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Thousands of nominally identical nodes still behave differently

" Process / manufacturing variation
— Manufacturing differences accumulate across a

Very I_a rge machine THOUSANDS OF NOMINALLY IDENTICAL NODES
= Aging -
— Node characteristics can drift over the lifetime ]
of the system. O
)

* Thermal conditions
— Local temperature and cooling conditions shift O
node behavior.

= Other operating conditions

— The same nominal configuration does not
guarantee the same response
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Uniform power caps assume identical node response

= Qur measurements on Aurora show that
assumption does not hold.
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= Wide spread in Nekbone performance under
the same node power limit.
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= Bulk-synchronous jobs wait for the slowest

Figure of Merit (x10°)

node.
2.5 1 / .
. i y Min-max range
= A uniform cap can therefore waste part of a 2o | Sth-95th percentile
. . o 25th-75th percentile
fixed job-level power budget. B — Median FOM
. . 24I00 - 28I00 S 32IOO - 36I00 S 4OIOO
= The issue is not total power alone Board Power Limit Control (W)

— itis how that power is distributed across
nodes.
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Our idea: keep the job budget fixed, change the per-node allocation

Uniform allocation Non-uniform allocation
Node Node Node Node Node Node Node Node Node Node
1 2 3 4 5 1 2 3 4 5
3.0 KW 3.0 KW 3.0 KW 3.0 KW 3.0 KW 3.3 KW 2.8 kW 3.2 KW 2.9 kW 2.8 kW
—/

Total requested caps: 15.0 kW Total requested caps: 15.0 kW

variation-aware
allocation

Can per-node characterization help us reduce the largest predicted
slowdown without increasing the job’s aggregate power budget?
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Per-Application
Traces, Reports,

Facility Managers Providers App Developers or P

t !

System Admins / J Utility ServiceJ System End Users /J '

Unprivileged User Space

Power Management Policies . Chicago,
for different system states == W IL
=l -~
I
v
-- System States -- R _*_ - .,: I‘ 11 :
. 14 1
1. Normal Operation I PBSJob ! i 1 e
; => 1wl 11
2. Benchmarking ! Scheduler | PI?SESPMk It : = !
3. Maintenance - 5 |\ ooks ] v GEOPM PlatformlO lib ‘ : : .
4., Emergency | | TTTTT77 bt CPU Drivers P!
. I N
5. Systemwide o XPU Drivers { !
Characterization [ A DY : : : |
g 1 1o RAPL L
i i . ———————— 1o ™ Xe Driver 5 Loy
Direction of 1 Workload : { 1 XEON Isst_interface Driver: xe ' 11 |
Power Management : Behavior , | GEOPM System - Speedsaecwecnhiaoa ! : .
—p Monitor | Coefficients 1 : Characterization (N ! : Y
i 1
1 : i Tools : | L :
-l Control : | Memmmmm o 1 : : |
1| Per-Node CPU+ 1 y !
Il GPU Frequency 1 : !
I| Operating Points : | 11 :
! 11
___________ - 1 |
11
- 1 1
e e HPCM Kafka servers -> LCF Kafka Oziro?ct))(;id 1 : : |
rarana/email/slacl -OT-| 1 |
/reports « Cluster servers -> Bl Kafka * telemetry « 1 Most restrictive Most restrictive 1 ]
consumers -> de/VM databases i frequency is applied frequency is applied 00
sampler i 1
\ r
i i 7

@ User control input
T~ @ RAPL control entity
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Board Power e
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Telemetry is used to steer power between devices
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Telemetry Telemetry
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Measurement https://github.com/geopm/geopm
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End-to-End Model-Guided Power Allocation on Aurora via GEOPM

Offline modeling — PBS job integration — node-level control — safe restoration

Offline Job Launch E:‘f’:ﬁ;ement

Characterization (PBS Prologue) (GEOPM)
Measure power— Read iob power budaet Apply caps via
performance tradeoffs j0b'P uag PlatformlO

Build allocation models Select allocation model Enforce node-specific

limits
Store model parameters Compute per-node caps Sfécl;llrjr:ilésnbefore
AURORA COMPUTE NODES CPUs GPUs

Platform power controls

No application modifications required.
f@ o ENERGY UsoemsrmsnielEncioviorowry intel

Execution &

Restore
(PBS Epilogue)

Run application under
caps

Invoke epilogue at
completion

Restore default settings

Memory / Uncore
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Variation-Aware Non-Uniform Power Allocation

A common slowdown target can require different power caps on different nodes.

NODE VARIABILITY Illustrative per-node response models ALLOCATE UNDER BUDGET B
=== Node B === Node C

FIT
Si(P) = M;(P)
Predict each node’s slowdown.

