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Heterogeneous Bottlenecks
architectures CPU HBM

Multi-core
Energy

_ efficiency
Supercomputing

How can we efficiently do
computational science? "

Interconnect
DDR5 Architecture

Threading

GPU Compiler choice

NUMA Bandwidth



FLASH and our Supernovae Application
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Development started in 1998
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Funded by the DOE under ASCI program

Took 20 years and ~135 person-years to create
the base version (i.e. not including group-specific
features)

Won SC2000 Gordon Bell Prize

ACM Gordon

Bell Prize

Over 100 yearly citations since 2009
Designed for compressible reactive flows
Astrophysics to High Energy Density physics

Federrath, C., Klessen, R.S., lapichino, L. et al. The sonic scale of interstellar turbulence.
Nat Astron 5,365-371 (2021). https://doi.org/10.1038/s41550-020-01282-z




Shortly: Relativistic accretion onto NS
1=0.09(5) 1=0.12(s) t=0.16(s) {=0.19(s) (=0.22(s) 1=0.26(5)

A Gravitational collapse/Jeans
fooio kil —————

Wave breaking on white dwarl -\[ylti-scale, multi-physics, parallel simulation code
Written primarily in modern Fortran + MPI
PARAMESH adaptive-mesh library
Scales and performs well: suitable for 3-d
Not optimized for any one architecture
Can only use CPUs
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Orszag/Tang MHD ‘. -
vortex Richtmver-Meshkov instability

Cellular detonation Helium burning on neutron stars

Maanetic Ravieiah-Tavlor



n.m Adaptive mesh grid — computation and memory increase with time
L2 Pass blocks to MPI ranks (cores)
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Type la Supernovae

Bright stellar explosions!

Applications throughout astrophysics

Modeling requires multiple physics solvers:

e Hydrodynamics
o Compute-heavy, local communication
e Gravity
o Global communication
e Flame & Nuclear fusion
Turbulence
e Grid Refinement
o Block redistribution



Avalilable Architectures



Architectures

2 campus clusters!

39 SEUUIULF

W4 Intel Sapphire Rapids w/ HBM nodes
48 AMD Milan nodes

64 Intel Skylake nodes
164 Intel Haswell nodes
~ 4 PB of GPFS storage

.~

o 0

."\

NN

e e
) )

j 1\‘[1

74 Fujitsu A64FX-700 nodes

e ~800 TB of Lustre storage

TFACCESS resource



Architectures

Launch NUMA

CPU Architecture Sockets : Cores Freq.(GHz) RAM (GB) LLC (MB) InfiniBand
Date Regions

Intel Xeon Max 9468 256 DDR5 L3, 105

"Sapphire Rapids w/ HEBM® 202 2 § B WA M e RGN
e 2017 2 N/A 40 2.4 192DDR4 13,275  FDR (56 Gb/s)
Skylake

i e e 2021 2 8 9% 151923 256DDR4 =32 HDR (100 Gb/s)
Milan (6 cores)

Fujitsu A64FX-700 2019 1 - 48 1.8 32 HBM L5 HDR (100 Gb/s)

(48 cores)




Architectures

Launch NUMA

CPU Architecture Sockets : Cores Freq.(GHz) RAM (GB) LLC (MB) InfiniBand
Date Regions

Intel Xeon Max 9468 256ﬁ L3, 105

"Sapphire Rapids w/ HBM" e 2 g > U0~ 128JHBA (48 cores) NDR (400 Gb/s)
e e 2017 2 NA 40 24 192DDR4 13,275  FDR (56 Gb/s)
Skylake

i e e 2021 2 8 9% 151923 256DDR4 =32 HDR (100 Gb/s)
Milan (6 cores)

Fujitsu A64FX-700 2019 1 4 48 1.8 32@ L2,8 HDR (100 Gb/s)

(48 cores)




SPR Configuration: Flat Mode in SNC4 Clustering

Both DDR5 and HBM are available as RAM
4 NUMA regions per CPU, each with 12 cores, 16 GB HBM, and 32 GB DDR5

HBM Die
16GB

Controller Controller

Memory Memory Memory Memory
Controller Controller Controller Controller




SPR Configuration: Flat Mode in SNC4 Clustering

S numactl -H
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SPR Configuration: Flat Mode in SNC4 Clustering

In this configuration, numa node 0 is local DDR, and node 8 is local HBM
Nodes 0-7 are DDR5 and have compute cores, Nodes 8-15 are HBM

