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POWER MONITORING

Images of HPE Cray, OLCF Frontier

AMD RAPL

AMD ROCm

IPMI / Redfish (HPE iLO)

No power 
monitoring

No power 
monitoring

No power 
monitoring



| High frequency energy measurement of some components
| Missing energy consumption of the remaining parts of the cluster

| Low frequency power monitoring of the whole node
| Unreliable energy measurement for short and medium length regions/applications

| To estimate power consumption of non-monitored on-node components we evaluate their power 
consumption from node power monitoring by loading the node by a uniform workload

| Power baseline is system-specific, should be evaluated for each system individually

NODE POWER BASELINE



KAROLINA ACN POWER BASELINE

GPU​ 0/8​ 1/8​ 2/8​ 3/8​ 4/8​ 5/8​ 6/8​ 7/8​ 8/8​

GPU7 55​ 54​ 54​ 54​ 54​ 56​ 398​ 397​ 398​

GPU6 52​ 52​ 51​ 51​ 51​ 397​ 398​ 396​ 397​

GPU5 51​ 51​ 51​ 50​ 50​ 51​ 51​ 55​ 398​

GPU4 52​ 52​ 51​ 51​ 51​ 52​ 52​ 398​ 399​

GPU3 53​ 60​ 398​ 398​ 398​ 398​ 398​ 398​ 398​

GPU2 52​ 398​ 397​ 398​ 398​ 397​ 398​ 397​ 398​

GPU1 55​ 54​ 54​ 57​ 396​ 398​ 398​ 398​ 398​

GPU0 52​ 52​ 51​ 398​ 398​ 394​ 394​ 393​ 398​

CPU0 92​ 94​ 92​ 94​ 96​ 97​ 96​ 99​ 99​

CPU1​ 95​ 95​ 99​ 99​ 98​ 98​ 102​ 100​ 102​

SUM CPU​ 187​ 189​ 191​ 193​ 194​ 195​ 198​ 199​ 201​

SUM GPU​ 422​ 773​ 1107​ 1457​ 1796​ 2143​ 2487​ 2832​ 3184​

ILO avg 1129​ 1490​ 1842​ 2210​ 2570​ 2930​ 3290​ 3650​ 4010​

CPU+GPU​ 609​ 962​ 1298​ 1650​ 1990​ 2338​ 2685​ 3031​ 3385​

BASE​LINE 520​ 528​ 544​ 560​ 580​ 592​ 605​ 619​ 625​

GPU load

power [W]

| Node power baseline impacted by HW manufacturing variability and node location
| Not using node-specific value, not to penalize user for allocations "worse" nodes



ENERGY EFFICIENCY



ENERGY EFFICIENCY - GREEN500

| LINPACK Rmax/W

| FLOPs/W

| LUPs/W

| …

11/2023

https://www.top500.org/files/green500/tutorial.pdf

https://www.top500.org/files/green500/tutorial.pdf


TOP500 LIST HPL

11/2024

52.5 GF/W

56.6 GF/W

61.1 GF/W

26.2 GF/W

51.6 GF/W

58.9 GF/W

Exascale goal is
50 GFlops/Watt = 20 MW system

14.8 GF/W



GREEN500

Nvidia GH200

Nvidia GH200

Nvidia GH200

Nvidia H100

Nvidia GH200

Nvidia GH200

AMD MI300A

Nvidia H100

11/2025
AMD MI300A

Nvidia H100



IRSCHING POWER STATIONS

20 MW ~ 1%



POWER DEMANDS



POWER DEMANDS



POWER DEMANDS

5/2025 https://edition.cnn.com/2025/05/19/climate/xai-musk-memphis-turbines-pollution
4/2025 https://www.capacitymedia.com/article/musks-xai-data-centre-allegedly-running-illegal-gas-turbines
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KLIKNUTÍM LZE UPRAVIT STYL.MONITORING & BUDGETING



▪ Power management related daemons
▪ Power, energy, temperature, utilization, etc.

▪ Both in-band & out-of-band (node, chassis, PDU)

▪ Alerting 

▪ Libraries executed 

▪ Scheduler-provided data
▪ Job name, owner, project, set of nodes, start & stop timestamp

POWER MONITORING



JOB BUDGETING

| Support for Slurm and PBS

| Energy consumption reported for each
component type

| CPU

| GPU

| Node = IB + OOB

| Overall = Node * PUE

| CO2eq

...



