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Background LompbioiTled

* Applicant: loannis Zacharoudiou, UC London, UK (developer) [HPC CoE CompBioMed]
* Code: HemelLB_GPU (3D macroscopic blood flow simulation) C++ & MPI & CUDA
* Platform: JUWELS (@ JSC)

— 56 dual 20-core Intel Xeon Platinum 6148 ‘Skylake’ compute
nodes each accelerated with 4 Nvidia V100 ‘Volta’ GPUs

- GCC/8.3.0 & CUDA/10.1.105 & ParaStationMPI/5.4
* Testcase: 1.78 GiB CBM2019_Arteries_patched geometry

— 66,401,494 lattice sites; 1+38 iolets; simulation of 2,000 time-steps (of 100us)

* Scale: up to 128+1 processes (32 compute nodes, each with 4 MPI ranks)

scalasca (3
* Scalasca/Score-P summary and trace measurements

— using selective instrumentation filter




HemelB lattice-Boltzmann method for haemodynamic simulation

* Fluid particles tracked at macroscopic level on a lattice grid

— discrete set of permissible velocities

— only nearest-neighbour interactions

* Comparable accuracy to conventional continuum CFD

— relatively straightforward implementation of
complex boundary conditions

— exhibit superior parallel performance

* |ess communication between computational subdomains

www.2020science.net/software/hemelb.html www.hemelb.org



http://www.2020science.net/software/hemelb.html
http://www.hemelb.org/

Details

* JUWELS (GPU nodes): 46 (+10 reserved for development)

— 192 GiB compute nodes; Dual EDR-Infiniband (Connect-X4)
— IBM Spectrum Scale (GPFS) parallel filesystem; CentOS Linux 7.8.2003

* Execution configuration:

- gres=gpu:4, ntasks-per-node=4 (plus one extra for monitor on first node)
— all GPUs used, but only 10% of CPU cores

* HemelB: GPU development version (using BasicDecomposition scheme)

— configured to offload kernels from each MPI process to associated GPU
— MPI File writing of intermediate properties state every 1000 steps

— 2 variants (reordered ‘a’ & original ‘b’) order of actions within each timestep




Method

* Score-P/6.0 (GCC+ParaStationMPI) instrumenter used when building code
— CMake: CUDACXX=scorep-nvcc (no instrumentation of CXX)

* workaround replace “-dc” with “--relocatable-device=true -c”

— set SCOREP_WRAPPER_INSTRUMENTER_FLAGS=
“—-mpp=mpi --thread=none --cuda --instrument-filter=hemelb filt”

* Scalasca/2.5 runtime measurement configuration

— SCAN_TRACE_ANALYZER=none
SCOREP_MPI_ENABLE_GROUPS='coll','env','io','p2p','rma’,'topo’,'xnonblock’' # 'cg'
SCOREP_CUDA_ENABLE=runtime,memcpy,kernel,sync,flushatexit
SCOREP_CUDA_BUFFER=10M
SCOREP_TOTAL_ MEMORY=64M

* Profiles explored with CUBE/4.4.4, execution traces examined with Vampir/9.8.0




HemelB_GPU execution timeline (v1.20a with file writing) 000

Timeline
0s 10s 20s 30s 40 s 50 s 60 s 70 s 80s 90 s 100 s 110s

MPI Rank 0
MPI Rank 2
MPI Rank 4
MPI Rank &
MPI Rank &
MPI Rank 10

* 32 nodes: 129 MPI processes driving 128 GPUs

MPI Rank 12
MPI Rank 14
MPI Rank 16
MPI Rank 18
MPI Rank 20
MPI Rank 22
MPI Rank 24
MPI Rank 26
MPI Rank 28
MPI Rank 30
MPI Rank 32
MPI Rank 34
MPI Rank 36
MPI Rank 38
MPI Rank 40
MPI Rank 42
MPI Rank 44
MPI Rank 46
MPI Rank 48
MPI Rank 50
MPI Rank 52
MPI Rank 54
MPI| Rank 56
MPI Rank 58
MPI| Rank 60
MPI Rank 62
MPI Rank 64
MPI Rank 66
MPI Rank 68
MPI Rank 70
MPI Rank 72
MPI Rank 74
MPI| Rank 76
MPI Rank 78
MPI Rank 80
MPI Rank 82
MPI Rank 84
MPI| Rank 86
MPI Rank 88
MPI Rank 90
MPI Rank 92
MPI Rank 94
MPI Rank 96
MPI Rank 98
MPI Rank 100
MPI Rank 102
MPI| Rank 104
MPI Rank 106
MPI| Rank 108
MPI| Rank 110
MPI Rank 112
MPI| Rank 114
MP| Rank 116
MPI Rank 118
MPI| Rank 120
MPI Rank 122
MP| Rank 124
MPI| Rank 126
MPI Rank 128

— monitor rank 0 not participating in simulation

— reader ranks 1 &2 distribute simulation geometry,
then participate in simulation

Function Legend —
v [l Application
virtual void SimulationMaster::DoTimeStep()
B void SimulationMaster::Finalise()
B void SimulationMaster::Initialise()
[ void hemelb::Ib::IncompressibilityChe...emelb:
~ [l cupa
B cudaMemcpyAsync
[7] cudastreamSynchronize
[l CuDA FLUSH
[l cupA KERNEL
7] cubaA sYNC
~ [l vrl
MP1_File_open
MPI_File_read_at
MPI_File_write_at
B vP_waitall




HemelLB_GPU execution timeline: Focus of Analysis (FOA) DoTimeStep o O &

Timeline
0s 10s 20s 30s 40 s 50 s 60 s 70 s 80s 90 s 100 s 110s

; * 32 nodes: 129 MPI processes driving 128 GPUs

— monitor rank 0 not participating in simulation

MPI Rank 14
MPI Rank 16
MPI Rank 18
MPI Rank 20
MPI Rank 22
MPI Rank 24
MPI Rank 26
MPI Rank 28
MPI Rank 30
MPI Rank 32

— reader ranks 1 &2 distribute simulation geometry,
then participate in simulation

* SimulationMaster class constructor/destructor methods
initialisation and finalisation

VIP| Rank 48
MPI Rank 50
MPI Rank 52
MPI Rank 54
MPI Rank 56
MPI Rank 58
MPI Rank 60
MPI Rank 62
MP| Rank 64
MPI Rank 66
MP| Rank 68
MPI Rank 70
MPI| Rank 72
M
M

* FOA is RunSimulation DoTimeStep routine

— 2000 simulation steps: approx. 101-113 seconds
— CUDA kernel offloads to dedicated GPU

Pl Rank 74

Pl Rank 76
MPI Rank 78
MPI Rank 80
MPI Rank 82
MPI Rank 84
MPI Rank 86
MPI Rank 88
MPI Rank 90
MPI Rank 92
MP| Rank 94
MPI Rank 96

Master thread:65

00 =~ & U s Ll R




HemelB_GPU execution timeline: FOA zoom @ 0 0

Timeline
102 s 104 s 106 s 108 s 110s 112 s

MPI Rank O
MPI Rank 2
MPI Rank 4

* 32 nodes: 129 MPI processes driving 128 GPUs

MPI Rank 6

MPI Rank 8

MPI Rank 10
MPI Rank 12 -
MPI Rank 14 - 1311
MPI Rank 16 - I|IIIII |II I| i
MPI Rank 18 .

MPI Rant 20 |
MPI Rank 22 -

MPI Rank 24 - 'I' ||I'|"' ||II e

MPI Rank 26 - 1 Louby B

— monitor rank 0 not participating in simulation

| — reader ranks 1 &2 distribute simulation geometry,
G (|11 (T
P! Rank 33 '. = :| :':|| I ‘ T I —
MPI Rank 46 - | it II F1h IR 0L AR R

SERCUS I ||| ||[|1]]]l|. ,i | then participate in simulation

MPI Rank 32 - T \ ! | |I e |||||

MPI Rank 38 : {11F DVGARRAR R A * SimulationMaster class constructor/destructor methods
an E | A e o; e o o o . .

