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Basic terms

» Energy consumption
= Energy efficiency
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Energy consumption

= Energy [J] = Power [W] X Time [s]
=1 Wx1s=1]
=1 Wx1h=1Wh= 36001
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Figures: Luis Cruz, TU Delft
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Energy consumption: Measurement
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Figures: Luis Cruz, TU Delft
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Energy efficiency

= Performance per watt

» Energy efficiency [ / ] = /
= FLOPs = FLoating-point OPerations per second

= Energy efficiency [FLOPs/Watt] = Operations [FLOP] / Energy [J]
=1J=1Wx1s

= Performance can be measured in other units depending on the context

= | attice updates per second (LUPs) for Lattice-Boltzmann simulations
» Energy efficiency [LUPs/Watt]

50TH VI-HPS TUNING WORKSHOP (GWDG, GOTTINGEN, GERMANY, 31 AUGUST - 4 SEPTEMBER 2026) 5



Energy efficiency: Performance
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» FLoating-point OPerations per second (FLOPs)

= Measurement of floating-point operations via dedicated counters and APIs

» perf_events
= Evaluation of FLOPs (Intel CPUs):

event name FLOPs/inst #inst. FLOPs
SCALAR_DOUBLE 1 7240374183451 | 9164881641636
SCALAR_SINGLE 1 154346452896 154346452896
128B_.PACKED_DOUBLE 2 557726129284 1115452258568
128B_.PACKED_SINGLE 4 254594513 1018378052
256 B_PACKED _DOUBLE 4 2725451737 10901806948
256 B_PACKED_SINGLE 8 0 0
512B_PACKED_DOUBLE 8 0 0
512B_PACKED_SINGLE 16 0 0
Runtime [s] 105.38 Sum [FLOPs] | 8522093079915
GFLOPs/s 80.87
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Energy efficiency: The Green500 list

Energy
Rmax Efficiency
TOP500 (PFlop/ Power || (GFlops/ . . _
Rank Rank System Cores s) (kW) watts) Energy effwlency _
LINPACK performance Ry qx
1 259 19 584 450 47 72.733 - —
Average power consumption P(R,qx)
ParTec/EVIDEN
German .
! Power measurement tutorial for
y) 148 47328 9.86 160 70.912 Green>00:

https://www.top500.org/files/green50
O/tutorial.pdf

Bull

France
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Power monitoring
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Components of a compute node

= CPUs, GPUs, DRAMs, and other on-node components (e.g., NIC)
= Example of an accelerated node of LUMI-G:

2978x e

ponooon
’lX o o O Y O Graphics
a =) | 2 X Compute
64 cores = Die (GCD)
AMD EPYC & = 4)( oo OO OO oD per module
7A53 000000 8x per compute node
AMD MI250x [ 0 e e
GPU modules
per nodes
16GB
oo OO OO DE—4X HBM2e
64 GB stacks
8 DDR4 64 GB per GCD
200 GB/s
X memory HPE Cray 128 GB per module
512 GB total Slingshot-11
interconnect

4x per compute node

C——> Infinity fabric GPU-GPU
50+50 GB/s

@ Infinity fabric CPU-GPU
36+36 GB/s

Cray Slingshot-11 interconnect
25+25 GB/s

Figures: LUMI supercomputer, LUMI consortium
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In-band and out-of-band power monitoring

= In-band Nl cw User - Space
= Part of an internal infrastructure of the given component/device S ‘
= Hardware registers / performance counters |
= VVendor specific BMC ’JE’El PE| PE3
= Examples: RAPL, NVML, AMD (ROCm) SMI VR~ VR R
Psu Hococ:
= Qut-of-band '
» Dedicated and independent device that monitors other components
= No overhead
» Fine-grain power measurement (usually) % S
= Custom sensors User [Dambasd |Administrator]l gy | ooor >Pace
= Examples: HDEEM, HPE iLO (IPMI/Redfish) Remote HW
Management Node|

Ty R A A
HDEEM L ﬁ il
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Power monitoring systems

Intel RAPL In-band
AMD RAPL In-band
NVML In-band
AMD (ROCm) SMI In-band
HWMON In-band
A64FX In-band
HDEEM Out-of-band
IPMI / Redfish Out-of-band

Intel CPUs

AMD CPUs

NVIDIA GPUs

AMD GPUs

Universal, e.g., NVIDIA Grace and GraceHopper
Fujitsu ARM CPUs

Bull Sequana X1000, B700
HPE iLO

Some of the in-band systems above monitor several power domains (e.g., cores, package) including memory
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Power monitoring of a compute node and its components

AMD SMI (ROCm)

