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Fundamentals: energy, CO2 & the Joule Journey

Tiny introduction to supercomputer & processor architecture (power-wise)

Tradeoffs in multicore processor design

Playing with runtimes for energy efficiency

Levers at infrastructure-level: is carbon neutrality even achievable?

Outline
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Energy & CO2

Energy ~ measure of ability to change state 
● Conserved
● Storable: kinetic, potential, chemical

● Fossile fuels stores quite an amount (oil ~10kWh/l) 

CO2, the nasty byproduct (and not heat per se)
● Sun: 174.1015 W à ~1.5h collection power earth for 1 year
● Disturbingly stable as an oxyde: there to last

● Loves infrared produced by mildy warm bodies (earth)



4

Energy efficiency, electricity delivery

Energy, transformation, delivery and use

E. prod Transport Sink

<40% 40-90% 30~99%

http://insideenergy.org/2015/11/06/lost-in-transmission-how-much-electricity-disappears-between-a-power-plant-and-your-plug/

WASTE
HEAT

WASTE
HEAT

WASTE
HEAT

CO2 free

Higher eff.
(tough)

Smart
Grids Higher eff.

Datacenter / HPC

http://insideenergy.org/2015/11/06/lost-in-transmission-how-much-electricity-disappears-between-a-power-plant-and-your-plug/
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Key concepts
● Site with infrastructure equipment hosting servers, mass storage w. networking equipment
● Hardware installed on blades organised in racks in server rooms

● Supercomputer or Data centre? Same ingredients, different recipe!

What does a typical DC / Supercomputer look like?

Supercomputer

Node

GPU RAM

NI
Core
#0

Core
#1

L1-I

L2

L1-D L1-I L1-D

BUS I/F

Node
Rack

Fast
hierarch. 

comm. net.

CPU
OpenMP

OpenCL

MPIGlobal Address Space
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Let’s start with a (very) weak assumption
● Compute is performed by processors
● And from there mostly originates power consumption

Von Neumann legacy
● Data travels back and forth with memory
● Cached in .. Caches
● All CMOS (Complementary Metal Oxide Semiconductor) logic

╶ > 107 transistors

Oooooversimplification

Core
#0

Core
#1

L1-I

L2

L1-D L1-I L1-D

BUS I/F

RAM
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Compute or communicate? On-chip figures for 22nm CMOS

● Communicate:
╶ Moving 1bit of information: 1pJ/mm

╶ @1GHz: 1pJ/mm x 109 s-1 =  1mW/mm
╶ On a 64 bit bus, 64mW/mm

● Compute:

╶ Toggling 1bit: 1aJ =10-6pJ

Understanding where power goes

Source: H. Fanet, CEA LETI; A. Cappy, IEMN

CPU 

RAM
CPU Core 

L2 
RAM 

L1 
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Going offchip, worst idea power-wise
● In the order of nJ / 64 bit words
● Hardly avoidable:

╶ Von Neumann

╶ Onchip memory expensive

Understanding where power goes

distance

en
er

gy

CPU RAM 

PCB(Printed Circuit Board)

onchip offchip

Offchip portal:
entering the nJ world

Every bit has to go 
through that « Stargate »

Buffer, i.e.
power amplifier
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Worse for computer clusters i.e. Supercomputers
● Better increasing node compute density (less nodes, less remote comms)

Understanding where power goes

distance

en
er

gy

CPU RAM 

onchip offchip

Offchip portal:
entering the nJ world

CPU RAM 

Network 
communication

Remote node(s)
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Data should not travel much!
● Undergo as much processing as possible in place

╶ Pack up lots of cores per node

╶ Data fetched from DRAM should not go back and forth

● In the most possible energy efficient way

Drafting design guidelines

CPU RAM 
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Rationale: the closer the tasks, the better: favor locality i.e. in-place
● Compute jobs = Tasks(t)

Approach

Node

� Cluster

CPU CPU

CPU CPU

? ?

RAM RAM
t

t t 
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Going HMP: Hetergeneous Multi-Processing
● Single ISA!
● Linux sees all cores
● Allows balancing workloads

Promising, still challenging
● Deciding if           or       hard @ static

● Often data-dependant

● Requires friendly programming models

● Requires smart schedulers

Heterogeneous multicores

CPU CPU

CPU CPU

RAM RAM

RAM

CPU CPU

CPU CPU

t 
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Measure & model architecture specifics
● Run benchmarks, measure performance & power
● Figure out architecture specifics & build power models

and then simulate various ideas
● Using Full-System simulators, i.e. gem5

Researching @ architecture

Architecture
configuration

RAM 

CPU CPU 

CPU CPU 

OS 
img

Benchmarks  custom runtimes ..