MeRakd: \ it g initialisation and finalisation

R};:Egﬂ ‘ég : I|| IIII IIIHIIIII IIIII Illllll IIII - h IIIII |II ||||II|I| IllllllllllllllllllI IIIIIIIIHII

MPI Rank 52 N |'|'|”|'| I|'| II”IIIII L |I I - |I|| Yl ] | I8

MPI Rank 54 RN LR FRTRY o } || |

e Rank 28 TR A ) i[ il * FOA is RunSimulation DoTimeStep routine
MPI Rank 58 i 11 | ||||||| _ 4 .|..|1 (0L | 'l.".l —

m;:ggg gg : I| II| II |IIIIIII| I 100 || b |
Fisi] | LB I .|| — . .
WPl Rank 60 : l\...!H | \’ ! li H i”'ii | "| — 2000 simulation steps: approx. 101-113 seconds
an - || i | ‘ ‘ | | ‘ I .
MR e - e J j — CUDA kernel offloads to dedicated GPU
1P Rank 80 i '|.'|'|| G |'..'|. i e .1|"| IR

MPI Rank 64 L
: || |
MPI Rank 70 - |
Rl | il || i
|
| ||I|I | I HE u L III 11 IIIIII
MPI Rank 84 Rl e

MP| Rank 86 0 LRt e ‘ ([ (it |‘

— property file writing after each 1000 steps

MPI Rank 88 E g gy i L] Wl 1 K}
MPI Rank 90 - |'||'| [IIIIIIII IIIIII i |||||"'|| " ' ||||”' I|I I|I I|| |
MPI Rank 92 -LLL | LR | , |
MPI Rank 94 I T ' LA |||

MPI Rank 96

* MPI_File_write_at by each process

Master thread:65

Iwrtual void SimulationMaster::DoTimeStep()

(4P| File_write_at B -

[ T < I R N




HemeLB_GPU execution timeline: FOA zoom (1000 steps incl. writing) 000

Timeline
108 s 10_9 S 110s 111s 112s 113s

Pl Ran e - * 32 nodes: 129 MPI processes driving 128 GPUs

0

MPI Rank 2 - e il | S

MPI Rank 4 - ([ | Il |||| || | I

MPI Rank & - Wl i | | ||| WIS o e
MP| Rank 8 |

mE AR e AR ke L — monitor rank 0 not participating in simulation
MPI Rank 16 B (e .'|”.|'|."r T AR R A A 1

MPI Rank 18 |||I| I| |I| |I| :I I “ \ I i I | II I||I| |I i I| [ |F- 3 . . .
e R TIRATA G - - reader ranks 1 &2 distribute simulation geometry,

|
MPI Rank 24 -] | A |||I [I||||| I A A )” | |I 1l |III |I | I_.
[

MPI Rank 26 | || W11 af {1 S

o) Rank 28 i then participate in simulation
| I|III |
MPI Rank 3 e " } _l

| {1
I ||| |||
MPI Rank 3 |I ! f i |||| ——

el Rank 38 | b i SimulationMaster class constructor/destructor methods
il : ' . e _ e ege qe . . . .
R i ,"'I’ il initialisation and finalisation

MPI Rank 46 - NI ||| | |||| | (I

MPI Rank 48 - T |||||||| 00T ||'|'|' |||||

MPI Rank 50 - I T il | (LR IV I TR I S

MPI Rank 52 - ”IIII '|' |II ”' ! |I ! |'||”I|'||' ||'|I|I |I |||'|I I| |I |'I|'I'II IHIIIII“ '|”:|”'|||'I|I:|'| I||'I| m -

MPI Rank 30
MPI Rank 32
MPI Rank 34
&
8

wirokss "|:i::|'i| |||| 1 |.,,.|.||:. it { il || I .,_ * FOA is RunSimulation DoTimeStep routine
EIETI e K e
an - | | i [ |"| il L] . 3
i ek : :M w i .| i ||‘ 'M‘ I ” Mii i|'~ ""!'I ';_. — 2000 simulation steps: approx. 101-113 seconds
i B M \~|| iy ‘\'\ 1
MPI Rank 74 ||| IIII I||'I'| | . -

upifenke - ' ' j— - CUDA kernel offloads to dedicated GPU

|| 111 I IIIIIIII I IIIIIII n III I (L
MPI Rank 80 | II I|"I | Illl ”IlIlIIIlIIIIIII || |IIII | IIII I
|

MPI Rank 82 i | | it || AR 1l |]" LI b LT [
MPI Rank 84 - il I |"|' IR R || || i || B | |'|'|' |I -
MPI Rank 86 i Il |||| || I ||| | ‘| full ||| | 1l |

Wbl hank 88 : 1 | (it ”1' il f ||I'"|'I [ it 1|| |:I |I I| ”' (A I|' +I

m;:agﬂ gg il i I || || | | | | I et (W I|| | |

MPI Rank 94 - iy

MPiRakge - " il : | : : : * MPI_File_write_at by each process,
Master thread:65 .
' ' | | | | very imbalanced

— property file writing after each 1000 steps

* amount written varies 27-84MB

virtual void SimulationMaster::DoTimeStep()

[ T B = R I L




HemeLB_GPU execution timeline: FOA zoom (1000 steps) o O &

VP! Rank 3 : T ;' T _" : " * 32 nodes: 129 MPI processes driving 128 GPUs

MPI Rank 8 [ | AN

VEIRIEDS | AR Ol | = monitor rank O not participating in simulation
MP' Rggk 16 : | | I II il | I| |I I| hI III I” I 1Hin II II ‘ IIII I“‘I IIIII I ‘I‘ I“ IIIII | hI‘I I‘I IIllllhlll | m I

MPI Rank 18 - m II (111 II II IIII IIIIIII”"IIIIII I‘ 1 | II: | ] II ! | T III 1| IIIIII :ll:l ||||
|

MPI Rank 20 IR LT L 4 Wittt | I \
Rt it
MPI Rank 26 | | A LA | W |
MP| Rank 32 ik 11
MPI Rank 36 - IR || T |
MPI Rank 42 | ! | I HTHR T | TR th | |I l ' | |||| ||
1
i |
MPI Rank 48 7 |I |||| Il II|||| Al R |' | [0 b Mt i | || I| |'||I ""I M A
|

MPI Rank 54 Wiy |||| |||| M A T || ||||| ”” 1y ™ "' Al

8
MPI Rank 60 -] [l || | ||| |I kT I |

Mel Rark 22 M A i ||“|'”.. 11 Ll ,||,|| — reader ranks 1 &2 distribute simulation geometry,
Mel Rank 2 W I it l then participate in simulation
MPI Rank 34 : II III II| I: IIIIII II i II ” III III: IIII: II:llllI ] II I I 1]
IIIII 1 111} | | | L III III | 1] ] I| I . .
Me! Rark 36 J [ II' A I,I [ttt it ||| qu | | * SimulationMaster class constructor/destructor methods
HFI Eggt ig : I III IIIIIII | I: Il 1"III I“"I| i II I ::Illlllll:llu III |I:IIII| I I| ”IIII:"IIIIHIII:IIIII:I:II I: II IIIIII Ill: II||I IH: II | II I: II:I IIII| IIII IIIII iniﬁalisaﬁon and ﬁnalisaﬁon
m;: Eggt Eg : n III I III I I"IIII IIII III I IIII alllll I I:I :I IIIIII"IIIII :IIIIIIII"II ul III I II :”IIIII :IIIIIIIIIIIIIII III II III II i IIIIII | n IIII | III il
wARkse ||'|II I AR 16 Ii'i" |"|”; | |!' W] |'I' A !l!i|| MTIIIII' i ‘ ¥ ﬁ" * FOA is RunSimulation DoTimeStep routine
MPI Rank 62 - | ||I ||||||| . II‘ ||‘| e ||||| || ||i||||| " b "| ‘I: |I II| I|||||| || "IIi || ||| i |
P! Rank 64 L ||~ [l 'I II oy | | I | I"' b _

Mp! Rank 68 | MI il' il' i' H ” ‘| ‘“ ||'|‘|.‘ M‘ ‘ |||M N | |"|“""' " R |.' 2000 simulation steps: approx. 101-113 seconds
b Ul

MPI Rank 70
MPI Rank 72

MP| Rank 68
III |
MPI Rank 74 ‘ .I' Ml

mEE " it i i i Bl '| I + ' ' e A — CUDA kernel offloads to dedicated GPU
MPI Rank 80 ] LT ||| ".'.” |I I| R I B e 1 S I

MPI Rank 82 R e il bR R (I i

MPI Rank 84 -l II II LT {[{F A [ I III ([ | {If 11{1) Il

- e I.'III i el | = property file writing after each 1000 steps
I A
Nipl Rank 08 " I Il ‘|| | ‘ h i & I !| It

MPI R (A (A i ..||' I Hine
|| | ||I | || | | I ||| | r

MP| Rank 100 ””
|
MPI Rank 104 HHTHHTIHNT | | WIEH N || it | |

MPlRank102 : | | n | | III 1" 1 I| M . .

