RAMSES-HR5¢1 4] €]
2154%1 OpenMP 2=#l= A4 4 %—
MPI £41 1:].]7] A Aot B4 9HE
?18] OpenMP 2= F-A4|5hiA %sﬂsf& MPI
At R 5715k Fo) §A RahE gkt

25 P WS Fs mE

R 4>4
=
&
_OL
=

R coarse stepmtth
=, 7} 2~#lnlc} getmem() 0.2 WELE] S5,
MPLALLREDUCEO® ## == w=g] 32k
writemem() 0.2 FE =7} 9SS 33t}
[11-12]. A¥pA oz 4] YL I/O @s=r} 2 o]
F71H ez Ajto] AA=7] witell 11 637} 2o
adaptive_loopF F=%& H’\* 332 ncontrol
WEE EYste] Bdash B4 0 &9

BN S

FEl(getmem, writemem)<

=
L]_I:

N

call getmem(real_mem)
call MPI_ALLREDUCE(real_mem, real_mem_tot,
1, MPI_REAL, MPI_MAX, MPI_COMM_WORLD,
info)
if (myid == 1) then

call writemem(real_mem_tot)

end if

if (mod(nstep_coarse, ncontrol) == 0) then
call getmem(real_mem)
call MPI_ALLREDUCE (real_mem,
real_mem_tot, 1, MPI_REAL, MPI_MAX,
MPI_COMM_WORLD, info)
if (myid == 1) then
call writemem(real_mem_tot)
end if
end if
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! nneigh, tag, comm

11) A Y iy
call pack_boundary _face(sendbuf, sendent, nneigh)
req_count = 0

12) HTE 2A/5Y 23 52
do n = 1, nneigh
reg_count = req_count + 1
call MPI_Irecvirecvbuf(1,n), recvent(n), MPI_REALS,
neigh_src(n), tag, comm, req(req_count), ierr)

req_count = req_count + 1
call MPI_lsend(sendbuf(1,n), sendent(n), MPI_REALS,
neigh_dst(n), tag, comm, req(req_count), ierr)
end do

13) 2E S HEE 571 47
call MPI_Waitallireq_count, req, status, ierr)

14) 2 0|2 Ho|E7t =&T flofof FH Hul
do n = 1, nneigh

call apply_face_update(recvbuf(1,n), recvent(n))
end do

15) 22 A fx/EHE 320 ez 3

I call pack_boundary_edger..); call MPI_Waitall(...); call
apply_edge_update(..)

! call pack_boundary corner(..); call MPI_Waitall(..); call

apply_corner_update(...)
don = 1, nneigh
call MPI_Irecv(recvbuf(:,n), ent(n), dtype_face(n),
neigh_src(n), tag, comm, req_recv(n), ierr)
call MPI_Isend(sendbuf(:,n), cnt(n), dtype_face(n),

neigh_dst(n), tag, comm, req_send(n), ierr)

end do

nremain = nneigh
do while (nremain = 0)
call MPI_Waitsome(nneigh, req_recy, ncomp, idx,
status, ierr)
if (ncomp = 0) then
dok = 1, ncomp
call apply_face_update(recvbuf(,idx(k)))
end do
nremain = nremain - ncomp
else
call compute_inner_cells( ! E4 &
end if
end do
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load_balance FO F =& MPL_Allreduce 2
MPL Reduce+MPL Bcast 13]% sl
intra-node®} inter-nodeZS Fglste] E 2

shsick

integer = ierr
real(d) = local_min, local_max
real(8) :: global_min, global_max

13 Z2M 29 XY Hop Ao (2 & HMFE )
call compute_local_load{local_min, local_max)

1 BE S=AM20A &2 20H TH
call MPI_Allreduce(local_min, global_min, 1, MPI_REALS, MPI_MIM,
MPI_COMM_WORLD, ierr)

125 Z2M=0M HOf 2512 TA
caII MPI_Allreduce(local_max, global_max, 1, MPI_REALS, MPI_MAX,
MPI_COMM_WORLD, ierr)

Het

|FE ZEqa0|M BT £ £ 5 HeH

rE

if (myid == 0) then
write(*,*) 'Global load min = ', global_min
write(*,*) 'Global load max = ', global_max
end if

1 E5 4% TTH O 22 AAH A

if (global_max / global_min > load_threshold) then
call redistribute_load(

end if

. 4

call MPI_Comm_split_type(comm_world,
MPI_COMM_TYPE_SHARED, 0, MPILINFO_NULL,
shmcomm, ierr)

call MP1_Reduce(local_minmax, node_minmax, 2,
MPI_REALS, MPI_MIN, node_root, shmcomm, ierr)

if (rank_in_node == node_root) then
call MPI_Reduce(node_minmax, global_minmax, 2,
MPI_REALS, MPI_MIN, world_root, intercomm, ierr)
end if

call MPI_Bcast(global_minmax, 2, MPI_REALS, world_root,
comm_world, ierr)
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