HBM Die HBM Die HBM Die
16GB 16GB 16GB

Controller Controller Controller

Memory Memory : Memory Memory
Controller Controller Controller Controller

HBM Die HBM Die
16GB 16GB




SPR Configuration: Flat Mode in SNC4 Clustering

Prioritize HBM by adding numactl --preferred-many=8-15 to your run/MPI
runtime call

mpiexec -n 96 numactl --preferred-many=8-15 ./flash4



Test Problem



Type la Supernovae: Choosing a Test Problem is Hard

e 3D Type la Supernova Explosion
e In the middle of explosion, so all physics units computing

e 220 GB (~180 GB for FLASH, the rest for MPI, etc) to fit in DDRS
o 1 SPR node has 256 GB DDR5, 128 GB HBM
o Refined the grid to give 330,000 3D blocks

e Ran for 20 timesteps, 10 grid refinements
o 20 minutes on 96 cores, enough time for data collection

Looked at strong scaling, computational efficiency, and energy consumption



Type la Supernovae: Test Problem

Memory footprint increases with # cores
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Data Collection



Runtime Measurements

Run the same simulation 7 times on the same node/group of nodes

Take the reported max evolution runtime, so initialization, 1/O, etc. are not included, of
each simulation and average them together



Power Measurements — SeaWulf

Collect power usage data from ipmpitool, every minute, for each node.
Average over each sim, remove first and last data points for warm-up / cool-down dips.
Calculate energy used by each node (avg power*runtime) and sum over all nodes.

900 -

800 -

700 -

600 A

500 A

28 15:30 28 16:00 28 16:30 28 17:00 28 17:30 28 18:00 28 18:30 28 19:00 28 19:30



Power Measurements — Ookami

XDMoD gives the average per-node power over the run. Power consumption is stable.
Energy consumption = avg power per-node * # nodes * runtime

| Accounting data || Executable information || Summary metrics ‘ Detailed metrics

Device « | Average Count Standard Dev.
b (] block
b [CJcpu
4 ipmi
4 —power
=] max 111.71428571429 21 8.210620300214
= mean < __111.61656746032 21 8.23863288545
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Results!



Strong scaling — SeaWulf

Max evolution runtime (log(s))

(‘milan’, ‘aocc')
(‘milan’, 'gcc’)
(‘'sapphire’, 'gcc')
(‘'sapphire’, ‘gcchbm’)
(‘'sapphire’, 'intel')
(‘'sapphire’, 'intelhbm’)
('skylake’, 'gcc')
(‘'skylake’, 'intel’)
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Strong scaling — SeaWulf

(‘milan’, 'aocc’)
(‘milan’, 'gcc’)
(‘'sapphire’, 'gcc')
(‘'sapphire’, ‘gcchbm’)
(‘'sapphire’, 'intel')
(‘'sapphire’, 'intelhbm’)
('skylake’, 'gcc')
Skytake'-lintel')

Max evolution runtime (log(s))
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The fix: ——map-by numa

Weirdness only happens when using HBM on < full-subscription with GCC compiler

i -®- ('sapphire’, 'gcchbm’)
30000 1% -¥- ('sapphire’, 'gcchbmnuma’)
‘\‘ -8~ ('sapphire’, 'intelhbm’)
250004y \ -4~ ('sapphire’, 'intelhbmnuma’)
\

20000 A

15000 -

10000 -

Evolution Runtime (s)

5000 -

N
N

20 40 60 80 100
Cores



The "Magic” Runtime Flag —-map-by numa
Default bindings look the same as numa bindings, so not sure why this fixes things...