WolRancloe M .'-u (lftent IR it '[ it * only lowest 10 simulation ranks
MPIR kllO LU II| I| itk | ||| | | | ! 1
MPI Rank 112 - I|| I |I [I“I I | \

— IncompressibilityChecker each 200 steps (mostly)

MR il - i ti i w'w' i * or highest 14 simulation ranks (32 nodes)
HF: Eggt %58 : I| I|IIII 1] I | | m IIIIIII”II I|I Il |” I IIIIIIII
MPI Rank 124 - HiE I

MPI Rank 126 - |
MPI Rank 128 - L




HemeLB_GPU execution timeline: FOA zoom (250 steps) o O &

109.3 s 109.4 5 109.5 5 11(—}'3,1;": ) 109.7 s 109.8 5 109.9 s 110.0 s
Me1 Ranic 0 T | M. * 32 nodes: 129 MPI processes driving 128 GPUs
MPIRanI("l _ | ¥ I = 0 II i B I II II II 1 II II : II III II II | i
e LT fheetepnttenie

MRecE . - 13313331314311111133 , — monitor rank 0 not participating in simulation
MPI Rank 16 - ,.' ERUNER R REREL] |"". 'y | Ry '. SLNE

MPI Rank 18 - I | n [ ” | II|:I :: III | " :I|| [ | III III II 1 II [ n I

bl Rank 22 T 1muny 1l — reader ranks 1 &2 distribute simulation geometry,
MPI Rank 30 - I o fa 1l I - | oo | I||I II II IlI II I|I IIIIP II III 1 I then pa rtiCipate in SimU|aﬁ0n
MPI Rank 3 - i i I Ty I W B

MPI Rank 20 -] o I ||| ||
- H
MPI Rank 26 i | 4
MPI Rank 28 il |.||| '|"|| 11
2 ] i
MPI Rank 34 II| ::: a8 ::I :: ‘e :I | :I 40 il | II e
MPI Rank 36 I ] II|| TRenR

MelRatc3s - | 1LHLLLLL 11 i | * SimulationMaster class constructor/destructor methods
an - ] n ol | II : e ege pe . . . .

P A L AR R ¢ | initialisation and finalisation

MPI Rank 48 -] GRS

MPI Rank 50 - I II /] I |I I IIIIIIII II I” IIII |II III (1NN} IIIII III III III III I”I II III IIIII III I” IIII |IIIII II IIII I” IIIII III IIIIIIII II III | IIIII IIII II I IIIIII |III | III |

MPI Rank 52 = II II III II | III IIIIII 1] I I III | I I I I I III II I II 1110 I 1 I II | IIII ” ! II III IIII |, . o . . o

M Rk 2 : ..| I|I"'.|'u| | I|I|I II|I|III|II| ‘ I'i|I|" | ||.. ‘l LTk ”III il |||.|.. * FOA is RunSimulation DoTimeStep routine
MP| Rank 60 i I L [

R (s .||||'|'||l| i N
il 3 I I II'I'III'I"II i 'II | s ""I'I”II"'I"II'IIw :II“' - 2000 simulation steps: approx. 101-113 seconds
e '|"II' I II II‘l i |I"I I"I'I'..I.IIIII il i

weiancre e AR BRI R S R — CUDA kernel offloads to dedicated GPU

MPI Rank 78 - | LI ACRH L LT L R EE LR T L L II Ll I II ATETL LT i 1L
MPI Rank 80 i | L 1 IIIII I|IIIII I|I II II III | II IIIIII III | | II|I I|IIII“I IIIII III IIIII IIIIIII III III |I||IIIII|I|IIIII III

MPI Rank 82 T 1 LEN iy 1 |
MPI Rank 84 ‘IEI [ II II II | |||I“|"|I|| i I|I|'|'| i ||I|| |II|I||I| I| LI I|||| | I

P! Rank gs 1 i |,.,|” 5I,u,. |'"||, |,|,|||,,,.|,,. i '..|' | ,'.,|::|||||,| |I|,..',. ,.|,'|',';I'l|,' . — property file writing after each 1000 steps
MPI Rank 90 - II III I i I |I | ” |I I II III III III | i e yr I I | n

HFIEQR gi : ; IIII I | I I I I II I 1 I I I I 1 III I I I || I . ofe

e ; II 1] 1 II 1" HHH — IncompressibilityChecker each 200 steps (mostly)
MPI Rank 102 - e AR _ i 15
HSIESR %gg : III IIIII e i |I I II |I|II III IIII I |III I
I AR
HFIESE Hi - \ 'y III |I "N W ’II IIII II I|I I|I
ot MERREEREIRRRED
T mEsedieneanaattainait
MPI Rank 126 : : FREE
MPI Rank 128

* only lowest 10 simulation ranks

* or highest 14 simulation ranks (32 nodes)




HemeLB_GPU execution timeline: FOA zoom (20 steps) o O &

Timeline
109.63 s 109.64 s 109.65 s 109.66 s 109.67 s 109.68 s

MPI Rank O
MPI Rank 2
MPI Rank 4
MPI Rank &
MPI Rank 8
MPI Rank 10
MPI Rank 12
MPI Rank 14
MPI Rank 16
MPI Rank 18
MPI Rank 20
MPI Rank 22
MPI Rank 24
MPI Rank 26
MPI Rank 28
MPI Rank 30
MPI Rank 32
MPI Rank 34
MPI Rank 36
MPI Rank 38
MPI Rank 40
MPI Rank 42
MPI Rank 44
MPI Rank 46
MPI Rank 48
MPI Rank 50
MPI Rank 54
MPI Rank 56
MPI Rank 58
MPI Rank 60
MPI Rank 62
MPI Rank 64
MPI Rank 66
MPI Rank 68
MPI Rank 70
MPI Rank 72
MPI Rank 74
MPI Rank 7¢
MPI Rank 80
MPI Rank 82
MPI Rank 84
MPI Rank 86
MPI Rank 88
MPI Rank 90
MPI Rank 92
MPI Rank 94
MPI FtanI 96

* 32 nodes: 129 MPI processes driving 128 GPUs

— monitor rank 0 not participating in simulation

— reader ranks 1 &2 distribute simulation geometry,
then participate in simulation

* SimulationMaster class constructor/destructor methods
initialisation and finalisation

* FOA is RunSimulation DoTimeStep routine

— 2000 simulation steps: approx. 101-113 seconds
— CUDA kernel offloads to dedicated GPU
— property file writing after each 1000 steps

— IncompressibilityChecker each 200 steps (mostly)

Master thread:65

= interior ranks (54-76) have “uniform” steps

* others blocked every 6 steps,
waiting for communication

[=- I R - BT I R T S




HemeLB_GPU execution timeline: FOA zoom (8 steps) o O &

Timeline:
109.625 s 109.630s 109.635 s 109.640 s 109.645 s

MPI Rank 0
MPI Rank 2
MPI Rank 4
MPI Rank 6
MPI Rank 8
MPI Rank 10
MPI Rank 12
MPI Rank 14
MPI Rank 16
MPI Rank 18
MPI Rank 20
MPI Rank 22
MPI Rank 24
MPI Rank 26
MPI Rank 28

0

2

4

6

8

32 nodes: 129 MPI processes driving 128 GPUs

— monitor rank 0 not participating in simulation

— reader ranks 1 &2 distribute simulation geometry,
then participate in simulation

MPI Rank 3
MPI Rank 3
MPI Rank 3
MPI Rank 3
MPI Rank 3

MPI Rank 40
MPI Rank 42
MPI Rank 44
MPI Rank 46
MPI Rank 48
MPI Rank 50
MPI Rank 52
MPI Rank 54
MPI Rank 56
MPI Rank 58
MPI Rank 60
MPI Rank 62
MPI Rank 64
MPI Rank 66
MPI Rank 68
MPI Rank 70
MPI Rank 72
MPI Rank 74
MPI Rank 76
MPI Rank 78
MPI Rank 80
MPI Rank 82
MPI Rank 84
MPI Rank 86
MPI Rank 88
MPI Rank 90
MPI Rank 92
MPI Rank 94
MPI Rank 96

SimulationMaster class constructor/destructor methods
initialisation and finalisation

FOA is RunSimulation DoTimeStep routine

— 2000 simulation steps: approx. 101-113 seconds
— CUDA kernel offloads to dedicated GPU
— property file writing after each 1000 steps