Top view showing water cooling of all components

— IPMI / Redfish (HPE iLO)

AMD RAPL
No power No power No power
monitoring monitoring monitoring

Figure: HPC Cray, OLCF Frontier
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Node power baseline

= Power monitoring is not available for every component of a compute node

» Entire node can be monitored (IPMI / Redfish)
= Low frequency power monitoring (around 0.1 to 1 Hz) in comparison with high frequency systems
(e.g., Intel RAPL 1 kHz)
= Unreliable for short and medium-length runs

= Node power baseline
= Power of the remaining on-node components with no dedicated power monitoring system
= System-specific value
= Estimated from the node power monitoring and available component monitoring (RAPL, NVML,
etc.) by loading the node by a uniform workload

= Example of a calculation of the total energy consumption on LUMI-G:
= Node energy = AMD RAPL (CPUs) + AMD ROCm (GPUs) + (power baseline x time)
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Node power baseline: Example from Karolina ACN (GPU load)

ActiveGPus | o/8 | /8 | 2/8 | 3/8 | a8 | s5/8 | e/8 | 7/8 | 88

55 54 54 54 54 56 398 397 398
m 52 52 51 51 51 397 398 396 397
m 51 51 51 50 50 51 51 55 398
m 52 52 51 51 51 52 52 398 399
m 53 60 398 398 398 398 398 398 398
m 52 398 397 398 398 397 398 397 398
m 55 54 54 57 396 398 398 398 398
m 52 52 51 398 398 394 394 393 398
m 92 94 92 94 96 97 96 99 99

Idle

m 95 95 99 99 98 98 102 100 102
m 187 189 191 193 194 195 198 199 201
m 422 773 1107 1457 1796 2143 2487 2832 3184
1129 1490 1842 2210 2570 2930 3290 3650 4010
1298 1650 1990 2338 2685 3031 3385

I Y Y Y Y Y Y B T
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Power management




Power management

< XNARTYALANSTITYUTE -~ HIGH-PRODUCTIVITY SUPERCOMPUTING

= Control of the power (energy) consumption

= CPUs

= Core frequency [Hz]
= Uncore frequency [Hz]
= Power limit [W]

= GPUs

» Streaming-multiprocessor frequency [Hz]
= Memory frequency [HZz]
= Power limit [W]
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Intel CPUs: Uncore frequency

» Frequency of subsystems in the CPU package shared by multiple CPU cores
= Last-level cache, on-chip ring interconnect, integrated memory controllers, etc.
= The uncore subsystem occupies approximately 30% of the chip area

= Intel Model-Specific Registers (MSRs)
= MSR 0x620: MSR_UNCORE_RATIO_LIMIT

= AMD - Data-fabric frequency
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Uncore frequency: Intel Granite Rapids

Figure: Intel® Xeon® 6+ Processors, Intel Corporation
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Workload boundedness

= Memory-bound, compute-bound, I/O-bound, communication-bound, etc.

an

T e [ 120
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Arithmetic intensity 1/9

0.1-1.0 flops per byte Typically < 2 flops per byte 0O(10) flops per byte
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Arithmetic intensity 2/9
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i A i

SpMv
BLAS1,2

Stencils (FDEs)

LTI, P

Particle
Methods

FFTs, se
Lattice Boltzmann Spectral Methods Algebra
Methods )
J J
Al Y
o(1) O( log(N} ) O(N)
e
Tk ke _
i -
i - e =
e ~ - e . e
e - ) -
e A b,
_::::-—-i_ -‘:—: .;'_ - e = - t_ R
—— ;_t:—:.—____
Lr T N ' Lr , .
1.6 1.8 2 2.2 2.4 2.6

CF [GHz CF]

50TH VI-HPS TUNING WORKSHOP (GWDG, GOTTINGEN, GERMANY, 31 AUGUST - 4 SEPTEMBER 2026)

UCF [GHz UCF]

. 1.2
—— 1.4
—h— 1.6

1.8

. 2.0

. 2.2

2.4

—a— 2.6
. 2.8
s 3.0

21



VIRTYUALANSTITYTE - HIGHPRODUCTIVITY SUPERCOMPUTING

Arithmetic intensity 3/9

0.1-1.0 flops per byte
A

Typically < 2 flops per byte
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Arithmetic intensity 4/9

0.1-1.0 flops per byte Typically < 2 flops per byte 0O(10) flops per byte
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Arithmetic intensity 5/9

0.1-1.0 flops per byte Typically < 2 flops per byte 0O(10) flops per byte
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Arithmetic intensity 6/9