Rank 0 bound to socket O: [B/B/B/B/B/B/B/B/B/B/B/B/./.1. 1L L1 L LS LSS LSS LSS TS LS LSS LSS LSS LSS LS LSS LSS LSS SS LSS LSS LSS LS LSS LSS LSS ST ]
Rank 1 bound to socket O: [././././.1.1.1.1.1.1.1.1B/B/B/B/BIB/B/B/B/BIB/B/.I.[.L1LLLLLLL LSS LSS LSS SSSIA LSS LSS LSS LSS LS LSS LSS LS LSS LSS LS LSS LSS LTS ]
Rank 2 bound to socket O: [./././.0.L1LLL L0 0.0.0.0.1./1B/B/B/BIB/B/B/B/B/B/B/B/.1AL AL LLLLSSIA LSS LSS LSS LSS LS LSS LS LSS LSS LSS LS LSS LSS LSS ST ]
Rank 3 bound to socket O: [././.L.0 LA LSS L L0 0 000.00.0.0.0.0.0.0.1.1./B/B/B/B/B/B/B/B/B/B/B/BI[./.1.0A 0L 1AL LS LS LSS LSS LSS L]
Rank 4 bound to socket 1: [././LLLLLLLLLLL LD L L0 .1.0.][B/B/B/B/B/BIB/BIBIB/BIB/.L.1L AL LSS LS00 ]
Rank 5 bound to socket 1: [././L0LLLLL AL L L L L L L1 1BIBIBIB/BIB/BIBIB/BIBIB/ .11 1A LA LS d A0 ]
Rank 6 bound to socket 1: [././0LLLLLLLLL LD L L L L LSS LY. /B/B/B/B/B/B/B/B/B/BIBIB/.1.[.1.1.1.1.0.1.1.1.1]
Rank 7 bound to socket 1: [././L0LLLLL AL L L L L L L L L L L L LY 010 .1.0.1.1./B/B/B/B/B/B/B/B/B/B/B/B]
Rank 8 bound to socket 0: [B/B/B/B/B/B/B/B/B/B/B/B/./.1. 1 0LLLLL L LSS LSS LTSS TS LS LSS LS SIA LSS LSS LSS LSS LS SSSSSS LSS LSS LSS LS LSS LSS LSS ST ]
Rank 9 bound to socket O: [././././.1.1.1.1.1.1.1.1B/B/B/B/B/B/B/B/B/BIB/B/.I.[.L1LLLLLLL LSS LSS LSS LS SIA LSS LSS LSS LSS LS LSS LSS LSS LSS LSS LS LSS LSS TS ]
Rank 10 bound to socket O: [./././.L0LL L0 1.0..1.0./B/B/BIBIB/BIBIB/BIB/BIB/.LLAL 1AL LSSSS LSS LA LSS LSS LS LSS LSS LSS LSS SSL LS LSS LSS AT L]
Rank 11 bound to socket O: [./././.0L L LSS L L1 AL L0000 00010 .1.0./BIB/B/BIB/B/BIB/BIB/B/B[./.1.1A 1AL LS LS L LSS LSS LSS LA ]
Rank 12 bound to socket 1: [././/LLLLLL L L L L L L 00 .][B/B/B/B/B/B/B/BIB/BIBIBL.LL L LA LA L LSS LSS LSS LS L]
Rank 13 bound to socket 1: [././.00 L L L L L L[ /BIBIB/B/BIB/B/B/B/BIB/B/.I.A. 1A d L 1AL ]
Rank 14 bound to socket 1: [././/LLLLLLLL L L L L L LSS .1 .1.1./B/B/B/B/B/B/B/B/B/B/B/B/./.1.1.1.1.1.1.1.1.1.1]
Rank 15 bound to socket 1: [././.00 L L L L AL L L L LSS .1./B/B/B/B/B/B/B/B/B/B/B/B]
Rank 16 bound to socket 0: [B/B/B/B/B/B/B/B/B/B/B/B/.I.LL1L L1 LIS LSS LSS LSS LS LSS LSS LSS LSS LSS LSS LSS LS LSS LSS LSS LS SL LSS LSS S LSS ]
Rank 17 bound to socket O: [././././.1.1.1.1.1.1.1.1B/B/B/B/B/B/B/B/B/BIB/B/.I.1.1.1LLLLLL LSS LSS LSS LSS S LSS LSS LSS LSS LS LSS LSS LSS SS LSS LSS LSS S AL
Rank 18 bound to socket O: [./././.L1LLLLLLLL L0 .0..1.1./B/B/BIBIB/B/BIB/BIB/BIB/.LLAL LA LLLSSLS LSS LA LSS SS LSS LSS LSS LSS LSS LSS LSS LSS AL ]
Rank 19 bound to socket O: [./././.0L L L 00 000.00.0.0.0.1.0.1./1B/B/B/B/B/B/B/B/BIB/B/BI[./.LA LA L L L L LA LL LS ]
Rank 20 bound to socket 1: [././/LLLLLL L L L L L L 010 .][B/B/B/B/B/B/B/BIB/B/BIBL.LL L AL L LS L LSS LSS S L]
Rank 21 bound to socket 1: [././.00 L L AL L L [0 /BIBIB/B/BIB/B/B/B/BIB/B/.I.A 1A d L 1AL d ]
Rank 22 bound to socket 1: [./.L0LLLLLL L L L L L L L L LD LT .1 .1.1./B/B/B/B/B/B/B/B/B/B/B/B/./.1.1.1.1.1.1.1.1.1.1]
Rank 23 bound to socket 1: [././.0L L L L L L L L L L LA .1./1B/B/B/B/B/B/B/B/B/B/B/B]