— IncompressibilityChecker each 200 steps (mostly)

Master thread:65

* interior ranks (54-76) have “uniform” steps

A * others blocked every 6 steps,
waiting for communication

[T B = R T




HemeLB_GPU execution timeline: FOA zoom (3 steps)

0009

Timeline
109.640 s 109.642 s 109.644 s 109.646 s 109.648 s

MPI Rank O

MPI Rank 2

MPI Rank 4

MPI Rank &

MPI Rank &

MPI Rank 10
MPI Rank 12
MPI Rank 14
MPI Rank 16
MPI Rank 18
MPI Rank 20
MPI Rank 22
MPI Rank 24
MPI Rank 26
MPI Rank 28
MPI Rank 30
MPI Rank 32
MPI Rank 34
MPI Rank 36
MPI Rank 38
MPI Rank 40
MPI Rank 42
MPI Rank 44
MPI Rank 46
MPI Rank 48
MPI Rank 50
MPI Rank 52
MPI Rank 54
MPI Rank 56
MPI Rank 58
MPI Rank &0
MPI Rank 62
MPI Rank 64
MPI Rank 66
MPI Rank 68
MPI Rank 70
MPI Rank 72
MPI Rank 74
MPI Rank 76
MPI Rank 78
MPI Rank 80
MPI Rank 82
MPI Rank 84
MPI Rank 86
MPI Rank 88
MPI Rank 90
MPI Rank 92
MPI Rank 94
MPI Ran!( 96

Master thread:65

wvirtual void SimulationMaster::DoTimeStep()

[=- T R T ¥ | S T R

32 nodes: 129 MPI processes driving 128 GPUs

— monitor rank 0 not participating in simulation

— reader ranks 1 &2 distribute simulation geometry,
then participate in simulation

SimulationMaster class constructor/destructor methods
initialisation and finalisation

FOA is RunSimulation DoTimeStep routine

— 2000 simulation steps: approx. 101-113 seconds

— CUDA kernel offloads to dedicated GPU

— property file writing after each 1000 steps

— IncompressibilityChecker each 200 steps (mostly)
* interior ranks (54-76) have “uniform” steps

* others blocked every 6 steps,
waiting for communication




HemeLB_GPU execution timeline: FOA zoom (3 steps) showing CUDA streams o 0 &

Timeline

109.640 s 109.642 s 109.644 5 109.646 5 109.648 s
» MPI Rank 58 [ I (MRS T T |
» MPI Rank 59 N | T | T -
» MPI Rank 60 [ T H Sy Ty T ]
» MPI Rank 61 | T | T [ E—
» MPI Rank 62 = ~ T T s 0 I
» MPI Rank 63 [T T | T
« MPI Rank 64
Master thread:64 NN || I | I | s |
CUDAI3:71:64
CUDA[3:17]:64 | K : || : ; .
CUDA[3:231:64 [N | | ;I
CUDA[3:31]:64 | : |
~ MPI Rank 65
Master thread:65 I | NN P 1
CUDAI0:71:65
CUDAI0:171:65 : : [ | H
CUDA[0:19]:65 ; [ | DtOH oy |
CUDA[0:21]:65 : | : :
CUDAI0:231:65 : [ | .
CUDAI0:251:65 [ | [ |
CUDA[D:27]:65 |
CUDA[0:31]:65 : : : | : i
* MPI Rank 66 : : : : :
Master thread:66 I I | [l [
CUDAI1:71:66 : : : :
CUDA[1:17]:66 [ | [ | ]
CUDA[1:19]:66 | || ||
CUDAI[1:21]:66 : [ | : [ | : [ |
CUDAI1:23]:66 | ‘ | . |
CUDA[1:25]:66 | | o : |
CUDA[1:27]:66 : : | ‘| |
CUDAI1:31]:66 | ‘ ‘ | :
= MPI Rank 67 f
Master thread:67 I 1] ] I ) L N I
CUDA[2:7]:67
CUDA[2:17]:67 : | | | : ||
CUDA[2:231:67 | . | |
CUDA[2:31]:67 | | |
» MPI Rank 68 T | T (| T
» MPI Rank 69 T || T | T [
» MPI Rank 70 [ | T [ T [
» MPI Rank 71 T [ T [

Master thread:65

00 = @ U s Ll PRI

virtual void SimulationMaster::DoTimeStep()

* 32 nodes: 129 MPI processes driving 128 GPUs

— monitor rank 0 not participating in simulation

— reader ranks 1 &2 distribute simulation geometry,
then participate in simulation

* SimulationMaster class constructor/destructor methods
initialisation and finalisation

* FOA is RunSimulation DoTimeStep routine

— 2000 simulation steps: approx. 101-113 seconds
— CUDA kernel offloads to dedicated GPU

some ranks/GPUs have additional kernels
(to process iolets) executed concurrently

critical PostReceive cuMemcpyDtoHAsync in
Read_DistrFunctions_CPU_to_GPU_totalSharedFs

— no longer overlapped with kernels




HemelLB_GPU profile

File Display Plugins Help

0 CubeGUI-45.0: scorep_hemepure_gpu_20a+10_129_trace\summary.cubex

~ O 0.000 Execution
v @ 6569.443 Computation
O 432.600 CUDA kernels
v O 0.000 MPI
v O 0.000 Management
O 131.696 Init/Finalize
O 0.000 Communicator
O 2460.258 File
O 0.000 Window
v O 0.000 Synchronization
O 61.622 Collective
O 0.000 One-sided
~ O 0.000 Communication
O 5.089 Point-to-point
O 1176.111 Collective
O 0.000 One-sided
~ O 0.000 File 1/0O
O 175.933 Individual
O 0.000 Collective
v O 0.000 Request Handling
O 0.000 Request Start
O 3632.370 Request Completion
v O 0.000 CUDA
D 0.544 Initialization and Finalization
O 141.135 Memory management
O 180.720 Synchronization
O 6.532 Kernel launches
O 0.398 Overhead
1.508e7 Visits (occ)
v O 0 Bytes transferred (bytes)

v O 0.000 main (6.358%)
O 0.820 MPL_Init
86.088 SimulationMaster
v O 0.001 RunSimulation
O 0.006 MPI_Gather
A" 0.001 DoTimeStep
® 0.001 RecalculatePropertyRequirements
Rl 0.269 HandleActors
® 5,288 MPI_Waitall
0.003 RequestComms
0.000 ProgressToChildren|
0.343 PreSend
0.492 PreReceive]

0.287 PostReceive

0.679 EndIteration|

0.000 ProgressFromChildren

0.005 MPI_Irec

0.000 TopNodeAction|

0.000 PostReceiveFromChildren

1.163 MPI_File_write_af]

0.008 cudaStreamSynchronize

0.000 ProgressFromParen

0.000 ProgressToParent]

0.007 PostSendToParen

= 0.006 MPI_Gather

® (0.000 AreDensitiesAvailable
O 0.271 Finalise

O 1.293 ~SimulationMaster

O 0.059 MPI_Finalize

Absolute ~ | Metric selection percent M
[ Metric tree B call tree Flat view
v 0O 0.000 Time (sec) A~ |v O 0.006 hemepure_gpu_20a.scorep (0.000%)

v O 0 Point-to-point = 2.648 hemelb:GPU_CollideStream_mMidFluidCollision_mWallCollision_sBB|
@ 1.394e11 Sent = (0.088 hemelb::GPU_CollideStream_lolets_NashZerothOrderPressure
= (.098 hemelb:GPU_CollideStream_wall_sBB_ioclet_Nash
v O 0 Collective ® (0.055 hemelb:GPU_StreamReceivedDistr
O 1.852e11 Outaoina "
< >
1.497e4 (99.997%) 1.497e4 |0.000 }D&ggg

B Advisor @ source

Recalculate automatic

POP Assessment : ...cnodes...

Parallel Efficiency |1%
Load balance .%

Communication Efficiency I%

Serialisation Eficiency 0%
Transfer efficiency 0%
Stalled Resources 0%
IPC
Instructions (only computation)

Computation time

Very
poor
Very
poor
Very
poor

0.011

0.166

0.066

© @ ©

Value 486.892 |

* 32 nodes: 129 MPI processes driving 128 GPUs

MIIA WDSAS

saibojodo|

|eJausD

* Extensive tree hierarchy of performance metrics

— selected metric applied to routines in call-tree

— CUDA kernels listed separately at bottom
* POP efficiencies inaccurate for CPU+GPU hybrid!