0.1-1.0 flops per byte Typically < 2 flops per byte 0O(10) flops per byte
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Arithmetic intensity 7/9

0.1-1.0 flops per byte

Typically < 2 flops per byte
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Arithmetic intensity 8/9

0.1-1.0 flops per byte Typically < 2 flops per byte 0O(10) flops per byte
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Arithmetic intensity 9/9
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Maximum core frequency, active cores, and vector instructions

Core Frequency [GHz]
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Default behavior of Sapphire Rapids CPU
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- 345

- 340

Average Power [W]

= Power capping system downscales
CPU core and uncore frequencies
to meet power limit

= Intel RAPL does not reflect the

arithmetic intensity of the workload

= Memory-bound codes with a low intensity
would benefit from increased UCF and
reduced CF

» Instead, RAPL maintains CF at its
maximum and reduces UCF by default

Thermal Design Power
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Energy consumption and efficiency
assessment




< XNARTYALANSTITYUTE -~ HIGH-PRODUCTIVITY SUPERCOMPUTING

Summary of previous important topics

» Energy consumption
= Energy [J], Energy [Wh], Power [W]

= Energy efficiency [FLOPs/W]

= Power monitoring

= RAPL, NVML, ROCm SMI, HDEEM, etc.
= Node power baseline

» Power management
= CPU: core and uncore frequencies [Hz], power limit [W]
= GPU: streaming multiprocessor frequency [Hz], memory frequency [Hz], power limit [W]

= Energy-efficient configurations for different workload types
= Compute-bound versus memory-bound
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Energy consumption

VIRTYUALANSTITYTE - HIGHPRODUCTIVITY SUPERCOMPUTING

= Time speedup

= Use of power monitoring systems

= Consumption of the target application and machine baseline z
» Energy consumption per component j
. w
= CPUs, GPUs, DRAM => 1 compute node => complete allocation
= Average power consumption per component
= Can help with:
= Identification of scaling issues Nodes 4 8 16
. CaIcuIation Of average power Wall time (s) 42.05 22.18 13.42
" ) _ g p_ Total (J) 88,908 89,875 106,946
utilization of HW in relation to TDP [cprus () 59,066 59,092 70,172
CPUs (J) 24,778 25,503 30,624
Average energy consumption
1 node (J) 22,227 11,234 6,684
1 GPU (J) 3,691 1,846 1,096
1 CPU (J) 6,194 3,187 1,914
Average power consumption
1 node (W) 528 506 498
1 GPU (W) 87 83 81
Table: POP3 CoE 1 CPU (W) 147 143 142

= |deal speedup Energy increase Ideal increase

8

6

N

1 {
5 10 15 20 25 30

Compute nodes

32
8.68 1
136,698
89,656
39,136

4,271
700
1,223

491
80
140
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Power samples timeline

= Continuous power consumption based on collected power samples
= Analysis of the application’s dynamic behavior (computational and idle phases, HW utilization)

140 - — NVML (GPU_POWER_0)
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Figure: POP3 CoE
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Performance counters (CPUs)

. . . Metric Unit Intel Intel AMD  Fujitsu NVIDIA
= Available via APIs like perf_events 1cX  SPR AGFX  Gracs
CPU_CORE_FREQUENCY Hz Core Core  Core Core Core
i i CPU_UNCORE_FREQUENCY H Pckg Pck - - Pckg
= Available metrics depend on vendor, CPU  crv-uncorerreq P s
"PU_F 3] /s Jore  Core  Core Core Core
. . . CPU_AMX_ACTIVE_RATIO % - Core - - -
g eneration , dn d SYSte m p ermissions CPU_INSTRUCTION_SCALAR_FP/FP % Core Core - - -
CPU_INSTRUCTION_SCALAR_FP/ALL % Core  Core - Core Core
- : . CPU_INSTRUCTION_VEC_FP/FP % Core  Core - - -
M et rIcs. CPU_INSTRUCTION_VEC_FP/ALL % Core  Core - - -
. CPU_INSTRUCTION_VEC_128B_FP/FP % Core  Core - - -
= CPU freq uencies CPU_INSTRUCTION_VEC_128B_FP/ALL % Core Core - - .
. . CPU_INSTRUCTION_VEC_256B_FP/FP % Core  Core - - -
= FLOPs and vectorization CPU_INSTRUCTION_VEC_256B_FP/ALL % Core Core - . .
CPU_INSTRUCTION_VEC_512B_FP/FP % Core  Core - - -
= Tem pe ratures CPU_INSTRUCTION_VEC_512B_FP/ALL % Core  Core - - -
. CPU_LINSTRUCTION_VEC_NEON/ALL i - - - Core Core
= Memo ry ba n d WI d t h CPU_INSTRUCTION_VEC_SVE_FP/VEC_SVE % - - - Core -
CPU_INSTRUCTION_VEC_SVE_FP/ALL % - - - Core -
CPU_INSTRUCTION_-VEC_SVE/ALL % - - - Core Core
CPU_COMPUTATIONAL_INTENSITY instr./B Core Core Pckg Core Core
CPU_CORE_TEMPERATURE °C Core  Core - - -
CPU_PCKG_TEMPERATURE °C Pckg Pckg - - -
CPU_PCKG_PWRAPC_ACTIVE % Pckg Pckg - - -
DRAM_BANDWIDTH_READ B/s Pckg Pckg - - Pckg
DRAM_BANDWIDTH_WRITE B/s Pckg Pckg - - Pckg
DRAM_BANDWIDTH B/s Pckg Pckg Pkeg - Pckg
HBM_BANDWIDTH_READ B/s - Pckg - Core Pckg
HBM_BANDWIDTH_WRITE B/s - Pckg - Core Pckg
HBM_BANDWIDTH B/s - Pckg - Core Pckg
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Energy efficiency