Comparing other configurations to the best

Ratio of max evolution time of configuration : max evolution time of SPR + Intel
compiler + HBM + NUMA mapping

2.75 1

2.50 -

Ratio of max evolution runtime (s)

1.25 A1

1.00 -

2.25

—o— ('milan’, 'aocc’)

—¥— ('milan’, 'gcc')

—&— ('sapphire’, 'gcc’)
(‘'sapphire’, 'gcchbmnuma’)
('sapphire’, ‘intel')

Baseline Runtime, Ratio = 1
/ SPR + Intel + HBM + NUMA




Ratio of max evolution runtime (s)

Comparing other configurations to the best

Ratio of max evolution time of configuration : max evolution time of SPR + Intel
compiler + HBM + NUMA mapping

—o— ('milan’, 'aocc’)

2.75 41 —%— (‘milan’, 'gcc’)

—&— ('sapphire’, 'gcc’)
(‘'sapphire’, 'gcchbmnuma’)

2.50 1 ('sapphire’, 'intel')

2.25
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| . Milan scales worse than SPR

/ as you scale across nodes
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Ratio of max evolution runtime (s)

Comparing other configurations to the best

Ratio of max evolution time of configuration : max evolution time of SPR + Intel
compiler + HBM + NUMA mapping

—o— ('milan’, 'aocc’)

2.75 41 —%— (‘milan’, 'gcc’)

—&— ('sapphire’, 'gcc’)
(‘'sapphire’, 'gcchbmnuma’)

2.50 1 ('sapphire’, 'intel')

2.25 4
—___ Milan native compiler

2.001 . perfor.ms worse than gcc
- compiler
1.75 \
1.50 r; | >
el ————= 1 __ Butlintel native compiler
I performs better than gcc

it compiler




Comparing other configurations to the best
Ratio of max evolution time of configuration : max evolution time of SPR + Intel

compiler + HBM + NUMA mapping

2.75 1

2.50 -

Ratio of max evolution runtime (s)

1.25 A1

1.00 -

2.25

—o— ('milan’, '‘aocc’)

—¥— ('milan’, 'gcc')

—&— ('sapphire’, 'gcc’)
(‘'sapphire’, 'gcchbmnuma’)
('sapphire’, ‘intel')

—

-

HBM is ~25% faster, but
only with full-subscription
and multi-node (why?)



Ookami: A64FX-700 — Strong Scaling
Small 32 GB/node, need at least 21 nodes, 36/48 cores per node

Good scaling across the machine!

900 A

—-== ('sapphire', 'gcchbmnuma') 192 cores
----- (‘'sapphire', ‘gcchbmnuma‘) 384 cores
800 - —$— ('a64fx’, 'gcc’)

—¥— ('ab4fx’, 'gccnuma’)

700 A

600 -

Max evolution runtime (s)

1000 1500 2000 2500 3000 3500 4000 4500
Cores



Ookami: A64FX-700 — Strong Scaling

Max evolution runtime (s)

900 A

800 A

700 A

600 -

500 -

400 A

300 A

—-== ('sapphire', 'gcchbmnuma') 192 cores
----- (‘'sapphire', 'gcchbmnuma') 384 cores
—$— ('a64fx’, 'gcc’)

—¥— ('ab4fx’, 'gccnuma’)

1000 1500 2000 2500 3000 3500 4000 4500
Cores

—-—map-by numa
decreases
runtime variance,
and overall
runtime.
Explicitly placing
memory closest
to core that’s
using it = smaller,
more consistent
runtimes



Ookami: A64FX-700 — Strong Scaling

Max evolution runtime (s)

900 A

800 A

700 A

600 -

500 -

400 A

300 A

—-== ('sapphire', 'gcchbmnuma') 192 cores
----- (‘'sapphire', 'gcchbmnuma') 384 cores
——— ('a64fx’, 'gcc’)

—¥— ('a64fx’, 'gccnuma’)

1000

1500

2000 2500 3000 3500 4000 4500
Cores

Comparable
performance
to SPR, but
using 10x as
many cores



What about efficiency?

Increasing # of cores — Corresponding decrease in runtime
2x cores = Y2 runtime

CPU time is scaled by 2* 72 = 1

Look at the Maximum Cell CPU Time per Timestep (MCCTT)

MCCTT = Evolution runtime * # cores / # cells / # timesteps

|deally, MCCTT would remain constant as you increase # of
cores

Block
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Computational Cells




What about efficiency?

Interestingly, these all increase within a node?
SPR stays more level than Milan when going to multi-node — 4x faster interconnect?

