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Why Energy Efficiency, Why Now? iﬁ\_c;

* Energy = growing bottleneck in HPC scalability
e 20 MW system - 1 MW saved at 5% gain

e Static tuning = low-effort, high-impact solution
* Applicable without modifying scientific code

“If one considers that a machine consumes 20MW, energy
savings of 5—10% are in orders in megawatts...”
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Enhancing the Energy Efficiency of SPACE Apps @E)

T Target: astrophysics
0 SPACE COE.' f)ptlm|z|ng HPC @' applications on modern
o energy efficiency ( ) Architectures

Strategy: static frequency Platforms analyzed: NVidia
' A100, Intel Sapphire Rapids,
tuning using MERIC @ , Intel >apphire Rapids

NVidia Grace
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Tools for energy efficiency evaluation SrAce

B

H2020 READEX (2015-2018): Complex parallel application has different requiréments during READ Ex-
execution, so it gives a possibility to be dynamically tuned for energy savings without A

performance penalty, for Energy-efficient eXascale computing

Example of power consumption timeline of a single node and its components (Gadget)

HDEEM (DDR_GH])
HDEEM (DDR_ABC)

400/ —— HDEEM (CPU1)
_ — HDEEM (CPUO)
55;300 —— _HDEEM (Blade)
o
= 200
o
[a W

100

80 100

Time [s]

0 20 40 60
MERIC runtime system provides dynamic application tuning
* lightweight & easy to install & easy to use
 C/C++ APl and Fortran module ‘ \ /
* MPI, OpenMP and CUDA parallelization _M_T E R I c
e performance and power-aware
* support for a wide range of architectures and power monitoring systems
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Our Approach: Static Tuning + MERIC @_@E)

e Static tuning = set frequency
once at job start

* Metrics tracked: runtime, energy
Hardware ifr’lzwer Monitor- g;);leeiine Power | Tuned Power Knob u Se’ F LO PS / W a tt

Nvidia A100-SXM4 GPU

_ 400 W TDP NVML 600 W SMF (1.41 - 0.21 GHz)

Intel X Max 9468 CPU .
(Sapphie Rapid) + HOM O * MERIC: open-source runtime,
- 48 cores Intel RAPL 190 W . : )

216l ol ey T non-intrusive, SLURM-read
- 3.5 GHz turbo frequency V4 y
(2.6 GHz with all cores utilized)
- 350 W TDP

N Groce CFD * Easily applied across nodes &
- 2x 72 cores (2x Grace CPUs) PDU ) CF (3.3 - 0.9 GHz) .
: 2010(\}7\?% lrs(iaminal frequency J O bS

Table 4: Hardware architectures, available monitoring systems, and tuned power knobs
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Static tuning of HPC applications SrAce

Scope of tunning

"""""""""""""""""""""""""""""""""""""""""""""""""" 1 N
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HDEEM (DDR_G},,
HDEEM (DDR_ABC)
HDEEM (CPU1)
—— _HDEEM (CPUO)
—— _HDEEM (Blade)
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Static tuning of HPC applications SrAce

Scope of tunning

N
T
S,

A |
400 \ ~
Y c
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_HDEEM (DDR_G}

_HDEEM (DDR_ABC)
—— _HDEEM (CPU1)
—— _HDEEM (CPUO0)
—— _HDEEM (Blade)
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Example of static tuning on Gadget SrAce

weorelid 12 14 16 18 20 22 24 1.2 14 16 1.8 2.0 22 24
1.3 1.3
1.5 1.5
1.7 1.7 —4.29
1.9 36.25 1.9 —3.84 —7.02
21 | 7183 5224 4523 36.16 314 27.74 2378 2.1 ~597 -8 .
2.3 t 35197 1= 33:34u 1= 1935 s -0+ 33+ 3 Fhe e e 850 - ~7.07
2.5 6828 46.39 37.38 2044 24.35 17.48 1644 2.5 ~5.89 —5.21
2.6 20.38 17.05 13.32 26 —4.26 1 —6.31
2.7 17.59 ~4.20  —8.45 ~7.99 —6.66
2.8 16.31 & 13.2 —4.8  —6.45 T STASTT TS
2.9 13.99 —583 | —8.07 : —7.52 547 :
3 13.37 _4.14 llllllllll : -
3.1 12.54
3.2 13.67
3.3 13.27

