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Energy efficiency of a GPU system
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The HIGH-LOW project at Valencia

Design of HIGH performance algorithms for LOW power sustainable hardware for LHC experiments and their upgrades
Pls: L. Fiorioni (ATLAS) & A. Oyanguren (LHCb)
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The HIGH-LOW project at Valencia

CORPUS DE — =
L C A\ :
\ 5 i i ; =L L —~

Quantifying energy
consumption is
important to take
decisions!

Noise isolated small room at the IFIC experimental lab area with racks 4



The HIGH-LOW project at Valencia

HLO1

2 x Intel Xeon Gold 5318Y,
256GB DDR4 RAM,

80TB storage,

NVIDIA RTX A5000 x1,
NVIDIA RTX A6000 Ada x1

HLO2

AMD EPYC 9474F,

768GB DDR5 RAM,

160TB storage,

NVIDIA RTX A6000 Ada x1,
NVIDIA H100 NVL x2

AMPERE ALTRA Q64-22
(ARM Neoverse N1)

APC Metered Rack PDU ZeroU 2G APS8




LHCb experiment

ATLAS CMS

Llem™2s71] 2x10%  2x10% 2x10* 6x10%
pile-up 5 60 60 1
reconstruction rate 30 MHz 100 kHz 100 kHz 50 kHz
reconstructed tracks/s 1800 M o0 M 90 M 10 M



LHCb experiment
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ALIGNMENT &
CALIBRATION

.
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REAL-TIME Raw data

Selection decisions
-

4 TB/s
30 MHz non-empty pp
y

FULL PARTIAL DETECTOR
RECONSTRUCTION e First LHC experiment that uses

?QELEDC(;LO,: & SELECTIONS
_(GPU L ) GPU-based system as first level

trigger
e About 300 algorithms
e ~500 NVIDIA RTX A5000

LHCb / Allen - GitLab



https://gitlab.cern.ch/lhcb/Allen

Energy efficiency of a GPU system

LHCb HLT1 is GPU-bound

With the same GPU, CPU choice does not affect performance.

GPU Architecture  CUDA cores Boost clock Memory BW TDP

[MHz] [GB/s] [W]

RTX A5000 Ampere 8192 1695 768 230

Samsung 8nm < prx 3090 Ampere 10496 1695 936 390
(" RTX 4070 Ti Super Ada Lovelace 8448 2610 672 285

RTX 4080 Super Ada Lovelace 10240 2550 736 320

RTX 5000 Ada Ada Lovelace 12800 2550 576 250

RTX 4090 Ada Lovelace 16384 2520 1008 450

TSMC4nm < RTX 6000 Ada Ada Lovelace 18176 2505 960 300
RTX PRO 4000 Blackwell 8960 2617 672 145

RTX PRO 6000 Blackwell 24064 2617 1792 600

_ H100 NVL Hopper 16896 1785 3938 400




Energy efficiency of a GPU system

Measurement strategy

Power draw [W]

N\ -

Plateau

Ramp up

Standby (idle) power = 20 W

Use nvidia-smi to monitor GPU

parameters.

Measure power consumption, CUDA core

clock speed, and memory frequency at

the plateau.

Power draw [W]

PDU: Power Distributed Unit 9
---. ACPI: Advance Configuration
and Power Interface

CPU + NVIDIA RTX 6000 Ada 320Mevents ]

ISIOO
Time [s]

I
500 1000

The power measurement
is later double-checked

with PDU (external) and

ACPI (motherboard)



Energy efficiency of a GPU system

Clock speed

L e e e e e
Specification boost clock o
B Mecasured maximum clock =]

RTX A5000
RTX PRO 4000

RTX 3090

RTX 4070 Ti S

RTX 4080 S

RTX 5000 Ada

RTX 4090

RTX 6000 Ada

H100 NVL

RTX PRO 6000

PP M BT PR
1.0 1.5 2.0 2.5 3.0
Clock speed [GHz]

Run 5-16% above specification
(GPU boost mechanism)

