16th International Workshop on

Performance Modeling, Benchmarking and

Simulation of High Performance Computer
Systems

St.Lovuis, | hpc
MO|ignites.

Characterizing the Impact of GPU Power
Management on an Exascale System

Mariana Costa Antigoni Georgiadou

Phillipe Navaux Bruno Alvarez James B. White llI
Arthur Lorenzon Jorda Polo Woong Shin

Bronson Messer

72 S " OAK RIDGE

—n® b F U?wslggsg AM D ‘ %National Laboratory

UFRG
GPPD/UFRGS FW DO RIO GRANDE DO SUL



Motivation

MACHINE
LEARNING

-‘:i

GPPD/UFRGS

= -/
7
A

04K Ripg;
RAY onsI Ly

%) ENEF GY !
A/ PUTH=R

et L

% |ENERGY

(inted| @ ==~




qu Search everything

Global electricity demand to
keep growing robustly through
2026 despite economic
headwinds

Figure 2.3 = Total data centre electricity consumption by equipment type
and data centre type, 2005-2024

Capacity by data centre type Electricity consumption

Press release
30 July 2025

Electricity consumption Server stock Server capacity
Historical : Projected
750 75%
2005 2010 2015 2020 2024 2005 2010 2015 2020 2024
500 50%
W Enterprise  m Colocation and service provider M Servers H Other IT
Hyperscale Cooling Other infrastructure
250 25%
IEA. CC BY 4.0.
After a decade of limited growth, data cenire electricity ’
consumption began to accelerate again after 2015 2020 2024 2030 2020 2024 2030 20202024 2030

Accelerated servers W Conventional servers M Other IT equipment = Cooling = Other infrastructure

IEA. CCBY 4.0.

Around 70% of the growth in elecfricity demand from servers
GPPD/UFRGS between 2025 and 2030 comes from accelerated servers
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Motivation
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Motivation: Power Management

* Frequency Capping (DVFS):
* Limits GPU clocks to a fixed upper bound
* Proactive/static control
* Predictable performance, easy to reproduce
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Motivation: Power Management

* Frequency Capping (DVFS):
* Limits GPU clocks to a fixed upper bound
* Proactive/static control
* Predictable performance, easy to reproduce

 Power Capping:
* Sets a maximum GPU power budget
* Reactive/adaptive control
* Frequency adjusts with workload intensity
* Less predictable
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Motivation: Power Management

* Frequency Capping (DVFS):

o

Which power management
strategy delivers the best
performance-energy efficiency
for a given application?
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Contributions

* Performance and energy benchmarking of power and frequency management
strategies

* Characterize how these techniques affect:
* Runtime
* Energy-to-solution
* Energy efficiency
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* Methodology
 Evaluation

* Concluding Remarks
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Methodology: Benchmarks

* Seven GPU-accelerated applications:

* Cholla: Memory-intensive astrophysics hydrodynamics code

« HACC: Cosmology simulation sensitive to memory bandwidth and compute throughput

* Kripke: Particle-transport proxy stressing memory access and spatial patterns

* LAMMPS: Compute-intensive molecular dynamic code for materials simulation

* Pennant: Unstructured-mesh hydrodynamics proxy sensitive to memory and compute balance
* PortUrb: Urban flow simulation limited by memory bandwidth and large-array operations

* QuickSilver: Monte Carlo transport proxy with irregular control flow and latency-bound access
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Methodology: Benchmarks

 Benchmarks exhibit different behaviors of FLOPs/byte, FLOPs/s, and L2 Cache HIT

| FLOPs/byte FLOPs/s L2 Cache Hit (%)

Cholla 0.62 6.58E+11 37.51
HACC 215.04 4.67E+12 84.02
Kripke 0.10 3.90E+10 62.68
LAMMPS 3.41 5.71E+12 51.78
Pennant 0.67 5.57E+11 45.11
PortUrb 11.45 1.08E+12 61.32
QuickSilver 1.83 1.61e+10 74.72
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Methodology: Benchmarks
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Methodology: Target Architecture
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Methodology: Evaluated Metrics

* Performance (Perf)
* FOM (when available)
* Total execution time

* Performance per Watt (Perf/Watt)
* Ratio between performance and the average GPU power draw during execution