Runtime extension [%] Energy savings [%]
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Example of static tuning on ChaNGa SrAce

ugg;;fé%‘jlﬂ 1.4 1.6 1.8 2 2.2 2.4

1.3 1.3
1.5 839 864 724 982 931 878 1.5
1.7 i 4.52 E Y N L I e (LLLLL e dennnagdipaasnannnnns jaFannnn
1.9 446 412  3.81 1.9
2.1 3.53 2.1 - = 3
2.3 2.3 — = o —19.62
2.5 2.5 = —19.76 —16.47
26 1l = 147 110 —0.11 seeddrdunnnnesldpbdannnnnnnns PDeunnnsn —21.81: —189 —16.07
2.7 2.7 —22.82: —19.46 —16.9
2.8 2.8 : : WO R 17.74 G
> 7o | _oggs Sirignisteesiie. e »
3 3 —16.5
3.1 3.1 —12:11 §
3.2 3.2 (
3.3 3.3

Runtime extension [%] Energy savings [%]
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Hardware Platforms Tested

* A100 GPU (Karolina): flagship accelerator node
* Sapphire Rapids CPU: tested with DDR & HBM

* Grace CPU: ARM-based, power-efficient designAll nodes profiled using node-wide energy metrics

Hardware

Node hardware

System name

Nvidia A100

2x AMD 7763 CPU, 16x DDR4, 8x A100 GPU (with
40 GB HBM2 per GPU)

I'T41 Karolina

Intel Sapphire Rapids

2x CPU, 2x 64GB HBM, 2x 128 GB (DDR5)

IT4I CS

Nvidia Grace CPU

1 x superchip (2x 72 CPU cores) with 2x 120 GB
LPDDR5X

IT4I CS
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Scientific Codes &
Benchmarks

7 codes: Pluto, OpenGADGET, iPIC3D,
RAMSES, BHAC, FIL, ChaNGa

Representative of MHD, N-body, particle &
relativistic codes

Benchmarks: real input cases, 1-5 minute
runs

Full-node usage for both GPU and CPU tests

June 13, 2025

A

Hardware Platform

Nvidia A100 GPU

Sapphire Rapids
w. DDR and HBM

Nvidia Grace CPU

Where

IT4I Karolina
production system

IT4I complementary
system

I'T4I complementary
system

Key features

Evaluation of
accelerated platform

evaluation of modern
x86 CPU and effect of

Evaluation of energy
efficiency of modern

DDR and HBM ARM-based CPU to
memory on energy have comparison with
efficiency x86
Tuning static tuning of GPU | static tuning of CPU | static tuning of CPU
streaming core frequency and core frequency
multiprocessor CPU uncore
frequency frequency
OpenGadget yes yes yes
Pluto yes yes yes
ChaNGa yes yes yes
iPiC3D yes yes yes
RAMSES no yes yes
FIL no yes yes
BHAC no yes yes




A100 GPU — Modest but Measurable Gains i_@;

e —
Set GPU . . Average power Average power CPUs + GPUs En?rgy Node energy Compute
Runtime | Runtime f . savings . node
frequency [s] extension consumption | consumption of the energy for GPUs consumption energy
[MHz] of the GPU [W] CPU [W] consumption [kJ] + CPUs [kJ] savings
at0] _f674] 1000% | 1859 16,4 Ia22 8 007 4353 00%
1350 189.9( 101.3% 172.7 119.0 307.5| 4.8% 421.5 3.2%
1290 192.1 102.5% 160.0 119.6 291.8| 9.6% 407 1 6.5%
1230 197.3] 105.3% 149.0 119.7 282.4| 12.5% 400.8 7.9%
1170 204.3| 109.0% 138.9 120.1 276.1| 14.5% 398.7 8.4%
1110 211.7 113.0% 129.5 119.4 270.0| 16.4% 397.0 8.8%
1050 217.8| 116.2% 1221 119.8 264.8| 18.0% 395.5 9.2%
990 225.7| 120.4% 118.6 119.5 268.1| 17.0% 403.5 7.3%
930 233.8| 124.8% 115.9 119.4 272.8| 15.5% 413.1 51%
870 2351 125.5% 115.0 119.4 272.6| 15.6% 413.7 5.0%
810 250.0| 133.4% 111.1 119.1 281.7| 12.7% 431.7 0.8%
750 265.3| 141.6% 107.6 119.3 291.6| 9.7% 450.8] -3.5%
690 104.4 119.2 301.1] 6.8% | 4694 -7.8% |