= Formulas:
= Energy efficiency [FLOPs/Watt] = Performance [FLOPs] / Power [Watt]
= Energy efficiency [FLOPs/Watt] = Operations [FLOP] / Energy [J]

= Comparisons of different hardware architectures and/or applications from one
scientific domain

Code HW platform Efficiency

Fleur SPR+HBM, AMD Zen2 1.82 GFLOPs/W AMD Zen2 (DDR4) 2.95 GFLOPs/W Scalar ? %
QE SPR+HBM 4.56 GFLOPs/W = AMD Zen3 (DDR4) 3.28 GFLOPs/W SSE ? %
Siesta SPR+HBM 2.57 GFLOPs/W Intel Sapphire Rapids (HBM) 4.56 GFLOPS/W wmmmppi AVX/AVX2 ? %
Yambo SPR+HBM 1,33 GFLOPs/W Intel Sapphire Rapids (DDR5) 4.17 GFLOPs/W AVX512 ? %

Tables: MAX3 CoE, D4.2
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Carbon intensity and emissions

VIRTYUALANSTITYTE - HIGHPRODUCTIVITY SUPERCOMPUTING

= Carbon intensity [gCO,eq/kWh]

= Number of grams of carbon dioxide equivalent needed to

generate 1 kWh of electrical energy

Carbon emissions [gCO,eq]

= = Energy consumption [kWh] x Carbon intensity
[gCO,eq/kWh]

Approximate calculation for the application run
based on country or region data

It is important to understand the values
= Kilometers driving a car
(Toyota Corolla ST 1.8 Hybrid, 103 gCO,eq/km)
= Hours of flying
(Boeing 747-400, 92 kgCO,eq per passenger per hour)
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Search for an optimal energy-saving configuration

= Based on frequency tuning (CPU or GPU SM)

= Static frequency tuning vs. Dynamic frequency tuning
= Static = one frequency for the complete application run
= Dynamic = application divided into regions with a different frequency configured

= Set of selected frequency configurations that is tested

» Interesting configurations worth noting and comparing
= Default configuration
= A regular application run with no frequency tuning or any other change/tweak
= Configuration with maximum energy savings

= Focus on maximum energy savings no matter the performance penalty
» Importance of node power baseline

= Configuration with energy savings but with a small impact on the performance
» Compromise between performance and energy savings

50TH VI-HPS TUNING WORKSHOP (GWDG, GOTTINGEN, GERMANY, 31 AUGUST - 4 SEPTEMBER 2026)
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Results of the search for the energy-saving configurations

HW

Static frequency tuning

<] Default configuration

‘ Maximum energy savings

Hardware Energy efficiency |Node energy consumption configuration Runtime

2.88 GFLOPs/W |243.21 kJ default 442 s (100%)
AMD Zen2
(RAPL + 2.95 GFLOPs/W |237.53 kJ (-2%) CF27GHz |100%
Baseline)

3.11 GFLOPs/W |224.92 kJ (-8%) CF21GHz |112%

3.02 GFLOPs/W |232.00 kJ default 356 s (100%)
AMD Zen3
(RAPL + 3.28 GFLOPs/W |213.12 kJ (-8%) CF25GHz |100%
Baseline

) 3.41 GFLOPs/W |204.98 kJ (-12%) CF21GHz |110%

4.46 GFLOPs/W |204.43 kJ RAPL default 229 s (100%)
Intel Sapphire  |4.56 GFLOPs/W [202.05 kJ (-1%) RAPL  [CF default 1430,
Rapids + HBM Ce UCF 1.2 GHz :