HemeLB_GPU code structure and Focus of Analysis (FOA) DoTimeStep

= [ 129 hemepure_gpu_20a.scorep
= [ 129 main
O 258 MPI_Initialized
O 129 MPI_Init
b [J 1280159 SimulationMaster . . oy .
- O 129 RunSimulation — v1.20a with file writing, 2000 time-steps
O 258 MPI_Gather
=~ [d 258000 DoTimeStep

O 258000 RecalculatePropertyRequirements SimulationMaster class constructor/destructor methods
= [0 258000 HandleActors

B 516000 MP! Waitall initialisation and finalisation

O 258000 RequestComms
O 36974 Prog ToChild . . . . .
G e FOA is RunSimulation DoTimeStep routine

32 nodes: 129 MPI processes driving 128 GPUs

W 3220000 PreReceive
[0 1001358 MPI Isend _ .
® 1794000 PostReceive loops through key actions
M 2051536 Endlteration

[ 36963 ProgressFromChildren . . .
B 1001358 MPI Irecy * PreSend, PreReceive, Send, PostReceive, Endlteration

O 333 Top Nodeﬁctl on

O 303 P civeFromChildren — (a) Send after PreReceive
O 516 MPI FI|E write at

0 512000 cudaStreamSynchronize - 1
O 42}'34 PrugrESEFran‘arent (b) Send before PreRecelve
* plus periodic MPI file writing by all processes
0 1290 MPI_Gather . o
| g O 1200 AreDensitiesavailable * and occasional IncompressibilityChecker by subset
nalise
O 1161 ~SimulationMast
" 3 120 MPL Finalize ~  launches CUDA kernels on GPUs

4 128 BUFFER FLUSH

O 512000 hemelb::GPU_CollideStream_mMidFluidCollision_mWallCollision_sBB ° &
O 72000 hemelb::GPU_CollideStream_lolets MashZerothOrderPressure execute aSynChronOUSIY on SpeCIﬁC CUDA streams
O 76000 hemelb::GPU_CollideStream_wall_sBE_iolet_Mash

O 256000 hemelb::GPU_StreamReceivedDistr e 4 diSﬁnCt CUDA kernels




Simulation loop: 20a

= [0 258000 HandleActors

oooo

516000 MPI_Waitall

258000 RequestComms

36974 ProgressToChildren

258000 PreSend

4 262000 cudaStreamSynchronize

512000 GPU CollideStrearn mMidFluidCollision mWallCollision sBB

512000 cudaMemcpyAsync

258000 PreReceive

W 512000 GPU _CollideStream_mMidFluidCollision_mWallCollision sBB
® 198000 GPU CollideStream _lolets NashZerothOrderPressure

W 204000 GPU CollideStream wall sBB iolet Mash
(|

1536000 cudaStreamSynchronize
|
O 256000 cudaMemcpyAsync
1001358 MPI_Isend
258000 PostReceive

O 256000 Read DistrFunctions CPU to GPU_totalSharedFs

O 256000 cudaMemcpyAsync
O 256000 cudaStreamSynchronize
® 768000 GPU StreamPeceivedDistr

(myw

258000 Endlteration

O 1536000 cudaStreamSynchronize

O 256000 cudaMemcpyAsync

O 256 Read_Macrovariables GPU to CPU
O 1024 cudaMemcpyAsync
O 256 cudaStreamSynchronize

36963 ProgressFromcChildren

1001358 MPI_Irecv

d
M 18000 GPU_CollideStream lolets NashZerothOrderPressure
W 24000 GPU CollideStream wall sBB iolet Nash

256000 Read DistrFunctions GPU_to CPU_totalSharedFs

20b

= [d 258000 HandleActors
O 516000 MPI_Waitall
O 258000 RequestComms
0 36974 ProgressToChildren
O 258000 PreSend
1798000 cudaStreamSynchronize
M 512000 GPU CollideStrearn mMidFluidCollision mWallCollision sBB|
O 512000 cudaMemcpyAsync
[ 256000 Read DistrFunctions_GPU to CPU_totalSharedFs
O 256000 cudaMemcpyAsync
18000 GPU_CollideStream_lolets MashZerothOrderPressure
24000 GPU CollideStream wall sBB iolet Nash
1001358 MPI_Isend
258000 PreReceive
W 512000 GPU_CollideStream_mMidFluidCollision_mWallCollision sBB
M 198000 GPU CollideStream_lolets NashZerothOrderPressure
W 204000 GPU CollideStream wall sBB iolet Nash
258000 PostReceive
= [d 256000 Read DistrFunctions CPU _to GPU totalSharedFs
O 256000 cudaMemcpyAsync
O 256000 cudaStreamSynchronize
W 768000 GPU StreamReceivedDistr
258000 Endlteration
O 1536000 cudaStreamSynchronize
O 256000 cudaMemcpyfsync
= [d 256 Read Macrovariables GPU to CPU
0 1024 cudaMemcpyAsync
O 256 cudaStreamSynchronize
36963 ProgressFromcChildren
1001358 MPI_lrecv

(myw




HemelLB_GPU Simulation CUDA kernels/streams @ 0 0

* PreSend .
- cudaStreamSynchronize [31]
- [17] GPU_CollideStream _mMiidFluidCollision_mWallCollision_sBB
- 2x cudaMemcpyAsync / cuMemcpyHtoDAsync_v2 + cudaStreamSynchronize [29,30] - local partition edge
- [19,20] GPU_CollideStream _lolets_NashZerothOrderPressure
- [21,22] GPU_CollideStream_wall_sBB_iolet_Nash

* PreReceive
- [23] GPU_CollideStream _mMiidFluidCollision_mWallCollision_sBB
- cudaStreamSynchronize [17,18,19,20,21,22]
- Read_DistrFunctions_GPU_to_CPU_totalSharedFs / cuMemcpyDtoHAsync_v2 [35] - local partition interior
- cudaStreamSynchronize [35]
- [25,26] GPU_CollideStream_lolets_NashZerothOrderPressure
- [27,28] GPU_CollideStream_wall_sBB_iolet_Nash

* PostReceive
- Read_DistrFunctions_CPU_to_GPU_totalSharedFs / cuMemcpyHtoDAsync_v2 [33]
- cudaStreamSynchronize [33]
- [31] GPU_StreamReceivedDistr

* Endlteration
- cudaStreamSynchronize [23,24,25,26,27,28]
- cudaMemcpyAsync / cuMemcpyDtoDAsync_v2 [31]

- Read Macrovariables GPU to CPU /cuMemciiDtoHAsinc v2+cudaStreamSinchronize ‘34‘




HemelLB_GPU CUDA kernels/streams

Stream 7:
Stream 17:
Stream 19:
Stream 20:
Stream 21:
Stream 22:
Stream 23:
Stream 25:
Stream 26:
Stream 27:
Stream 28:
Stream 29:

Stream 30:
Stream 31:
Stream 33:

Stream 34:
Stream 35:

0009

Memcpy HtoD [sync]

PreSend kernell hemelb::GPU_CollideStream_mMidFluidCollision_mWallCollision_sBB
PreSend kernel2 hemelb::GPU_CollideStream_lolets_NashZerothOrderPressure (inlet)
PreSend kernel2 hemelb::GPU_CollideStream_lolets_NashZerothOrderPressure (outlet)
PreSend kernel3 hemelb::GPU_CollideStream_wall_sBB_iolet_Nash (inlet)

PreSend kernel3 hemelb::GPU_CollideStream_wall_sBB_iolet_Nash (outlet)

PreReceive kernell hemelb::GPU_CollideStream_mMidFluidCollision_mWallCollision_sBB
PreReceive kernel2 hemelb::GPU_CollideStream_lolets_NashZerothOrderPressure (inlet)
PreReceive kernel2 hemelb::GPU_CollideStream_lolets NashZerothOrderPressure (outlet)
PreReceive kernel3 hemelb::GPU_CollideStream_wall_sBB_iolet_Nash (inlet)

PreReceive kernel3 hemelb::GPU_CollideStream_wall_sBB_iolet_Nash (outlet)




HemeLB_GPU Simulation strong scaling (with intermediate file writing)

100 &

Time [s]

10

—
—

(

—a [
—-u
(
(
(

I

8
4
4
4
4
4
4

(Bp) 1.18 Simulation

1.20b Simulation
1.20b kernels. max

1.20b kermnels_mean
1.20a Simulation
1.20a kemels.max

P
P
P
P
P
P
p*) 1.20a kermnels.mean

)
)
)
)
)
")

Reference execution v1.18 with 8ppn

— multiple processes offloading GPU
kernels generally unproductive

Comparison of v1.20a & v1.20b (4ppn)

— v1.20a generally better
CUDA kernels on GPUs

— less than half of Simulation time
(therefore GPUs mostly idle)

— total kernel time scales very well
(0.93 scaling efficiency)

— load balance deteriorates
(0.95 for 1 node, 0.50 for 32 nodes)

— similar for both versions




HemeLB_GPU Simulation strong scaling (w/o file writing)

0009

100

Wall time [s]

=k
]

#—= (Bp) 1.18 Simulaton
s—= (4p*) 1.20b Simulation
o—o (4p*) 1.20b Simulation-10
s —o (4p*) 1.20b kernels.max
o - (4p*) 1.20b kernels.mean
(dp*) 1.20a Simulation
(dp*) 1.20a Simulation-10
(dp*) 1.20a kernels. max
(dp*) 1.20a kernels.mean

SR
-\-\._Hh '\-\._\_L\H-H-
et B

'\-\.H "-\-,a_

i

'\-\._HH

M'&

T
| | | | L !