% 104 —&— ('milan’, '‘aocc’)
‘T —4$— (‘'milan’, 'gcc’)
8 9 —#— ('sapphire’, 'gcc’)
§ -4~ ('sapphire', 'gcchbmnuma’)
8 o —&— ('sapphire’, 'intel')
g ~&- ('sapphire’, ‘intelhbmnuma’)
Y ('skylake’, 'gcc') /
& 7 (‘skylake", ‘intel’)
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Changes in clock speed

On SPR, idle cores are held at 3.5 GHz. On Milan, idle cores have lower frequency
Using more cores decreases the clock speed
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What about efficiency?
MCCTT 10x worse on Ookami, because you need to use 10x more cores

—&— ('ab4fx’, 'gcc’)
50 1 —— ('ab4fx', 'gccnuma’)

45 A

40 -

35 A

30 A

25 A

Max evolution CPU time, per cell per timestep (1073 s)

20 -

1000 1500 2000 2500 3000 3500 4000 4500
Cores



Core-spread

Increasing MCCTT gave the idea — what if we spread cores across nodes?
192 cores total, spread across nodes

. -®- ('sapphire', 'gcchbmnuma’)
s Full subscription  —¢ (sapphire', ‘gccnumar)
@
> 600 -
E
1=
e
S 550 -
-
g
Q
s 500 -
=
Quarter Highth
450 - (@
2 4 6 8 10 12 14 16



Core-spread

Increasing MCCTT gave the idea — what if we spread cores across nodes?
192 cores total, spread across nodes

-®- ('sapphire’, ‘gcchbmnuma’)
650 - —¥— ('sapphire’, 'gccnuma’)
)
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E
-
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Core-spread

Using the same # cores spread across multiple nodes improved performance!
Diminishing returns, but from full to half subscription, 20% faster

. -®- ('sapphire', 'gcchbmnuma’)
s Full subscription  —¢ (sapphire', ‘gccnumar)
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Changes in clock speed

On SPR, idle cores are held at 3.5 GHz. On Milan, idle cores have lower frequency
Using more cores decreases the clock speed
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What can this tell us?

The speedup isn'’t just from the clock speed — core spread works on Ookami too,
which has a fixed clock speed

The more cores you use on a node, the more cores that share memory. So less
cores = less memory contention

BUT this isn’t the most practical way to run our application because using all
available cores on a node is always faster

Bottom line: core spread is interesting, but not practical



Not the full picture — what about energy??



SeaWulf — Energy Consumption

Energy (log (Wh))
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(‘skylake’, 'gcc')

(‘skylake’, 'intel’)

. Energy

minimum!

50 100 150 200
Cores

250 300 350 400



Ookami: A64FX-700 — Energy Consumption

—-—~ ('sapphire', ‘gcchbmnuma') 192 cores
----- (‘'sapphire’, ‘gcchbmnuma’) 384 cores
——— ('ab4fx’, 'gec’)

1400 1 —%— ('a64fx’, 'gccnuma’)

Power per node:
e SPR:950W
o AG4FX: 120 W

1600 A

1200 -
r
el
— 1000 -
o
@ Uses 1.5x more
“' 800 —— energy than
- SPRto achieve
600 - the same
runtime
I e A S N A e R A A (Kind of impressive

————————————————————————————————————————————— considering you’re

- ' ' - ' ' ' ' using 10x cores)
1000 1500 2000 2500 3000 3500 4000 4500

Cores




Conclusions

When moving to 3D, communication rather than computation bottleneck

HBM provides a speedup, but only in some cases

Native Intel compiler is faster, but native AMD compiler is not

Using --map-by numa produces faster and more consistent runtimes
Spreading cores across nodes improves performance, but it's always better to
use all cores on a node if you have them.

AB4FX can produce same performance as SPR, but with 10x cores
o Needs 1.5x more energy

Supercomputer Fugaku and A64FX-1000 may offer the best solution?
o  Custom Tofu-D interconnect for communication

o 20% faster clock speed than A64FX-700
o Additional assistant cores
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Profiling

Communication is the bottleneck

burn gravity Barrier Grid_conserveFluxes
3.5% 4.9% gravity 24.8%
flame 6.9% I0_output
12.1% 0.5% hy_ppm_updateSoln

2.8%

Grid_updateRefinement

13.3% 12:2% %05

urb 9 6% hy_block 14,29 f

— ———— | 1.9% guardcell Barrier

0.4% compute dt

2.4%

41.7%

48.8% guardcell internal
. (]




Guardcell filling

Each 3D block has 16”3 = 4096 interior cells, and 24”3 - 16”3 = 9728 guard cells
4 guard cells deep on each side

o

Guard Cells Interior Cells