CF default

4.56 GFLOPs/W |202.05 kJ (-1%) RAPL UCE 1.2 GHz 103%

4.00 FLOPs/W  |227.07 kJ RAPL default 253 5 (100%)
intel Sapphire 417 FLOPSIW  [220.09J (3%)RAPL  [50.22 ST |100%
Rapids + DDR '

CF 2.3 GHz
=49 0,
425 FLOPs/W  |218.07 J (-4%) RAPL UCE 1.4 GHz 103%

Table: MAX3 CoE, D4.2
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CF/UnCF
[MHZ] 0| 2500| 2400| 2200 2000 1800 1600| 1400| 1200| 1000 800
22959 23537 23508 23501 23483 23503 23444 23449 23696 24563 263,56

Tested fre_quency 3508 22956 23501 23500 23486 23486 23467 23544 23506 238,19 246,08 263,91
configurations and 3300

3100

heatmaps 2900

2700
Intel Sapphire Rapids (HBM) 2500

2300

22976 236,19 236,53 236,07 23561 23559 23670 236,72 238,72 24827 264,95
231,22 237,11 237,21 237,16 236,08 237,36 23820 238,29 239,84 24940 268,22
23228 238,11 239,87 237,50 238,98 23873 23895 239,11 242,74 25274 27185
23429 240,66 24151 241,63 24057 241,15 24219 241,06 24525 25618 276,62
236,55 24315 242,98 24341 24439 24361 24357 24514 249,61 260,55 280,34
244,64 25344 24995 252,81 250,56 250,72 254,78 25129 260,48 271,54 293,88
Static frequency tuning 2100| 257,28 260,12 260,28 26052 261,99 264,05 26558 269,32 28190 302,30 331,29
1000| 316,39 284,93 28591 290,97 29245 294,04 298,02 304,27 310,29 33340 371,00
1700 | 350,57 322,17 324,36 32514 326,01 320,76 338,38 341,68 34928 35947 382,49
C[Fl\’AUH”Z(]:F ol 2500 2400l 2200 2000l 1s00l 1eo0| 1a00| 1200] 1000]  s0o 00| 418,46 401,02 40559 40646 40555 40879 41447 417,73 422,79 433,83 406,65

00| 454,31 476,03 444,40 43832 43898 436,16 429,50 432,62 433,80 44395 45590

9

0

00|

0| 204,43 210,64 210,31 209,93 208,73 207,34 205,09 202,78 202,05 205,69 214,80 54531 53744 53432 53511 53781 54213 54483 54815 56026 56443 587.89

3500 733,92 746,16 756,92 747,11 752,42 739,06 71935 697,62 673,14 661,13 660,78

zjgg 772,98 778,35 753,32 774,73 764,98 783,86 76546 756,49 767,34 766,42 769,10

2900
2700
2500
2300
2100
1900
1700
1500
1300

20443 210,31 21026 209,83 20878 207,05 20592 20318 202,86 206,07 21500
20482 211,36 211,60 210,87 20942 207,76 206,77 204,34 20324 207,40 21567
206,14 21217 21216 211,79 20978 20920 207,96 20540 20401 20815 217,72
207,09 213,04 21443 21210 21214 21020 20843 20597 20588 210,37 220,03
20889 21523 21583 21548 21336 21209 210,80 207,38 207,62 212,59 22309 Run time [s]
210,76 217,35 217,03 216,82 216,10 21345 21146 20968 210,04 214,65 224,60
21717 22598 22274 22337 219,09 21652 21654 211,02 21365 217,84 22858
20768 23143 23044 227,70 22556 22326 220,83 21897 222,34 23117 24502
24827 25134 25010 24965 24580 24144 23793 23603 23464 24450 26245 _
26851 280,98 279,88 27407 267,19 26013 25824 25387 25242 25404 26299F —— ENergy consumption [kJ]
284,16 342,42 340,87 328,95 314,69 304,79 299,63 29377 289,54 290,66 270,71 (RAPL + baseline)

29438 397,95 36684 34514 33071 31623 302,86 29638 289,82 290,23 29192
1100| 334,07 43858 42479 40405 387,79 37471 36480 35661 35409 34990 35620
900| 433,88 | 581,54 57304 536,68 51522 486,05 45875 43339 408,85 394,40 386,82
800| 444,80 | 600,96 566,05 550,34 518,51 50853 481,00 46241 45594 44588 439,06