1 2 8 16 32

MNodes {4g/node})

* File writing disabled during Simulation

— previously every 1000 steps

* Scaling greatly improved

— particularly beyond 8 nodes

* CUDA kernels on GPUs

— essentially unaffected




HemelLB_GPU Simulation strong scaling (w/o file writing) speed-up

100 | | |
* File writing disabled during Simulation
—  Perfect
- ?;3;; R — previously every 1000 steps

s—= (4p*) 1.20b Simulation
o—a (4p*) 1.20b Simulation-1O
(dp*) 1.20a Simulation .
(4p*) 1.20a Simulation-10 T —  21x for v1.20a on 32 nodes

(65% scaling efficiency)

* Speed-up improved

— 80% scaling efficiency retained to 16
nodes

Relative speed-up
o

— most of the loss of scaling occurs
moving from shared-memory MPI
within a single node to off-node
communication via interconnect

MNodes {4g/node})




HemeLB_GPU Simulation strong scaling efficiency (v1.20a with file writing)

Simulation time [s]

Global scaling efficiency

— Parallel efficiency

—— Load balance efficiency (GPU)
—— Communication efficiency (GPU)
— Computation scaling (GPU)

1n 5p 2n9%  4n17p 8n33p 16n65p 32n129p |<1e31;:

147.87 88.38 48.13 22.66 13.68 11.67 10

0.9

0.64 0.8

0.64 0.7
0.95 0.78 0.73 0.73 0.65
0.67 0.68 0.68 0.75 0.73

1.00 1.00 0.99 0.96 0.92 0.87

* Only considering GPUs (ignoring all CPU cores, 90% of which are completely unused)

* Parallel efficiency determined by load balance and communication (including file 1/0)

* Single (quad-GPU) node already suffers significant communication inefficiency

— but doesn’t degrade much as additional nodes are included

* Load balance of GPUs deteriorates progressively

* GPU computation scaling remains reasonably good




HemeLB_GPU Simulation time breakdown (v1.20a) o O &

1500 — — ¢ CUDA kernels on GPUs
MPI file VO [ GPU idle*
B MPI comm " GPU kemels — less than half of Simulation time
i CUDA synch — (therefore GPUs mostly idle)
Il CUDA memory
% CUDA launch — total kernel time scales very well
1000 Il CPU comp | (0.87 scaling efficiency)

* MPI processes on CPUs

— - — computation time decreases
— CUDA synchronization time fairly
500 |- _ constant, but time for memory
management increases somewhat

—  MPI communication time dominates,
with much more time for file writing
with 16 or more nodes

CPU time [s]

1 2 4 8 16 32
Nodes (4p4g)




HemelLB_GPU Simulation time breakdown (v1.20a w/o file writing)

CPU time [s]

1500

1000

500

B MPl comm
CUDA synch

Il CUDA memory

! CUDA launch
B CPU comp

[ GPU idle*
I GPU kernels

4 8 16 32

Nodes (4p4g)

Disabled Simulation file writing

— no impact on GPU kernels,
nor CUDA operations on CPU

—  reduced CPU computation & MPI
communication (and no MPI file I/0)

CUDA kernels on GPUs

— reduced GPU idle time, but still
significant (roughly half)

MPI processes on CPUs

— computation time decreases

— MPI communication time dominates,
at all scales but growing with scale




HemeLB_GPU Simulation time breakdown (v1.20b) o O &

1500 — — ¢ CUDA kernels on GPUs
MPI file VO [ GPU idle*
B MPI comm " GPU kemels — less than half of Simulation time
i CUDA synch | (therefore GPUs mostly idle)
Il CUDA memory
% CUDA launch B — total kernel time scales very well
1000 Il CPU comp | (0.94 scaling efficiency)

* MPI processes on CPUs

i = — computation time roughly constant

— CUDA synchronization time fairly
500 — I _ constant, but time for memory

CPU time [s]

management increases somewhat

—  MPI communication time dominates,
with much more time for file writing
with 16 or more nodes

1 2 4 8 16 32
Nodes (4p4g)




HemeLB_GPU Simulation time breakdown (v1.20b w/o file writing)

CPU time [s]

1500

1000

500

B MPl comm
CUDA synch

Il CUDA memory

! CUDA launch
B CPU comp

4

Nodes (4p4g)

[ GPU idle*
I GPU kernels

8

Disabled Simulation file writing

— no impact on GPU kernels,
nor CUDA operations on CPU

—  reduced CPU computation & MPI
communication (and no MPI file I/0)

CUDA kernels on GPUs

— reduced GPU idle time, but still
significant (more than half)

MPI processes on CPUs

— computation time roughly constant

— MPI communication time dominates,
at all scales but growing with scale




HemelLB_GPU Simulation GPU time balance (v1.20a w/o file writing)

0009

Peer percent

E System tree .] Statistics ‘ Sunburst
100.00 ‘

80.00

60.00

40.00

20.00

0.00

Sum:

Count:

Mean:

Standard deviation:
Maximum:

Upper quartile (Q3):

Median:

Lower quartile (Q1):

Minimum:

432.65274511
128
3.38009957
0.89422856
6.87082503
3.75283682
3.14216910
2.94843690
1.50662222

*| Peer percent

! E System tree

.] Statistics l Sunburst

M .00 machine Linux|

O 0.00 node jwc09n030.2adm09.juwels.fzj.de

6.87

3.75

3.38

3.14
2.95

151

*

{d ¥ ¥ v v v wv v Vv wvwvwvwew

O 0.00 MPI Rank 0

O 44.29 MPI Rank 1

O 45.42 MPI Rank 2

O 36.39 MPI Rank 3

O 28.41 MPI Rank 4

0.00 node jwc09n033.adm09.juwels.fzj.de
O 36.32 MPI Rank 5

O 25.22 MPI Rank &

O 26.85 MPI Rank 7

O 46.02 MPI Rank 8

49.36 node jwc09n036.adm09. juwels.fzj.de
51.66 node jwc09n039.adm09.juwels.fzj.de
53.22 node jwc09n045.adm09.juwels.fzj.de
55.71 node jwc09n048.adm09.juwels.fzj.de
53.41 node jwc09n051.adm09.juwels.fzj.de
46.32 node jwc09n054.adm09. juwels.fzj.de
57.31 node jwc09n057.adm09.juwels.fzj.de
55.32 node jwc09n060.adm09.juwels.fzj.de
56.99 node jwc09n063.adm09.juwels.fzj.de
51.57 node jwc09n066.adm09.juwels.fzj.de
64.46 node jwc09n069.adm09.juwels.fzj.de
76.23 node jwc09n072.adm09.juwels.fzj.de
83.90 node jwc09n075.adm09.juwels.fzj.de
0.00 nede jwc09n078.adm09.juwels.fzj.de
[ 71.20 MPI Rank 61