CO2e

| CO2 emissions calculation:
o CO2Emissions[g] = NodeEnergy[kWh] ∗

CarbonIntensity[gCO2/kWh]

| https://app.electricitymaps.com/

| Hourly CO2e/kWh per zone (country)

| API to get the data

| User must understand the values
o Kilometers driving a car 

(Toyota Corolla ST 1.8 Hybrid, 103 gCO2e/Km)

o Hours of flying 
(Boeing 747-400, 92 kg CO2e per passenger 
per hour)

https://app.electricitymaps.com/
https://app.electricitymaps.com/


KLIKNUTÍM LZE UPRAVIT STYL.VR VISUALIZATION



CREATION OF A 3D MODEL

Compute nodes
(Fusion360)

Textures
(photos)

Model of room
(ArchiCAD)

3D Model
(Fusion360)

DAE
(model in COLLADA 

format)

HPCMonitor4b
(Import)

CSV
(cluster description)

Blender

Blender Scene



DATA HANDLING

Grafana

InfluxDB

InfluxDB

Grafana

gRPC service

gRPC service

Flux query

PNG

Blender

gRPC client

For each device load 
pre-generated texture:

187W 

Blender

gRPC client

For selected device load texture:



CREATION OF A 3D MODEL

Compute nodes
(Fusion360)

Textures
(photos)

Model of room
(ArchiCAD)

3D Model
(Fusion360)

DAE
(model in COLLADA 

format)

HPCMonitor4b
(Import)

CSV
(cluster description)

Blender

Blender Scene

Grafana

InfluxDBgRPC service

gRPC service

Flux query

PNG

gRPC client

Workload 
scheduler



KLIKNUTÍM LZE UPRAVIT STYL.VR VISUALIZATION



KLIKNUTÍM LZE UPRAVIT STYL.POWER CAPPING SERVICE



▪ Reacts on new data coming from the system monitoring

▪ Modifies CPU and GPU power limit

▪ Inspired by the Intel Running Average Power Limit (RAPL)
o Using short and long  running window

▪ Admins set a list of rules

POWER CAPPING SERVICE 

Haidar et al: Investigating power capping toward energy-efficient scientific applications



KLIKNUTÍM LZE UPRAVIT STYL.JOB-LEVEL RUNTIME SYSTEM



▪ MERIC runtime system provides dynamic application tuning

▪ Lightweight & easy to install & easy to use

▪ C/C++ API, Fortran module, Python module

▪ MPI, OpenMP, CUDA parallelization

▪ Performance and power aware

▪ Support for a wide range of architectures

▪ x86

▪ IBM OpenPOWER

▪ ARM

▪ Nvidia/AMD GPUs

▪ Power monitoring systems

▪ Intel/AMD RAPL

▪ OCC

▪ ATOS HDEEM

▪ NVML

▪ ROCm

▪ HWMON (Nvidia Grace, GraceHopper, AMD RAPL)

▪ A64FX

MERIC RUNTIME SYSTEM

CPU freq, GPU freq, 
memory freq, power limit, 

#active CPU cores

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

• Application energy consumption measurement

• Application dynamism & energy efficiency behavior 
analysis

• Dynamic HW power knobs tuning for energy savings

• HW & SW power management co-design 

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


ENERGY MEASUREMENT
JUPITER LUMI Leonardo MN5 Vega MeluXina Karolina Discoverer Deucalion

AMD CPU

intel_rapl

kernel module

amd_energy

kernel module

msr_safe

kernel module

perf

Intel CPU

intel_rapl

kernel module

msr_safe

kernel module

perf

A64FX perf

Nvidia GPU NVML

AMD GPU ROCm

GraceHopper HWMON



| Avg CPU core frequency

| CPU uncore frequency

| Computational intensity

| Power capping activity ratio

| Temperature

| Vectorization ratio

PERFORMANCE  METRICS



STATIC TUNING

various 
power 

monitoring 
systems

HW 
configuration 

tuning

various 
performance 
degradation 

limits



EXAMPLE OF PLATFORM COMPARISON FOR FLEUR
Hardware Energy efficiency Node energy consumption Monitoring system HW configuration Runtime