(0,0) Default configuration Tables: MAX3 CoE, D4.2
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Static frequency tuning on GPUs (NVIDIA A100)

Note
Default settings

No runtime penalty

Set GPU . . A;:::;E Average power CPUs + GPUs Energy Node energy |Compute node

frequency Ru?;;me ;;'e";:';":n consumption | consumption conesnuer:lgpytion savings for consumption energy

[MHz] of the GPU | of the CPU [W] [kJ] GPUs + CPUs [kJ] savings

[W]

1350 112,1 100,0% 153,4 116,5 163,7 51% 230,9 3,7%
1290 112,89 100,7% 141,8 116,6 154,4 10,4% 2222 7,3%
1230 117,1 104,5% 131,7 116,7 150,6 12,7% 220,8 7,9%
1170 119,5 106,7% 123,7 117.9 146,4 15,1% 218,2 9,0%
1110 1247 111,3% 114,9 17,7 144,0 16,5% 218,8 8,7%
1050 1249 111,5% 110,3 117,9 139,6 19,0% 2146 10,5%
990 128,7 114,9% 107,2 118,0 140,8 18,4% 218,0 9,0%
930 133,2 118,9% 105,1 117,8 143,3 16,9% 223,2 6,9%
870 1371 122,3% 103,4 118,4 145.9 15,4% 228 1 4,8%
810 144,3 128,8% 100,6 118,4 150,2 12,9% 236,8 1,2%
750 147,3 131,5% 99,4 116,3 151,4 12,2% 239,8 -0,1%
690 155,3 138,6% 96,8 117,0 156,5 9,2% 2497 -4,2%

Maximum energy savings

Table: MAX3 CoE, D4.2
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Dynamic frequency tuning

void lbm(void) {
[/ init application parameters
// init mass

for (int iter = ©; 1iter < NITER; 1iter++) { // phase region

update halles(); // insignificant region

propagate(); [/ significant region -

memory bound region
CPU core freq = 1.6 GHz

collide(); [/ significant region
) ‘fﬁﬁh__h

[/ post-processing

// store output

compute bound region
CPU core freq = 2.5 GHz

[/ terminate application

50TH VI-HPS TUNING WORKSHOP (GWDG, GOTTINGEN, GERMANY, 31 AUGUST - 4 SEPTEMBER 2026)
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Dynamic frequency tuning: Lattice-Boltzmann benchmark

The propagate () region The collide () region
memory-bound compute-bound
o0l A | CF[GHz] . || CFIGHz]
5 ' —— 12 = A — 12
= = - s
. —a 14 = 35 - T I—— 14
2 —a 16 £ o o 16
o ol g
E 1.8 £ Lo o 1.8
> 45 20 2 30 2.0 . . -
: - ° jjf/f . o Configuration Time Energy
;3 24 r_»>3 . A 24
8 10 25 g AT || 25 Default 24 s 5.7 kJ
‘ —a—- 26 ‘:ﬁ" P L —a— 26
I I ‘ i i o) - o
I ST R T — Static freq. tuning +11.6 % 7.8 %
UnCF [GHz] UnCF [GH . .
| P Dynamic freq. tuning +1.5% -19.8 %
CF[GHz] . . + . || CFIGHz]
= 0.12 e 14 = —— 14
E 1.8 E R N 1.8
5 0.1 2.0 Z 015 2.0
5 —— 272 g —a— 22
g 24 E A A A 4 A A 4 A & 4 24
5 —a 25 5 ., —— 25
" & 0.1} A—a———ai o w—
Cé A 10—2 —a— 26 A s a4 a1, —— 2.6
| 1
15 2 25 3 15 2 25 3
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Dynamic frequency tuning: READEX methodology

—— Voltage regulator (CPUQ)

» EU H2020: READEX, 2015 - 2018 =0 — vehtage requiator (crun)

Voltage regulator (DDR EF) J [ { [ | |
= Complex parallel applications g VOltR0e resularor (PDR G { [ | { [ ’ r | | ( ( r [ { ” {l
= Different requirements during : U U A AL LA Ul
executior IR

=)}
(=}

= Possibility: dynamic tuning to save

energy without performance penalty o S "ﬂ | L
= Goal: a tools-aided methodology - I
for automatic tuning of parallel "

applications e
PP . : TECHNISCHE . .
= Dynamic adjustment of the system @ UNIVERSITAT B NTNU ||'|te|
parameters according to actual DRESDEN L’
resource requirements m IT4Innovations NS~
national NUI Galwa L/
supercomputing g&jzz?ééé?