Pluto: 9% savings at 13% runtime overhead
OpenGADGET: 7%, iPIC3D: 3—-5%
Power draw far below TDP (e.g., Pluto ~186W)

Tuning worthwhile even with built-in DVFS
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A100 GPU — Modest but Measurable Gains @

B

Set GPU . . Average power Average power CPUs + GPUs Em?rgy Node energy Compute
Runtime | Runtime f . savings . node
frequency extension consumption | consumption of the energy for GPUs consumption ener
[MHz] of the GPU [W] CPU [W] consumption [kJ] [kJ] . 9y
+ CPUs savings

435.3

49 U U 8 4 A 400.8

() )/ NQ _NO, 2 O () 2 / (VA O 2
990]  225.7[ 120.4% 118.6 119.5 268.1]  17.0% 403.5
930]  233.8] 124.8% 115.9 119.4 272.8] 15.5% 4131 51%
870 235.1] 1255% 115.0 119.4 272.6] 15.6% 413.7]  5.0%
810 250.0] 133.4% 111.1 119.1 2817 12.7% 4317 0.8%
750 265.3] 141.6% 107.6 119.3 2916 9.7% 450.8| -3.5%
690 119.2 301.1] 6.8% | 4694 -7.8% |

Pluto: 9% savings at 13% runtime overhead
OpenGADGET: 7%, iPIC3D: 3—-5%
Power draw far below TDP (e.g., Pluto ~186W)

Tuning worthwhile even with built-in DVFS
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* DDR config: 6—14% energy savings
with minimal slowdown

* HBM config: better perf/W,
smaller tuning window

. ChaNGa: 20% energy savings with 2] 1232% VITE% 16 TERS% 140N 1133E 1IA0% TI65% 1207% 1208% 1160%
% | t 1,0) 17.7% 1247% 1238% 1221% 1241% 1359% 1246% 1A% 12556 1264% 1224%
/% longer runtime 07| 1320% 134.3% 1340% 133B% 13STH 1367H 134TH 1IN 1337H 1344% 135N

L 05) 14LE% T4THN 1444% M45EM 485N 150 4TEN 1454% 1461% 14E3N 1452%

* CPU core & uncore tuning is e — E F

impactfu 11
| CFUNCF |
| JGHz] o] 25 24 22 2| 18 18 14 12

O] 100% f02% 00%m  Gre =W &N 24 % 80 % BS %
2| 1% 1M%N M= W% =% 92 &l W 80 % BE %
25 1% 103% 1M®m HW1% ST 2% 0% B % B %
2 1% 1w 0Em Wi W% % % MR R
21 1% 1w T2wm WER O We%h #wh O Wh e mBm%
15 Mm% NFH Mok W% 1% 5% 8B% %

1.4 #% 1M8% 123% "NEk M% 10Th  eh #Fm MR
1.5 4% 122% 130% 125% 119%  194% 108w 103 % os %

11 1089% 133% 142 138 % 12% 116% 2% 1m% 1% 1dM%
1.1] 113 % 123%  136% %  120% 5% 113%
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* DDR config: 6—14% energy savings
with minimal slowdown

* HBM config: better perf/W,

2.5

Sma“er tumng WlndOW 2.8 T4t e 110.1% eSSt 1A 10RFE 10ES5% 111.2% 11300 12t MITEY%
« ChaNGa: 20% energy savings with 2] MZR2% MITE% MBS VRN MAD% 1133 TIA0% 1IEEN 12025 1208% 1180%
o X 18] 1ITT% 1247% 1238% 1224% 1241% 1259% 1246E% 1R44% 1255% 12E4% 1224%
7% longer runtime 17| 1320% 134.3% 1340% 33AM 13STR O 13ETE 134TH O 1ELIW 1337%  1344% 135N
. 46| 184E% 14TER 1484% H85AM 1485% 150.7E 14TEN 145E% 1451% 1453 1453%
* CPU core & uncore tuning is 23 e B E
impactfu 11

| CFAINCF

100% 102% 00% T =% g 24 % 80 % BS % BE N

L

. -

] 109 % 103% J04% 801 % Tl 2% 0% B % B % HE W
2 1t 1w 0Em WiEe W% % % ME R M%
21 1R 1w 2w WE% eh #wh W% HE O mR %
15 Mm% MNFE No% ek 1% 5% 8% M% B% EBh%

1.4 #%h 1M8% 123% NEk MS% O 1NTh mew R MR m% &%
1.5 4% 122% 130% 125% 119%  194% 108w 103 % os % LT o A