Target s*
INVERT

Pi(s) = M;™*(s)

Find the required power at slowdown s.

Slowdown

BISECT
% Pi(s*) <B

Find the smallest feasible s*.

Lower Higher
Per-node power cap g

Result: non-uniform per-node caps minimize the predicted worst-node slowdown within the budget.
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At ~512 nodes, non-uniform allocation improves Nekbone FOM

7.5%

Quadratic model, 508 nodes Piecewise-linear model, 509 nodes

Lo best gain
' piecewise-linear @ 2,800 W
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best gain
+5.4% —&— Uniform +7.5% —$— Uniform quadratic @ 2,800 W
0.6 : 0.6 :
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Average requested node cap (W) Average requested node cap (W)

At moderate caps, both
model choices generally
track the uniform baseline
closely while producing
small positive gains.
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At 8,210 nodes — mixed observation

Quadratic model, 8,210 nodes

+6.8%

+0.1% piecewise-linear
@ 2,800 W

-8.8%

quadratic
@ 2,800 W
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+5.3%

piecewise-linear @
3,100 W

+3.8%

quadratic
@ 3,100 W

Same allocator. Different representation of the
characterized response.
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Takeaways

= Node variability matters: Identical power caps do not guarantee identical
performance.

= Variation-aware allocation can improve application FOM without increasing the
aggregate requested power budget.

= At ~512 nodes: Both models improve Nekbone FOM, achieving up to +7.5% (piecewise-
linear) and +5.4% (quadratic).

= At 8,210 nodes: Piecewise-linear achieves +6.8%, while quadratic regresses by 8.8% at
2,800 W/node, highlighting the importance of model accuracy.

Deployment Workflow: Offline characterization — Model selection and allocation (PBS prologue)
— Power cap enforcement (GEOPM) — Restore defaults (PBS epilogue).
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Established by the paper Not established

What the results show — and limits

= Development of the node power limit control = Generalization to substantially different
and PBS-hook based job-level power control workload classes.
* Node-to-node variation is large enough to = Dynamic or phase-aware redistribution during

matter for a tightly coupled job. execution.

» Redistributing a fixed power budget can

improve Nekbone FOM. = A universal model that transfers across

workloads without re-characterization.

= The same allocator can use different node _ -
models. = Benefits on applications that are not bulk-

: . : synchronous not covered.
» Piecewise-linear modeling was more robust at

the tightest large-scale cap.
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End-to-End Model-Guided Power Allocation on Aurora via GEOPM

= Offline Characterization

(qsub)

[ 1

— Measure power-performance tradeoffs across User Input | System Policies |
Au rora n Od es e Power limit — PBS Server | _____ » o Power policies ;

« Application / script | Submit job (Scheduler) e Scheduling and allocation !

i

e User / project limits

— Develop non-uniform power allocation models. * Job parameters
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9 Tobtart etait Vot s i
n At j ob launch il : Node Characterlzatlon/Allocatloni
Allocate resources (— @ Compute per-node | o - Uniform per-node power cap !
— PBS prologue reads the job-level power budget and anfl seliolr 2 coi : |¢---f"—’vf‘f—"f11tf-—i « Non-uniform per-node power cap |
HEEULOLIOS i - Quadratic model !
selected model. | - Piecewise-linear model i
Invoke prologue ook~ \__________________________ )
— The allocator computes a per-node cap. I (4) peanaemaen iiits ey ey \
. . Compute e -- Aurora |
— GEOPM PlatformlO applies the cap before the o Apply powe imits | |
. . pp p Compyte'Job Prologue Hook ] (via GEOPM) ‘: [ GEOPM PlatformlO } !
application starts. (Application) (execjob_prologue) | “ |
A ! [ Platform Power Controls !
. . . RAPL/PS .
m At jOb completlon e Job completion event i ¢ ( ¢/ ys) ¢ )i
. .. . : M I
— PBS epilogue restores the original platform settings. v i cpus || crus |[Memoa /],
0 Job completes . o power settigngs : ¢ ‘ ¢ |
(return to user) [ Epllqgue HOOk 1 (via GEOPM) | !
| (execiob_epilogue) | ':[ Node Power Budget Enforced | !

No application changes are required. =~ T
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Example Quadratic Model

{

"max_power": 3700.0,

"node_profile_name": "jobtype_a",
"profiles": {
"jobtype_a": {
"hosts": {
"host1": {
"model":
{
"x0": 1.0,
"A": 8e-08,
"B": 7e-05,
"C": 0.0
}
h
"host2": {
"model":
{
"x0": 1.0,
"A": 8e-08,
"B": 6e-05,
"C": 0.0
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