center

50TH VI-HPS TUNING WORKSHOP (GWDG, GOTTINGEN, GERMANY, 31 AUGUST - 4 SEPTEMBER 2026) 44



VIRTUAL INSTITUTE - HIGH PRODUCTIVITY SUPERCOMPUTING

MERIC and RADAR
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MERIC Runtime System MERIC

= Runtime system for dynamic application tuning developed in C++
» Infrastructure Research Lab, IT4Innovations, VSB-TUO, Ostrava, Czech Republic

= Support
= Parallel paradigms: MPI, OpenMPI, CUDA, HIP
» Programming languages (APIs): C/C++, Fortran, Python
= Architectures: x86-64, IBM OpenPower, ARM, NVIDIA and AMD GPUs
= Power monitoring: RAPL, OCC, HDEEM, NVML, ROCm, HWMON, A64FX

= Important features
= Energy-consumption measurement of an application
= Analysis of an application dynamism and energy efficiency
= Static and dynamic tuning of HW power knobs for energy savings
= HW & SW power management co-design

https://code.it4i.cz/energy-efficiency/meric-suite/meric
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Static tool for simple energy measurements

# CLI tool mericStatic

$ mericStatic -e RAPL -- <application> [application parameters]
$ mericStatic -- eval

measurement id : <ID>

Max Runtime [s] = <TIME>

RAPL Energy consumption [J] = <JOULES>

Total Energy consumption [J] = <JOULES>

Total Energy consumption [Wh] = <WATT-HOURS>

# The results are stored in a mericStaticMeasurements folder

# Argument -h can be used to display all options of the tool

# Parallel execution with srun

$ srun mericStatic —-e RAPL -- <application> [application parameters]

50TH VI-HPS TUNING WORKSHOP (GWDG, GOTTINGEN, GERMANY, 31 AUGUST - 4 SEPTEMBER 2026)
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EuroHPC systems and their support of energy measurements

JUPITER LUMI Leonardo MN5S Vega MeluXina Karolina Discoverer Deucalion

intel_rapl
kernel module

amd_energy
kernel module

msr_safe
kernel module

AMD CPU

perf

intel_rapl

kernel module
Intel CPU msr_safe

kernel module
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The systemlInfo tool 1/2

S systemInfo

# SYSTEM INFORMATION
CPU name: Intel (R) Xeon(R) Platinum 8468
Sockets per node: 2
Cores per socket: 48

Threads per core: 2

# CPU FREQUENCIES

Current scaling driver: intel cpufreq
Current scaling governor: performance
Available governors: conservative ondemand userspace powersave performance schedutil

Hardware controlled P-State: available, status unknown

CPU core frequency scaling (DVFS) NOT available
install one the following libraries:
- msr safe / cpufreq / GEOPM
grant write access to:
- /sys/devices/system/cpu/cpu*/cpufreq/scaling governor

- /sys/devices/system/cpu/cpu*/cpufreq/scaling setspeed

Max CPU core frequency: 3800000 kHz
Nominal CPU core frequency: 2100000 kHz

50TH VI-HPS TUNING WORKSHOP (GWDG, GOTTINGEN, GERMANY, 31 AUGUST - 4 SEPTEMBER 2026) 49



VIRTYUALANSTITYTE - HIGHPRODUCTIVITY SUPERCOMPUTING

The systemlInfo tool 2/2

Min CPU core frequency: 800000 kHz
# CPU uncore frequency NOT available - install libmsr or x86 adapt

# CPU POWER LIMITS
PKG max power limit #1: 350 W
PKG max power limit #2: 764 W
DRAM max power limit: 61 W

changing RAPL power capping limits NOT available - install msr safet+libmsr or msr safe or x86 adapt

# DEFAULT CPU POWER LIMITS
PKG power capping: enabled
PKG power limit #1: 350 W
PKG time window #1: 0.999424 s
PKG power limit #2: 420 W
PKG time window #2: 0.011712 s
DRAM power capping: disabled
DRAM power limit: 0O W
DRAM time window: 0.000976 s

# AVAILABLE POWER MONITORING SYSTEMS
RAPL
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API for application instrumentation

#include <meric.h>

int main (int argc, char **argv) {

MERIC Init(); // In an MPI application,

MERIC MeasureStart ("A");
do work A(2);
MERIC MeasureStop ("A");

MERIC MeasureStart ("B");
do work B(95);
MERIC MeasureStop ("B");

MERIC Close(); // In an MPI application,
return 0;

insert this after MPI_Init

insert this before MPI Finalize
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MERIC library

= libmeric.so/a - for non-MPI codes with OpenMP
= libmericmpi.so/a - for hybrid applications with MPI and OpenMP