Memory bandwidth

Specification bandwidth _J
B Measured bandwidth

RTX A5000
RTX PRO 4000
RTX 3090
RTX 4070 Ti S
RTX 4080 S
RTX 5000 Ada
RTX 4090
RTX 6000 Ada
H100 NVL

RTX PRO 6000

PRI T S [T ST T TR T T T ST TN [N SO ST T S N
0 1000 2000 3000 4000
Memory bandwidth [GB/s]

T
TDP E
I Measured peak power

RTX A5000
RTX PRO 4000
RTX 3090
RTX 4070 Ti S
RTX 4080 S
RTX 5000 Ada
RTX 4090
RTX 6000 Ada
H100 NVL

RTX PRO 6000

L 1 L
600
Power [W]

M B
0 200 400

Good agreement

Power-limited GPU:

~100% TDP
Non-power-limited GPU:

~71-90% below TDP
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Energy efficiency of a GPU system

LHCb

—_ o [\
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HLTI1 throughput [kHz]
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Fit: o (Necores >(fclk)o'59 x BWO0-28

/

/

® Ampere &
B AdaLovelace / RTX PRO 6000
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A Hopper i
HIOONVL “
/‘
RTX 4 /
090 »

7 RTX 6000 Ada

RTX 4080 S
@, = RTX 5000 Ada
RTX 4070 Ti Sg

© RTX 3090

J o
& RTX PRO 4000
/" RTX A5000
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Throughput = k X (Neores X felock)® X BandwidthP

2 4
(Ncores xfclk)o'59 x BW0Y-28 [x 105]

Power per core [mW]

LHCb
35 | T T \\l T I T T T T T T T T I T T T T I T T ]
B ‘\\ T Allen power demand ]
= ‘EJRTX 4070 Ti S E AdaLovelace 4
30 | @ Blackwell .
i \ A  Hopper ]
B \ C Ada Lovelace (power limited) -
25 C \DRTX 4080S <& Blackwell (power limited) ]
’ R 4090 RTX PRO 6000 ]
20 g T T RRNRY  S— =
i RTX 5000 Ada H100 NVL ]
15 F CRTX PRO 4000 - RTX 6000 Ada ]
1 i 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 L ]

g) 000 10000 15000 20000 25000

Number of CUDA cores

Power = min(Power oes X Neores, TDP)

Pcores - Pﬂoor + A x eXp(_

cores )

1



Energy efficiency of a GPU system

Energy Efficiency — Throughput - # Event Our model can predict power
Power consumption Joule efficiency from GPU specifications.
LHCb
T — T T T T T 7]
RTX ey BN Measured
o ’ pedeed LHCb e Fastest GPU # most
RTX A5000 e = <250 0 b ot o T .
RTX 4070 Ti EI L T Ampee BV } energy-efficient.
iS B — T @ AdaLovelace ~ RTXPRO 6000
] - [ @ Blackwell ‘ i . a...q
RTX 4080 S —Z 5200 f 4 Hopper HIOONVL‘/ 1 ® Being power-limited does not
RTX 5000 Ada b o0 [ RTX 4090 " i determine energy efficiency.
] S 150 - /‘ijTx 6000 Ada -]
RIX 409 1 5 [ ] e Energy efficiency is an
RTX PRO 6000 ] — 100 E RTX4080DS§;2TX 5000 Ada i
RTX 6000 Ad . M= T e ] Independent metric.
a e ] s r //‘RTX A5000 ] o )
H100 NVL 7 50O e é i AIL S e Similar throughput can imply very
RTX PRO 4000 Ao 3 (Neores % foti)03 x BWO-28 [x105] different energy efficiency.

PR S TR NN TN TR SR (N ST TR S N S
0 200 400 600
Energy efficiency [events/J] 12



Summary

High-Low project at IFIC (Valencia) for sustainability studies at
HL-LHC.

Energy efficiency is an independent metric.

The model can predict power consumption from GPU
specification.

The methodology is not specific to LHCb HLT1: it applies to any
GPU-based application.

The related paper is on arXiv, the journal publication is in progress.