[ 70.04 MPI Rank 62

[ 71.81 MPI Rank 63

[ 72.65 MPI Rank 64

0.00 node jwc09n087.adm09.juwels.fzj.de
100.00 MPI Rank 65

[d 89.10 MPI Rank 66

[ 73.78 MPI Rank 67

[ 72.65 MPI Rank 68

83.18 node jwc09n090.adm09.juwels.fzj.de
79.01 node jwc09n093.adm09.juwels.fzj.de
68.65 node jwc09n096.adm09.juwels.fzj.de
52.05 node jwc09n099.adm09.juwels.fzj.de
55.49 node jwc09n102.adm09.juwels.fzj.de
54.90 node jwc09n114.adm09.juwels.fzj.de
50.70 node jwc09n117.adm09.juwels.fzj.de
53.30 node jwc09n120.adm09.juwels.fzj.de
57.37 node jwc09n123.adm09.juwels.fzj.de
56.79 node jwc09n129.adm09.juwels.fzj.de
53.21 node jwc09n135.adm09.juwels.fzj.de
48.75 node jwc092n138.adm09.juwels fzj.de
49.22 node jwc092n141.adm09.juwels fzj.de
42.93 node jwc092n144.adm09.juwels fzj.de
44.46 node jwc09n147.adm09.juwels fzj.de

Btream|

0.00

100.00 100.00

L |
» @
=0

"
O
o

~ O 0.00 MPI Rank 67

= O 0.00 MPI Rank 68

» [ 83.18 node jwc09n090.adm09.juwels.fzj.de

PR = T 7N NP P S

83.90 node jwc09n075.adm09. juwels.fzj.de
85.15 node jwc09n078.adm09.juwels fzj.de
0.00 node jwc09n087.adm09.juwels.fzj.de
O 0.00 MPI Rank 65

0.00 Master thread

0.00 CUDA[D:7]

22.52 CUDA[D:17]

15.30 CUDA[0:19]

21.09 CUDA[D:21]

91.71 CUDA[D:23]

8.20 CUDA[D:25]

7.82 CUDA[D:27]

0.81 CUDA[0:31]

.00 MPI Rank 66

0.00 Master thread

0.00 CUDA[1:7]

14.77 CUDA[1:17]

12.56 CUDA[1:19]

18.90 CUDA[1:21]

82.12 CUDA[1:23]

10.84 CUDA[1:25]

9.58 CUDA[1:27]

0.43 CUDA[1:31]

oooECooOO

OoooEoooOnO

O

0.00 Master thread
[0 0.00 CUDA[2:7]

O 22.88 CUDAIZ:17]
100.00 CUDA[2:23]
O 0.66 CUDA[2:31]

O 0.00 Master thread
[0 0.00 CUDA[3:7]
O 21.97 CUDA[3:17]
99.02 CUDA[3:23]
[ 0.66 CUDA[3:31]

S R LYY [P S

[0

* 32 nodes: 128 MPI processes/GPUs

— disabled Simulation file writing

* Considerable variations by rank/GPU

— mid-range ranks 49-80 take longer,
partially due to PreSend 17_k1

— PreReceive 23_k1 dominates, but
PreSend 17_k1 also significant

— rank 65 most heavily overloaded,
along with ranks 66 & 60

* apparently due to processing
for iolets at partition edges
(kernels k2 & k3)




HemelLB_GPU Simulation GPU time balance (v1.20a w/o file writing)

7 T T T T T T T |
I 31 kd
I 28_k3
| 27 k3
6 1 26 k2
I 25 k2
I 23 ki
> I 21 k3
1 19 k2
1 17 ki
= 4
L]
E
= 3 ul
0 “ ||
0
0 16 32 43 64 80 96 112 128

Process/GPU rank _

32 nodes: 128 MPI processes/GPUs

— disabled Simulation file writing

Considerable variations by rank/GPU

— mid-range ranks 52-76 take longer,
partially due to PreSend 17_k1

—  PreReceive 23_k1 dominates, but
PreSend 17_k1 also significant

— rank 65 most heavily overloaded,
along with ranks 66 & 60

* apparently due to processing
for iolets at partition edges
(kernels k2 & k3)

— most GPUs idle half of the time!




HemelLB_GPU Simulation GPU time balance (v1.20a w/o file writing)

3500

3000

2500

2000

1500

1000

200

0

Process/GPU rank _

I

0

I

I

16

Il

Il

I

[l

l

Il

48

I

|

I

|

64

|

I

Il

I

80

l

- kermnel time [s]
* blocks
+ fluid sites (k)

| global memory (MBE)

I

I

I

96

I

I

I

112

I

I

n7/

J

Il

-0
128

32 nodes: 128 MPI processes/GPUs

— disabled Simulation file writing

Considerable variations by rank

— GPU global memory correlates with
number of fluid sites

— CUDA kernel processing time
correlates with number of blocks?

— what about iolets?




HemelLB_GPU Simulation CPU file writing balance (v1.20a)

4 | | | | | | | |
| " | | 32 nodes: 128 MPI processes/GPUs
ime [s]
- written [10GB] — 4 writes per rank: MPI_File_write_at
- 6.93 GiB written in total (to 2 files)
3

— 174s total writing time (0.01-3.75)

* 4 procs: 3.555 (0.89-1.05)
* 8 procs: 3.50s (0.44-0.71)
2 « 16 procs: 3.76s (0.24-0.47)

Considerable variations by rank
— erratic writing time
1 * varies from run to run

— time for writing not particularly
correlated with amount written

0 . | . | | | , | | | , | | | , | Also results in additional MPI waiting
0 16 32 48 64 80 96 112 128 before starting next simulation time step

Process rank _




HemelLB_GPU Simulation CPU time balance (v1.20a w/o file writing)

7 |

Time [s]
b

I

f)

Process/GPU rank _

il

16 32 48 64 80 96

I mpi_comm

cuda_sync
I cuda mem
1 CPU comp

32 nodes: 128 MPI processes/GPUs

— disabled Simulation file writing

Considerable variations by rank

— computation time roughly constant,
but noticably higher for highest and
lowest ranks

— CUDA memory management much
higher for processes in the middle

— CUDA synchronization time varies
significantly

—  MPI communication time dominates

* however, almost all waiting time
while GPUs compute kernels




HemelLB_GPU Simulation CPU cudaMemcpyAsync

2.5 | | | | | | | |
| | | 32 nodes: 128 MPI processes/GPUs
DtoH Endlterati . I
I mﬁn Eﬂd.tgiatiﬁﬂ Considerable variations by rank
20 I HtoD PostReceive )
‘ — CUDA memory management time

Time [s]

—  51% PreReceive DtoH
(Read_DistrFunctions_ GPU_to_ CPU _total

1.0
SharedFs)

DioH PreReceive
I HtoD PreSend much higher for processes in the
middle
1.5 Some copies require much longer than
‘ ‘“ others to initiate

—  41% PostReceive HtoD
(Read_DistrFunctions_CPU_to_GPU _total
SharedFs)

I || IIIIlll | Il |I"| IIIII|IIIII ||II | |I|III | II III I"| | I | I II - 4% EndIteration DtoD

0.5

0.0 LILLTERLEER AR AR RN
0 TR — s s es 112 128

Process/GPU rank _ A




HemelLB_GPU Simulation MPlI communication imbalance

12 | | | | + I+ | | | | | |
0 - mpi_comm [s] ]
10 — + Sends [2K] _
Sent [GB]
8_ ]
E_ ]
4__ 1
! Il I
2-- s
o el LT H i s RSt
0 16 32 43 64 80 96 112 128

Process/GPU rank _ R

32 nodes: 128 MPI processes/GPUs
Considerable variations by rank

— ranks 63 & 75 have 12 partners,
whereas several have only one

— most mid-range ranks 57-76 have at
least 6 partners, and also exchange
twice as much data as the others

— however, these mid-range ranks
spend less time (waiting) in MPI
communication




HemelLB_GPU Simulation MPlI communication matrix @ 0 0

Aggregated Message Volume
Receiver

* 32 nodes: 128 MPI processes/GPUs
DSOS EEOREES S STITIY — 4000 MPI_Waitall calls by each rank
3 — 2334-24334 MPI_lsend/Irecv calls (messages)
MPI Rank O

- 1,920 MIB
R L ' * max for ranks 63 & 75
MPI Rank 12 - . 1,760 MiB

Mpl Rank 20 T - 0.03-5.19 GB sent/received
MPI Rank 24 -.-'.-. 1 1,600 MiB

b1 Ranls 25 - * max for rank 65

MPI Rank 36 . ... "::'. = 1,440 MiB

Ny Rank 4 -l * Considerable variations by rank
L 1,280 MiB

MPI Rank 48 .,E!_

MPI Rank 52 L "= . . . . .