= libmericmpionly.so/a - for pure MPI applications
= MERIC must be compiled with make noopenmp to build this library

» Further information at https://code.it4i.cz/enerqgy-efficiency/meric-suite/meric#6-

compilation
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Configuration of the instrumented run 1/2

# Example configuration for a default run of an NVIDIA GPU application
# A subset of all existing settings of MERIC is presented below

# Hardware tuning settings

export MERIC FREQUENCY=0 # [Hz] no CPU core frequency tuning

export MERIC UNCORE FREQUENCY=0 # [Hz] no CPU uncore frequency tuning
export MERIC NUM THREADS=0 # Non-OpenMP application

export MERIC PWRCAP POWER=0 # [mW] no CPU power capping

export MERIC PWRCAP TIME=0 # [ms] no CPU power capping

export MERIC GPU FREQUENCY=0 # [Hz] no GPU SM frequency tuning

export MERIC GPU MEM FREQUENCY=0 # [Hz] no GPU memory frequency tuning
export MERIC PWRCAP GPU=0 # [mW] no GPU power capping

Further information at https://code.itd4i.cz/energy-efficiency/meric-suite/meric#7-meric-input-parameters
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Configuration of the instrumented run 2/2

# Energy and power consumption measurement

export MERIC MEASURE=RAPL,NVML # Comma-separated list from {NONE, TIME, RAPL, NVML,..}
export MERIC SAMPLES=1 # Enable power sampling

export MERIC AGGREGATE=0 # Store data for each node separately (0 required for sampling)
export MERIC DETAILED=1 # Detailled information about the system

# HW performance counters

export MERIC COUNTERS=perfevent # {none | msr | perfevent}

# Measurement directory
export MERIC OUTPUT DIR=<path-to-measurement-dir>

Further information at https://code.itd4i.cz/energy-efficiency/meric-suite/meric#7-meric-input-parameters
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Analysis without hardware tuning

= Instrumented run with the default system configuration

» Sufficient to assess:

Energy and power consumption

Dynamic behavior of the application
= Power samples timeline

Energy efficiency and vectorization
= HW performance counters (perf_events)

Carbon emissions
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Frequency tuning

= CPU vs. GPU application

= CPU - Core and uncore frequencies
» GPU - Streaming-multiprocessor frequency
» systemInfo provides information about available frequency levels

= Static vs. dynamic tuning

= Static - instrumented runs with varying configurations of global parameters (environmental
variables)
®* MERIC FREQUENCY, MERIC UNCORE FREQUENCY, MERIC GPU FREQUENCY

= Dynamic - instrumented application with several regions

» Configuration of individual regions via a MERIC configuration file
» More details at https://code.itdi.cz/energy-efficiency/meric-suite/meric#dynamic-tuning
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MERICwrapper: Automated frequency tuning

$ wrapper -s config.json -- srun <application> [application parameters]
# https://code.itdi.cz/energy-efficiency/meric-suite/meric/-/tree/master/src/tools/wrapper

= Automated tuning based on an input JSON configuration file

= Configuration of MERIC
= HW configurations to test

= State-space search
= The tuning is applied to all instrumented regions of the application

= Jdentification of the optimal configuration for each region

50TH VI-HPS TUNING WORKSHOP (GWDG, GOTTINGEN, GERMANY, 31 AUGUST - 4 SEPTEMBER 2026) 57


https://code.it4i.cz/energy-efficiency/meric-suite/meric/-/tree/master/src/tools/wrapper
https://code.it4i.cz/energy-efficiency/meric-suite/meric/-/tree/master/src/tools/wrapper
https://code.it4i.cz/energy-efficiency/meric-suite/meric/-/tree/master/src/tools/wrapper
https://code.it4i.cz/energy-efficiency/meric-suite/meric/-/tree/master/src/tools/wrapper
https://code.it4i.cz/energy-efficiency/meric-suite/meric/-/tree/master/src/tools/wrapper
https://code.it4i.cz/energy-efficiency/meric-suite/meric/-/tree/master/src/tools/wrapper
https://code.it4i.cz/energy-efficiency/meric-suite/meric/-/tree/master/src/tools/wrapper

VIRTYUALANSTITYTE - HIGHPRODUCTIVITY SUPERCOMPUTING

RADAR visualizer

= Visualization of the application behavior in various HW configurations
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Thank You

Contact: meric@itdi.cz

I_M.TERIC MERIC:  https://code.it4i.cz/energy-efficiency/meric-suite/meric

RADAR: https://code.itdi.cz/energy-efficiency/meric-suite/radar-visualizer
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supported by the European High-Performance Computing Joint Undertaking and its members (including
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