Energy efficiency of a GPU-based computing system for High Energy Physics
experiments

Jiahui Zhuo, Arantza Oyanguren, Alvaro Fernandez Casani, Luca Fiorini, Valerii Kholoimov

In this paper we introduce the energy efficiency as a new metric for evaluating both hardware platforms based on Graphic Processor Units (GPU),
and algorithm optimisations at High Energy Physics (HEP) experiments. We develop a method to compute the energy efficiency for the case of the
first high level trigger (HLT1) of the LHCb experiment, relating the throughput with GPU specifications such as the number of cores, clock
frequency, memory bandwidth and thermal design power. The model can be extended to other HEP experiments to make decisions and reach
sustainable computing ecosystems.

Comments: Submitting to Frontiers in Physics - High-Energy and Astroparticle Physics
Subjects: High Energy Physics - Experiment (hep-ex)
Cite as: arXiv:2604.27523 [hep-ex]
(or arXiv:2604.27523v1 [hep-ex] for this version)
https://doi.org/10.48550/arXiv.2604.27523 0 13


https://arxiv.org/abs/2604.27523
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Introduction

REAL-TIME
ALIGNMENT &
CALIBRATION
s 6%
4 TB/s CALIB
: EVENTS
30 MHz non-empty pp ' : OFFLINE
4 0.5-1.5 — PROCESSING
il TB/s |PARTIAL DETECTOR| "\, <> FULL DETECTOR
S
RECONSTRUCTION 3 RECONSTRUCTION 26%
?QETA%;S;? & SELECTIONS o R & SELECTIONS FULL
(GPU HLT1) 70-200 (CPU HLT2) EVENTS
GB/s
0 v
Allen TURBO kmpengd PRODUCTIONS &

EVENTS USER ANALYSIS

We want to study the throughput and energy efficiency of Allen (HLT1)
15


https://gitlab.cern.ch/lhcb/Allen
https://gitlab.cern.ch/lhcb/Allen

Study setup

Samsung 8nm {

TSMC 4nm

<

Allen

Version: V7rl10pl
Sequence: hltl_pp_default
Input: MEP_2025_pp_pD2_bu_321834_LHCb_ECEBG1_BU_O

GPU Architecture ~ CUDA cores Boost clock Memory BW TDP

[MHz] [GB/s] [W]
RTX A5000 Ampere 8192 1695 768 230
RTX 3090 Ampere 10496 1695 936 390
RTX 4070 Ti Super Ada Lovelace 8448 2610 672 285
RTX 4080 Super Ada Lovelace 10240 2550 736 320
RTX 5000 Ada Ada Lovelace 12800 2550 576 250
RTX 4090 Ada Lovelace 16384 2520 1008 450
RTX 6000 Ada Ada Lovelace 18176 2505 960 300
RTX PRO 4000 Blackwell 8960 2617 672 145
RTX PRO 6000 Blackwell 24064 2617 1792 600
H100 NVL Hopper 16896 1785 3938 400

16


https://gitlab.cern.ch/lhcb/Allen
https://gitlab.cern.ch/lhcb/Allen

Study setup

” Venecsiane U7n10n1

QQ@ The HIGH-LOW project at Valencia

Design of HIGH performance algorithms for LOW power sustainable hardware for
LHC experiments and their upgrades

Pls: L. Fiorioni (ATLAS) & A. Oyanguren (LHCb)
Funded by the Spanish Ministry of Science and Innovation (TED2021-130852B-100)

L RTX PRO 6000 Blackwell 24064 2617 1792 600
H100 NVL Hopper 16896 1785 3938 400

17


https://gitlab.cern.ch/lhcb/Allen
https://gitlab.cern.ch/lhcb/Allen

Measurement

LHCb RTX A5000
E = 1 1 1 1 I 1 1 1 1 I 1 -
_ - Me_asured eak ow:er = 229.4;;‘\"-%," E
2 200 | - {  Measurement strategy
JS : Plateau : 9 NG . .
= I ] e Usenvidia-smi tomonitor GPU
% - \ - parameters while running Allen.
[a® 100 |  Ramp up ] q
- - e Measure the power consumption,
I ] CUDA core clock speed, and memory
Standby (idle) power = 20 W
————————————————————————————————————————————————————— frequency at the plateau.
O [ 1 1 1 1 I 1 1 1 1 I 1 ]
0 50 100