11 1089% 133% 142 138 % 12% 116% 2% 1m% 1% 1dM%
1.1] 113 % 123%  136% %  120% 5% 113%
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* DDR config: 6—14% energy savings
with minimal slowdown

* HBM config: better perf/W,
smaller tuning window

* ChaNGa: 20% energy savings with : ; ' ' :
% | t 1,5 11'.r;.1-|. 124.T% 1:3.&. 121-.15& 124, 1% 1:51&. m,m 154,41. 12555. 12-5,1% 12.':.41.
7% longer runtime 17| 1320% 134.3% 13400 133E% 13STR I36TE 134T% 1ELIW 1337 1344% 1EIEW
.. 15 4845% 14TER 1484% H458% 4B 5% 1507 14TE% 1454% 1451% 1453% 145.2%
* CPU core & uncore tuning is e E E F
impactfu 1,1
CFUNCF
HaHz] a 25 2.4 22 2 18 16 1.4 1.2 1 na

O] 100% 102% 0% T =% g 24 % 80 % B8 % BE N
28] 100% 1% 1M% 0% 5N =2 Bl W 80 % BE % HE %

2 1% 1w 0Em Wi W% % % MR R

15 Mm% MNFE No% ek 1% 5% 8% M% B% EBh%

1.4 #%h 1M8% 123% NEk MS% O 1NTh mew R MR m% &%
1.5 4% 122% 130% 125% 119%  194% 108w 103 % os % LT o A

11] 109% 133% 12% 12% 196% 2% 1E% 10E% 104 %
1.1] 113 % 1388 1EI%W 135% JM%w 120% 118%  113%

June 13, 2025




Grace CPU — Energy Efficiency Leader

* OQOutperformed all CPUs in
MFLOPs/W efficiency

* 8-26% savings with <3%
runtime increase

* Up to 30% savings under
relaxed runtime constraints

* |deal for energy-aware
workloads

June 13, 2025

A

Trequancy “”:':']""" .m'.'f:n consumption of | consumptian | node ansrgy | MFLOPS/W
[GHz) the modi [W] [kdJ] aavings
0.00
71.0 102 2%
71.0 102 8% G2l &
I 710 | 1020% AR1A 44,2 10.8%
70 710 | 1020% 447.0 1.7 26 4,
3 &0 720 | 104.9% 7.1
230 750 | 108.7% 388.0
210 750 | 108.7% 363.7
1.80 00 | 117.4% 45,1
170 020 | 118.6% 1373
150 B0 | 120.9%
BE.0
0.0

124 6%

130.4%

3.

312.3




Grace CPU — Energy Efficiency Leader SrAce

* OQOutperformed all CPUs in Sel CPLU Avaragn power | Mode energy | Compaite
MFLOPs/W efficiency Traguaincy Hu:’:r- -irr.:r:n consumption of | consumption | nodes anargy | MFLOPS/W
H thes med i
* 8-26% savings with <3% ke Ll . L

runtime increase

* Up to 30% savings under
relaxed runtime constraints

* |deal for energy-aware
workloads
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Grace CPU — Energy Efficiency Leader

* OQOutperformed all CPUs in
MFLOPs/W efficiency

* 8-26% savings with <3%
runtime increase

* Up to 30% savings under
relaxed runtime constraints

* |deal for energy-aware
workloads

June 13, 2025
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Trequancy “”:':']""" .m'.'f:n consumption of | consumptian | node ansrgy | MFLOPS/W
[GHz) the modi [W] [kdJ] aavings
0.00
71.0 102 2%
71.0 102 8%
710 | 1020%
710 | 1020%
720 | 104.9%

106.7%




Key Takeaways Across Platforms

* Grace: best energy efficiency, scalable tuning

e Sapphire Rapids: tunable, flexible with memory options
* A100: efficient baseline, gains still achievable
* Static tuning: 10—-20% savings, <3% runtime cost