AMD Zen2
(Rome)

1.78 GFLOPs/W 53.36 kJ 

AMD RAPL + baseline

default 109 s (100%)

1.82 GFLOPs/W 52.00 kJ (-3%) CF 2.9 GHz 101%

1.94 GFLOPs/W 48.81 kJ (-9%) CF 2.1 GHz 107%

AMD Zen3
(Milan)

1.67 GFLOPs/W 56.96 kJ

AMD RAPL + baseline

default 93 s (100%)

1.79 GFLOPs/W 53.05 kJ (-7%) CF 2.7 GHz 101%

1.91 GFLOPs/W 49.73 kJ (-13%) CF 2.0 GHz 112%

Intel Cascade lake

1.00 GFLOPs/W 94.94 kJ 

HDEEM

default 217 s (100%)

1.04 GFLOPs/W 91.26 kJ (-4%) CF 2.8 GHz, UCF 2.2 GHz 101%

1.13 GFLOPs/W 84.51 kJ (-11%) CF 1.9 GHz, UCF 1.8 GHz 123%

Intel Sapphire 
Rapids 
w. HBM

1.77 GFLOPs/W 73,31 kJ

Intel RAPL + baseline

default 82 s (100%)

1.82 GFLOPs/W 71,83 kJ (-2%) CF 3.1 GHz, UCF 1.8 GHz 101%

1.82 GFLOPs/W 71.83 kJ (-2%) CF 3.1 GHz, UCF 1.8 GHz 101%

Intel Sapphire 
Rapids 
w. DDR memory

1.43 GFLOPs/W 90.22 kJ

Intel RAPL + baseline

default 100 s (100%)

1.47 GFLOPs/W 88.48 J (-2%) CF 2.9 GHz, UCF 2.0 GHz 101%

1.54 GFLOPs/W 86.50 kJ (-4%) CF 2.3 GHz, UCF 1.8 GHz 110%

Nvidia A100

-- 180.6 kJ
AMD RAPL + NVML + 

baseline

default 111 s (100%)

-- 169.3 kJ (-6%) 1230 MHz 101%

-- 166.3 kJ (-8%) 990 MHz 104%

IBM Power10 0.459 GFLOPs/W 198.6 kJ PDU default 199 s

Fujitsu A64FX 0.321 GFLOPs/W 282.5 kJ perf. counters + baseline default 812 s



▪ H2020 READEX, 2015-2018

▪ Complex parallel application has different requirements 
during execution, so it gives a possibility to be dynamically 
tuned for energy savings without performance penalty.

.

▪ Goal was to create a tools-aided methodology for automatic tuning of parallel 
applications. Dynamically adjust system parameters to actual resource 
requirements.

READEX METHODOLOGY



DYNAMICITY

memory bound, compute bound, communication, I/O, etc.



KLIKNUTÍM LZE UPRAVIT STYL.DYNAMICITY EXPLOITATION



KLIKNUTÍM LZE UPRAVIT STYL.LATTICE BOLTZMANN BENCHMARK

Collide
compute bound

Propagate
memory bound

Default
time  energy

Static savings
time  energy

Dynamic savings
time  energy

24 s 5.7 kJ -11.6 % 7.8 % -1.5 % 19.8 %



APPLICATION POWER CONSUMPTION
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AUTOMATIC INSTRUMENTATION
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AUTOMATIC INSTRUMENTATION
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AUTOMATIC INSTRUMENTATION
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AUTOMATIC CONFIG. IDENTIFICATION

Time [s]
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]

▪ Currently implemented exhaustive search, particle swarm optimization, 
genetic algorithm, and sequential frequency downscaling
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EXTREME GRANULARITY

Time [s]

Iterative solver
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DYNAMIC TUNING

Default MERIC tuning
no penalty

MERIC tuning
limited penalty

Runtime [s] 1797.9 1807.1 1871.1

Energy consumption [kJ] 3102.3 2726.7 2496.71

Solver energy efficiency 
[MLups/W]

0.054 0.056 0.056

Runtime extension [%] - 0.5 4.1

Energy savings [%] - 12.1 19.5



SAMPLING-BASED GPU TUNING



GPU FREQUENCY CHANGE

Visualization of CPU to ACC communication while issuing the ACC frequency change request. 
The dashed line shows the frequency change.