* Getting power, energy, and other system-level metrics:

X

GPPD/UFRGS
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Omnistat, an open-source, low-overhead monitoring tool

Configured using a runtime control file to enable the collection of core GPU metrics via the system-
management interface

Aggregated metrics on a per-Slurm-job basis across all compute hosts.
Metrics collected every 0.1s
10 executions, with std deviation < 2%
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Evaluation

* What applications benefit more from Frequency Capping?
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping

1.4

1.4
2 -@-Perf §
g 12 12 E
o e
S &
= 1.0 = =><t 1.0
D L
o =
~Nd
g0 W - 08 =
= ) No performance loss . &
E 0.6 IIIIIIIIIIIIIIIIIIIIIIIIIIIIII Q| IQI IQI IQI IQI IQ IIIIIIII 1 1 0.6
SRR AP LRLER AL DN L PSR PP
O A e S NS SR R SR N R N VRO S O S A

GPU Frequency (MHz) GPU Power Capping (W)

B T .
7
P U
- \{<-J . 23

GPPD/UFRGS



Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Frea. Capping
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Evaluation: Apps that benefit more from Frea. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation: Apps that benefit more from Freq. Capping
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Evaluation

* What applications benefit more from Power Capping?
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Evaluation: Apps that benefit more from Power Capping
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Evaluation: Apps that benefit more from Power Capping
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Evaluation: Apps that benefit more from Power Capping
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Evaluation: Apps that benefit more from Power Capping
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Evaluation: Apps that benefit more from Power Capping
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Evaluation: Apps that benefit more from Power Capping
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Evaluation: Apps that benefit more from Power Capping
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Evaluation

* What applications are impacted in similar ways?
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Evaluation: Apps with similar behavior
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Evaluation: Apps with similar behavior
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Evaluation: Apps with similar behavior
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Evaluation

What is the impact on the performance of applications?
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Evaluation: What is the impact on the Performance?
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Evaluation: What is the impact on the Performance?
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Evaluation: What is the impact on the Performance?
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Evaluation: What is the impact on the Performance?
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Evaluation: What is the impact on the Performance?
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Evaluation: What is the impact on the Performance?
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Evaluation

e Discussion
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Evaluation: Discussion

* Practicality and Applicability
* Both power and frequency capping can improve energy efficiency without modifying application code.
e Suitable for production workflows and system-level energy policies (runtime)
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Evaluation: Discussion

* Practicality and Applicability
* Both power and frequency capping can improve energy efficiency without modifying application code.
* Suitable for production workflows and system-level energy policies (runtime)

* Technique Behavior and Trade-offs
* Frequency Capping was more effective at large scale and for compute/memory-resilient applications
* Power capping was better for bursty workloads with variable utilization.
* Aggressive throttling should be avoided as it increases time-to-solution and reduces overall efficiency.
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Evaluation: Discussion

* Practicality and Applicability
* Both power and frequency capping can improve energy efficiency without modifying application code.
* Suitable for production workflows and system-level energy policies (runtime)

* Technique Behavior and Trade-offs
* Frequency Capping was more effective at large scale and for compute/memory-resilient applications
* Power capping was better for bursty workloads with variable utilization.
* Aggressive throttling should be avoided as it increases time-to-solution and reduces overall efficiency.

 Both methods are effective, but their benefit is workload dependent.

vy

B
s = 61

GPPD/UFRGS



Evaluation: Discussion

Practicality and Applicability
* Both power and frequency capping can improve energy efficiency without modifying application code.
* Suitable for production workflows and system-level energy policies (runtime)

Technique Behavior and Trade-offs
* Frequency Capping was more effective at large scale and for compute/memory-resilient applications
* Power capping was better for bursty workloads with variable utilization.
* Aggressive throttling should be avoided as it increases time-to-solution and reduces overall efficiency.

Both methods are effective, but their benefit is workload dependent.

Power management is a non-invasive, cost-effective path toward sustainable Exascale HPC.
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(Ongoing) Future Works

 Understand the impact of hardware metrics on the power profile of each application

* Devise a model to automatically define the best power management technique

* Model a tool to change GPU frequency/power capping according to the active kernel
* Implications on MPlI communication, barriers, etc. etc..
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