Pluto Open iPIC3D RAMSES BHAC FIL ChaNGa
GADGET

Nvidia | -6% / 103% | 7% / 102% | -3% / 104%
A100 9% / 113% | 7% /102% | -5% / 111% - - - -
SPR w. | -9% / 102% | 7% / 102% | -7% / 102% | -6% / 102% | -10% /103% | -6% / 102% | -14%/ 103%
DDR -10% / 106% | -7% / 102% | -9% / 108% | -7% / 104% | -14% /110% | -7% / 103% | -20% / 107%
SPRw. | -4% / 101% | -9% / 94% | -7% / 101% | 7% / 102% | -4% / 99% | -4% / 100% | -12%/ 102%
HBM 6% / 105% | -11% / 98% | -7% / 101% | -8% / 104% | -4% /99% | -6% /104% | -13%/ 103%
Grace 222% /101% | -13% /103% | -9% / 103% | -19% /101% | -26% /103% | -8% / 102% | -16% / 102%
CPU -35% /122% | -33% /128% | -29% /126% | -28% /137% | -36% /109% | -20% /117% | -30% / 110%
Cascade | -6% /102% | -9% /103% | -6% / 101% | -7% /102% | -5% /102% | -3% / 102% | 30% /102%
Lake -12% /126% | -12% /130% | -13% /115% | -11% /123% | -11% /118% | -13% /127% | 36% / 110%
D2.2%

June 13, 2025




Key Takeaways Across Platforms
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Pluto
Nvidia -6% / 103%
A100 -9% / 113%

CXT YT
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Key Takeaways Across Platforms

* Grace: best energy efficiency, scalable tuning

e Sapphire Rapids: tunable, flexible with memory options

* A100: efficient baseline, gains still achievable
* Static tuning: 10—-20% savings, <3% runtime cost

Pluto Open iPIC3D RAMSES BHAC FIL ChaNGa
GADGET

Nvidia | -6% / 103% | -7% / 102% | -3% / 104%
A100 9% / 113% | 7% /102% | -5% / 111% - - - -
SPR w. | -9% / 102% | -7% / 102% | 7% / 102% | -6% / 102% | -10% /103% | -6% / 102% | -14%/ 103%
DDR -10% / 106% | -7% / 102% | -9% / 108% | -7% / 104% | -14% /110% | -7% / 103% | -20% / 107%
SPR w. | 4% /101% | -9% / 94% | 7% / 101% | -7% / 102% | -4% / 99% | -4% / 100% | -12%/ 102%
HBM 6% / 105% | -11% / 98% | -7% /101% | -8% /104% | -4% /99% | -6% / 104% | -13%/ 103%

Cascade
Lake
D2.2*

-6% /102%
“12% /126%

-9% /103%
-12% /130%

-6% / 101%
-13% /115%

% /102%
-11% /123%

5% /102%
-11% /118%

3% / 102%
-13% /127%

30% /102%
36% / 110%
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Key Takeaways Across Platforms

* Grace: best energy efficiency, scalable tuning

e Sapphire Rapids: tunable, flexible with memory options

* A100: efficient baseline, gains still achievable

* Static tuning: 10—-20% savings, <3% runtime cost

Pluto Open iPIC3D RAMSES BHAC FIL ChaNGa
GADGET
Nvidia 6% /103% | -7% /102% | -3% / 104%
A100 9% / 113% | -7% /102% | -5% / 111% - . - - - -
SPR w. | -9% /102% | -7% /102% | -7% / 102% | -6% / 102% | -10% /103% | -6% / 102% | -14%/ 103%
DDR -10% / 106% | -7% / 102% | -9% / 108% | -7% / 104% | -14% /110% | -7% / 103% | -20% / 107%
SPR w. | -4% / 101% -9% / 94% 7% / 101% | -7% / 102% -4% / 99% -4% /100% | -12%/ 102%
HBM 6% / 105% | -11% / 98% | -7% / 101% | -8% / 104% | -4% /99% | -6% / 104% | -13%/ 103%
ace -229, 01 % - 7 03% -9% 03% -199% N1 % -26 % 3% -R9, 2%, -16% 02%
| crPu

ascade -b70 Uz70 =970 Uo70 -070 U170 =70 U270 =-92/0 U270 -37/0 Uz70 U70 Uz70
Lake -12% /126% | -12% /130% | -13% /115% | -11% /123% | -11% /118% | -13% /127% | 36% / 110%
D2.2*
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Practical Relevance for HPC Operations @_@E)

* 5% savings=1 MW on a 20 MW system
* Job-level tuning via MERIC + SLURM = no code change
* Immediately deployable across architectures

“...can be applied job-wide using a job
scheduler.”
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Final Thoughts and What’s Next SrAce

e Static tuning = ready-to-use, impactful optimization method
* Works on diverse codes and hardware platforms

e Future: dynamic tuning with real-time adjustments

* MERIC supports both static and dynamic strategies

June 13, 2025
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