GPU SWITCHING LATENCY 

A100 SXM-4 Switching latency [ms] (worst case)

Velicka et al "Methodology for GPU Frequency Switching Latency Measurement" (2025)
https://arxiv.org/abs/2502.20075 



GPU SWITCHING LATENCY

A100 SXM-4
7.8 - 22.5 ms (worst case)

RTX Quadro 6000
14.1 - 350.4 ms (worst case)

GH200
5.6 - 477.3 ms (worst case)



CPU vs GPU LATENCY

Hardware (Architecture) Transition latency upper limit

Intel Xeon-SP 6154 (Skylake) 550 us

Intel Xeon X5650 (Westmere) 65 us

Intel Xeon E3-1240 (SandyBridge) 69 us

Intel Core i7-3770 (IvyBridge) 51 us

Intel Core i9-12900 (Alder Lake) 300 us (P-core), 120 us (E-core)

AMD EPYC 7502 (Rome) 1.1 ms

Device (CUDA Architecture) Switching latency upper limit

RTX Quadro 6000 (Turing) 350 ms

A100 SXM-4 (Ampere) 23 ms

GH200 (Hopper) 477 ms



SWITCHING vs TRANSITION LATENCY

RTX Quadro 6000 A100 SXM-4 GH200RTX Quadro 6000 A100 SXM-4 GH200RTX Quadro 6000 A100 SXM-4 GH200

GPU Switching latency range [ms] Transition latency range [ms]

RTX Quadro 6000 0.558 - 350.436 0.098 - 335.769

A100 SXM-4 (all four devs) 4.435 - 22.716 0.110 - 11.536

GH200 4.914 - 477.318 0.082 - 471.078



▪ How much energy does my application consume? What is its carbon footprint?

▪ Which parts of the code are power hungry? Does it activate power capping?

▪ How energy efficient the code is?

▪ Which hardware platform is the most energy efficient for my code?

▪ Which parts of the application may give opportunity for energy savings?

▪ How much energy can be saved by static versus dynamic tuning of power management knobs without 
impacting application performance? And if the performance penalty is 5%, 10%, … ?

▪ Does my hardware power/thermal management work as intended?

▪ When is the capping mechanism a performance-limiting factor?

ENERGY EFFICIENCY SERVICES



MERIC: ENERGY EFFICIENCY SW SUITE FOR HPC



Reduce energy waste & operating costs while maximizing the scientific and industrial benefits for 
Europe's investments in HPC and AI infrastructures

Design a production-quality SW suite for energy-efficient operation of European HPC systems

• Create a holistic monitoring infrastructure and common data repository for operational HPC/AI data

• Develop an advanced AI-based data analytics framework for HPC operational data

• Implement a dynamic resource management system to optimise use of resources and energy efficiency 
in heterogeneous HPC/AI systems and to enable dynamicity

Validate the SEANERGYS SW suite in operational environments and make it available under 
permissive licenses

Project details

• EuroHPC JU R&D project

• Total grant 32.9 M€

• June 1, 2025 – May 31, 2029 



Interaction of three main modules

Monitoring
• Scalable system/facility/environment sensor data capture
• Inclusion of non-structured data
• Establishment of a system data plane

AI-based data analytics
• Automatic workload characterisation and prediction
• Directing  scheduling & resource mgmt. decisions
• Actionable feedback to application developers and users

Dynamic scheduling & resource management
• Dynamic control of system & facility operating points
• Exploit dynamicity/malleability
• Right-size moldable workload resource requirements

June 11, 2025

SEANERGYS MODULAR ARCHITECTURE



TEN YEARS OF DEVELOPMENT
Energy-efficiency services

MERIC development



INDUSTRIAL PARTNERS



Ondřej Vysocký 
meric@it4i.cz 

IT4Innovations National Supercomputing Center
VSB – Technical University of Ostrava
Studentská 6231/1B
708 00 Ostrava-Poruba, Czech Republic
www.it4i.cz

mailto:meric@it4i.cz
http://www.it4i.cz/
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