MPI Rank 56 'n ' 1,120 MiB -

T heaviest communication for interior processes
. MPI Rank 60 L -

@ MPI Rank 64 "'.-.-'- -
E MPI Rank 68 -~
w MPI Rank 72 .-.n:|:|

MPI Rank 76 ,
MPI Rank 80 800 MiB

MPI Rank 84
MPI Rank 88 640 MiB
MPI Rank 92 . .

MPI Rank 96 -

MPI Rank 100 S - 480 MiB
MPI Rank 104 S

MPI Rank 108 I-;'::-..l. .
MPI Rank 112 - et 320 MiB
MPI Rank 116 - -

MPI Rank 120 1. 160 MiB

MPI Rank 124 . -
MPI Rank 128 =l
0 MiB

960 MiB




Master thread:0
» Master thread:1
» Master thread:2
» Master thread:3
= Master thread:4

CUDA[3:7]:4

CUDA[3:17]:4
CUDA[3:20]:4
CUDA[3:22]:4
CUDA[3:23]:4
CUDA[3:26]:4
CUDA[3:28]:4
CUDA[3:31]:4

« Master thread:5

CUDA[0:7]:5

CUDA[0:171:5
CUDA[0:201:5
CUDA[0:22]:5
CUDA[0:23]:5
CUDA[0:25]:5
CUDA[0:26]:5
CUDA[0:271:5
CUDA[0:28]:5
CUDA[0:31]:5

w Master thread:6

CUDA[1:7]:6

CUDA[1:171:6
CUDA[1:23]:6
CUDA[1:26]:6
CUDA[1:28]:6
CUDA[1:31]:6

» Master thread:7
» Master thread:8

Master thread:4

Master thread:5

Master thread:6

Timeline

216.44 s 216.45s 21646 s 216.47 s 216.48 s 216.49 s 216.50 s 216.51s

216.52 s

216535 216545

S\ & —-_._—!'.—--"_:___,;

_ "— ‘_*_:'._:5—7“; :‘__._;'1'
/

=

L\

,T

[ R R N

| lm:udastnea mSynchronize

| l':udaSh'eamsynchmmze [

| lrcudaStreamsynchmmze

L I R S

0 o~ @ W bW N

0009

Timeline detail of 3 time-steps

2 nodes: 9 MPI processes driving 8 GPUs

monitor rank O not executing simulation

One MPI process (#5) mostly doing CUDA synchronization
in Endlteration & next PreSend actions

others mostly in MPI_Waitall

neighbours waiting for return messages from rank 5
(and their neighbours waiting for them)

Additional CUDA kernels executed by that process/GPU

iolet processing both for domain edge and interior
(both PreSend and PreReceive actions)

Function Legend
~ [l Application
B bool hemelb::lb::LBM<LatticeType>::Read DistrFunctions CPU to GPU_totalSharedFs() [with LatticeType :
[ "] bool hemelb::Ib::LBM<LatticeType>::Read DistrFunctions GPU _to CPU_totalSharedFs() [with LatticeType -
[ virtual veid SimulationMaster::DeTimeStep()
void hemelb::|b::LBM<LatticeType=>::Enditeration() [with LatticeType = hemelb::|b::lattices::D3Q19]
[7] void hemelb::Ib::LBM<LatticeType=::
[ void hemelb::Ib::LBM<LatticeType=::
B void hemelb::lb::LBM<LatticeType=::
~ [l cupa
cudalLaunchKernel
B cudaMemcpyAsync
[7] cudaStreamSynchronize
~ [l CUDA_KERNEL
[7] hemelb::GPU_CollideStream_mMidFluidCollision_mWallCollision sBE

PostReceive() [with LatticeType = hemelb::|b::lattices::D30Q19]
PreReceive() [with LatticeType = hemelb::Ib::lattices::D3Q19]
PreSend() [with LatticeType = hemelb::Ib::lattices::D3Q19]




Notes

* Time for CUDA kernels from each GPU aggregated

— ignores concurrent execution on GPU!
— more v1.20a concurrency results in more kernel execution time dilation?

* GPUs assumed to idle when no kernels executing
— don’t see asynchronous memory transfers on GPU!

* IncompressibilityChecker only executed by (diminishing) subset of processes on CPUs?
— and not every 200 steps?

* MPI File I/0 writing time & bytes by CPUs is imbalanced (particularly at growing scale)
— associated with additional CPU computation and MPI communication time

— but otherwise no apparent impact on CUDA kernels (since GPUs idle)




Comparison

* v1.20a Simulation is faster, particularly with more nodes

— but v1.20b CUDA kernels execute faster and scale better

— however, in both cases they execute less than half of the total Simulation time,
and suffer from progressively worsening load balance (0.5 efficiency with 32 nodes)

* GPU_CollideStream_mMiidFluidCollision_mWallCollision_sBB kernel constitutes most
GPU (non-idle) time: 99% on 1 node decreasing progressively to 92% on 32 nodes
(load balance efficiency of 0.7)

— further load imbalance originates from (less time consuming) iolet kernels

* Simulation is dominated by MPI communication (waiting) time,
with MPI file writing becoming most significant for 16 or more nodes

— v1.20a significantly reduces MPI communication time (particularly without file
writing), despite slightly increasing CUDA overheads




Summary (GPU)

* Good GPU computation scaling, however, ...
* GPU kernel load imbalance is significant

— use alternative decomposition scheme? (such as Zoltan+ParMETIS or ALL)
* likely to require more host memory and longer initialisation time
— revise weighting used by BasicDecomposition?
* currently default is unweighted, but weighted GMY+ should be used instead
* cudaMemcpyAsync becomes expensive when not overlapped with kernels
— particularly Read_DistrFunctions_CPU_to_GPU_totalSharedFs cuMemcpyDtoHAsync

— CUDA-aware MPI should avoid need for these copies between CPU and GPU,
and generally be much more efficient for data transfers between GPUs




Summary (CPU) 000

* Major inefficiencies arise from file /O and non-GPU computation
* GPUs are idle much of the time with CPU-only activities during Simulation DoTimeStep
— periodic property file writing with MPI File I/0 (by all ranks)
* possible to do asynchronously (with dedicated processes/threads)
* or non-blocking MPI_File_iwrite_at (+ MPI_Wait)
— periodic incompressibility check (only by some ranks): may be better done on GPUs?

* Additional ‘monitor’ process is extra complication

— necessary for future coupled codes

* Initialisation of simulation takes a significant time and warrants detailed investigation

— time grows with size of geometry, but not specifically file reading

* investigate additional reader ranks (possibly all simulation ranks)?
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HemelLB_GPU Simulation strong scaling efficiency (v1.20a w/o file writing)

1n 5p 2n9p 4nl1l7p 8n33p 16n65p 32n129p Kle{
10

Simulation time [s] 137.73 82.33 44 .98 21.00 10.87 6.66

Global scaling efficiency 0.68 g:g
— Parallel efficiency 0.68 0.7
—— Load balance efficiency (GPU) 0.95 0.78 0.73 0.73 0.65

—— Communication efficiency (GPU) 0.72 0.73 0.73 0.80 0.92 1.03

— Computation scaling (GPU) - 1.00 0.99 0.98 0.95 0.91 0.87

* Only considering GPUs (ignoring all CPU cores, 90% of which are completely unused)

Parallel efficiency determined by load balance

Single (quad-GPU) node already suffers significant communication inefficiency

— but improves as additional nodes are included?

Load balance of GPUs deteriorates progressively

GPU computation scaling remains reasonably good




HemeLB_GPU Simulation strong scaling efficiency (v1.20a) hybrid CPU+GPU 0009

ln Sp 2n 9p 4n 17p 8n 33p 16n65p 32n 129 Key:

Simulation time [s] 147.87 88.38 48.13 22.66 13.68 11.67 :1[:)

0.9
0.8
0.7

Global scaling efficiency

— Parallel efficiency

—— Load balance efficiency
—— Communication efficiency
— Computation scaling 1.00 1.00 1.06 1.12 1.11 1.07

- CPU+GPU

Global scaling efficiency (CPU)

— Parallel efficiency (CFPU)

—— Load balance efficiency (CFPU)
—— Communication efficiency (CPU)
— Computation scaling (CPU)

- CPU only

File writing scaling 1.00 1.02
— Bytes written scaling 1.00 1.00

Global scaling efficiency (GPU)
— Parallel efficiency (GFU)

—— Load balance efficiency (GPU) . 0.73
—— Communication efficiency (GFU) ﬂ.ﬁ? {].EB ﬂ EE D ?5 0.73
— Computation scaling (GPU) 0.92

- GPU only
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