18



Measurement

T T T T T T T
Specification boost clock ]
B Mcasured maximum clock —

RTX A5000

e Most GPUs run 5-16% above their specification RTX PRO 4000 ]
boost clock. RTX 3090 .
o _ RTX 4070 Ti S ]
e The specification boost clock is a guaranteed ]
. . RTX 4080 S =
minimum, not a maximum. ]
RTX 5000 Ada .
e Modern NVIDIA GPUs automatically increase their RTX 4090 E
clock frequency when there is enough thermal RTX 6000 Ada k
and power margin, a behaviour known as GPU H100 NVL k
Boost. RTX PRO 6000 .
L PR SR T TR [N TN S TR TR (N SO T N

1.0 1.5 2.0 2.5 3.0

Clock speed [GHz] 19



Measurement

L L L L
RIXAsO0 B e 3
RTX PRO 4000 == i e Memory bandwidth is
RTX 3090 mm— = .
: Memory frequency # Memory bus width
RTX 4070 Tj S o= g
RTX 4080 [ j e The memory frequency is measured at the plateau, while the
RTX 5000 Adq = E bus width is taken from the GPU specification.
RTX 4090 pmm== 7 e The measured memory bandwidth closely matches the
RTX 6000 Ada fres== E specification for all GPUs.
T PRO 6000 e The memory clock does not have a boost mechanism.
TX PR r .
PN S T T [T T TN T N T N T T NN TN ST TN S A
0 1000 2000 3000 4000

Memory bandwidth [GB/s] 20



Measurement

e Some GPUs reach very close to their TDP (99-100%),
meaning the HLT1 workload consumes the entire
power budget.

e These GPUs are referred to as power-limited.

e Other GPUs run well below their TDP (72-91%),
meaning the power budget is not the bottleneck.

e These GPUs are referred to as non-power-limited.

RTX A5000
RTX PRO 4000
RTX 3090
RTX 4070 Ti S
RTX 4080 S
RTX 5000 Ada
RTX 4090
RTX 6000 Ada
H100 NVL

RTX PRO 6000

— T T T T T T T
TDP
B Measured peak power

(i}

L L L | L
200 400 600
Power [W]

o

21



What do we want?

# CUDA cores

Throughput model > HLT1 Throughput

CUDA clock speed

Memory bandwidth

TDP Power model }—\ Power consumption

GPU specifications
& J

22



Throughput model

Throughput = k X (Neores X ferock ) X Bandwidth”

e kisanormalization constant.

e aisthe exponent on the compute capacity (N_, ..* f,,,.)-

e bisthe exponent on the memory bandwidth.

e Synchronisation overhead and limited parallelism lead to a <1.

e Cache hits reduce reliance on global memory bandwidth, leadingto b <1.

23



Throughput model

LHCD

HLT1 throughput [kHz]
— — (\®) (\®)
S v S O
S S & S

()
-
-

1 I 1 1 1 l/ 1 1

>bOE O |

- Fit: o< (Neores Xfclk)o'59 x BW0-28 ;
Ampere ¢
Ada Lovelace // RTX PRO 6000
Blackwell
Hopper %
HIOONVL
A

RTX 4090 -

s

/T RTX 6000 Ada

RTX 4080 S

D,ERTX 5000 Ada
RTX 4070 Ti Sg

@ RTX 3090
& RTXPRO 4000

// RTX A5000

7/
1 ‘1 1 ] 1 1 1 ] 1

2 4
(Ncores ><fclk)o'sg x BW0-28 [ x 105]

a=0.59,

b=0.28, k =0.64,

a > b: HLT1is more compute-bound than
memory-bound.

a = 0.59: doubling the compute capacity
increases the throughput by a factor of 29>
=1.5, not 2.

The model is fitted with measured
parameters instead of specifications, since
the measured clock speed may differ from

the specification.
2%



Power model

Power = min(Powercyes X Neores, L DP)

e Power___isthe power demand per CUDA core in HLT1.

e N is the number of CUDA cores.

cores

e Power___isafunctionof N :asmore cores are available, the HLT1 workload is spread more thinly

cores cores’

and each core consumes less power.

POWGrcores — Powercores(Ncores)

e The power demand per CUDA core in HLT1 can only be measured for non-power-limited GPUs.

e [talso depends on the fabrication process. Here we use TSMC 4nm to model the power consumption.
25



Power model

15 LHCb
P _ P A . cores p— i T T \\I T I T T T T I 1 1 1 1 I 1 T 1 1 I 1 1 i
cores floor T X eXp( ) % . \ RIX A0 TiS Allen power demand ]
i \ i Ada Lovel i
Phoor = 19.6 mW, A =480 mW, 7 = 2223 cores =30 & Bladkodll ]
= [ A  Hopper ]
8 B \ 1 Ada Lovelace (power limited) A
: . - i \_ RTX 4080 S imi .
e AtveryhighN_ . HLT1 parallelisation reaches a limit: 2 25 5 ¢ Bladowell (powsclimited)
each core already handles the smallest unit of work that — B i
be subdivided furth QB) 20 E RxAM0.  RIXERO 6000, E
cannot be subdivided further. Q? i RTX 5000 Ada HIOONVL - ]
e  The power corresponding to this limitis P :the 15 _ T PRO 4000 “RTX 6000 Ada _
per-core power cost of HLT1 when parallelisation is fully i ]
exploited on the TSMC 4 nm process. B ]

1 PR TS TR TR NN TN TN T TR AN SR SR TN S AN SRS SN S T NN SR
e Power-limited GPUs do not have enough P____to meet 9000 10000 1501(\)I?lmb6219 (())?OCUDz,iOg(())res

cores
the HLT1 demand, so they always sit below the curve.

26



Energy efficiency

— a . b
Throughput model Throughput = k X (Neores X feroer)® X Bandwidth

, Throughput +# Event
Energy Efficiency = — =
Power consumption Joule
{ Power model Power = min(PowercoreS X Ncores, TDP)
NCOI‘GS

Pcores — 1:)ﬂoor + A x eXp(_

)

=
27



Energy efficiency

RTX 3090

RTX A5000

RTX 4070 Ti S

RTX 4080 S

RTX 5000 Ada

RTX 4090

RTX PRO 6000

RTX 6000 Ada

H100 NVL

RTX PRO 4000

— 1 r T 1 r ]
241 evts/] B Measured
237 evts/, H

Predicted

Ll
200

P B P
400 600
Energy efficiency [events/J]

The fastest GPU is not necessarily the most
energy-efficient: the RTX PRO 6000 has the highest
throughput, but is less power-efficient than several other GPUs.

Being power-limited does not determine power efficiency:
the RTX PRO 4000 is the most power-efficient GPU despite
being power-limited, while the RTX 5000 Ada is also
power-limited but less efficient than many others.

Energy efficiency is an independent metric and cannot be
simply predicted from throughput.

Our model can predict power efficiency from GPU
specifications. Actual performance may differ from the
specification due to GPU Boost, but the difference is not large

enough to change the energy-efficiency ranking. -



Energy efficiency

RTX 3090

RTX A5000

RTX 4070 Ti S

398 evts/J

421 evts/)
419 evts/J

RTX 4080 S

442 evts/J
449 evts/J

RTX 5000 Ada

BN Measured ]
Predicted ]

[\
)
-

RTX 4090 _ﬁ?@f

2}

/]

oughput [kHz]
(\®)
S
S

RTX PRO 6000 h:ﬁl;‘m

vis/J

RTX 6000 Ada _sn

525 evts/)
evis/J

H100 NVL

RTX PRO 4000

529 evts/]
534 evts/]

581 evts/J

602evts/] ]

1
0 200 400

Energy efficiency [events/J]

Ll
600

5

LHCb

Fit: o (Ncores >(jrclk)O.59 X BWo.zs
Ampere

Ada Lovelace

Blackwell

>ome

HI00 NVL
A

RTX 4090 .-~

us

RTX 4080 S

Hopper /s

-~ RTX 6000 Ada

/” RTX PRO 6000

Similar throughput,

00 N ~ mE RTX 5000 Ada .
[ RTX 4070 Ti i./ different energy
@ _RTX 3090 . s
- RTX PRO 4000 efficiency.
- // RTX A5000
50 1 //I 1 ] 1 1 1 I 1 1 -l

(Ncores xf(:lk)o'59 x BW0-28 [ x 105]
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