Exec statistics,
low-level behaviors,

POWER



14

Playing with dozens of parameters for diverse blends
● Heterogeneity levels (big.LITTLE, big.medium.LITTLE..)
● Assymetry (core count per cluster)
● Cache sizes, coherence protocols

● Memory hierarchy: cache levels etc.
● Interconnect type (bus, mesh, torus…)
● Memory technologies

● …

Researching @ architecture cont’d

CPU CPU

CPU CPU

L2 L2

RAM

CPU CPU

CPU CPU

L2

RAM

L2

CPU CPU

CPU CPU

L2 L2

RAM

Big.LITTLE Assymetric Big.LITTLE Big.medium.LITTLE
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Analyzing performance/power tradeoffs
● 8 cores systems, either

╶ Symmetric

╶ big.LITTLE

╶ big.medium.LITTLE

Some results
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Most legacy codes use OpenMP < 4.0

OpenMP 4.0 & friends (OmpSs) go tasking
● OpenMP 4.0, OmpSs, pragma-based

● More parallelism available @run-time, opportunities for smart job scheduling

Programming models & schedulers

BSC OmpSs: Cholesky decomposition H
W

Ready Task queue

Scheduler
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Many opportunities
● Defining task queues 

╶ High(big)

╶ Low (LITTLE)

Programming models & schedulers

RAM

CPU CPU

CPU CPU
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LUD benchmark

OmpSs significantly outperforms OpenMP
● LUD exhibits significant inter-thread sharing (row/column dependencies)
● OmpSs implicit data dependency management helps
● Most configurations line up on the same EDP, with tradeoffs 
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Fluidanimate benchmark

Not across all benchmarks!

Again asymmetric HMP configurations provide tradeoffs
● 4 A7/4 A15 has worse EDP compared to 8 A7
● 7 A7/1 A15 ~ 40% faster, ~40% more energy
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Still, chips remain vastly non energy-proportional
● Dynamic power: toggling not purely proportional to load
● Static power: « constant » price to be paid

╶ For each transistor (each path from Vcc to GND)

On static power
D4.5 - Intermediate report on deployment and evaluation of mini-clusters
Version 0.7
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Figure 20: Power evolution of the Exsom (a) and MediaTek (b) board when executing two
versions of the vips benchmark: one with minimum number of threads (n = 1) and a second
version with a high number of threads (n = 8).

it goes one notch up in the region of interest and it decreases in the final phase before returning
once more to the idle power level.

The top graph of Figure 20 shows the power profile of the Exynos board and a zoom in
of the power hungry ROI. In the zoom in, one can observe that the power periodically spikes
to close to 11 Watts (8.5 Watts burned by the SOC), however, the average power during ROI
execution is only 4.2 Watts (1.6 Watts burned by the SOC). When minimum parallelism is used
(i.e., n = 1), the average power during the ROI execution is reduced to 4 Watts with spikes
slightly over 6 Watts. The bottom graph shows the same experiment on the MediaTek board.
Although a very similar behaviour is observed, the peaks in power consumption are always
below 6 Watts. As mentioned earlier, the power supply unit is dimensioned to supply up to 24
Watts, which indicates that a well functioning board (i.e., with its big cores being able to reach
2.31 GHz instead of the 750 MHz we are limited to) will have peaks of power consumption well
above those of the Exynos board.

In order to study the e↵ect of parallelism in power and energy consumption, we run the
blackscholes program of the PARSEC benchmark in both SOCs. As illustrated in Figure 12,
blackscholes shows to be amenable to parallelization as, in general, its execution time is
reduced as more threads are made available to the scheduler. Figure 22 shows the average
power (right) and the total energy (left) spent in the region of interest of blackscholes as a
function of the number of threads for the MediaTek and the Exynos SOCs. Both SOCs exhibit
similar trends: as more threads are made available, power consumption is increased (more cores
are being used) but execution time is accelerated to a greater extent, which leads to a reduction
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Going from ASAP to As (Power Efficient) AP
● OpenMP application progress can be tracked … chunks à
● Power available @ software-level
● Tweaked GOMP (GNU OpenMP) s.t. runtime knows

Devising a synthetic benchmark with knobs:
● CPU intensive / Memory intensive

● Influence of used #cores and frequency

● Measure energy efficiency (CpJ: Chunks per Joules)

Acting upon, the levers

CPU-Intensive          Memory-Intensive

Intel Xeon server = {#core, frequency} #core <= 19 1.2GHz < Freq < 2.1GHz 

T0 Master Thread

T1T0 T2

End Parallel Region

T0 Master Thread

Workload dispatching
Start Parallel Region

Team Threads
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Different mix
● Compared to standard Linux governors

Acting upon, the levers con’d

CPU-Intensive         Memory-Intensive

Intel Xeon server = {#core, frequency} #core <= 19 1.2GHz < Freq < 2.1GHz 

Compute intensity Memory intensity
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Exploration Exploitation

Getting the system to decide @ run-time
● As applications have phases, so assuming phases are
● Using reinforcement learning (overkill)

● With phases

Acting upon, the levers con’d

DGEMM 

#core = 18, frequency = 2,1 

[ 19 cores, f=2.2GHz] 

[ 4 cores, f=1.3GHz ]



25

RL-based engine
● NN for reward prediction (DQN style)
● Tuned AE arch. trained for extracting phase information

Behind the scene

Train(reward)

State

Reward

Action

#cores
Freq
CpS

New #cores
New Freq

CpJ

Autoencoder

Agent (NN)

{Phase ID}

#cores
Freq

Phase ID Compute System

OpenMP
WorkloadRun

Environment

P(State)

{#cores; Freq}
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Remember that (nasty) assumption? 

Rank 1:
● Sunway TaihuLight: 442 PFLOPS (Riken, JP)

╶ 159k nodes : ARMv8 64b @48+2 cores
╶ 7,63.106 cores
╶ ~30 MW – 3500€/hour operation

How are we doing power-wise?
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1018 FLOPS within 20 MW power budget -> 50GFLOPS/W
● ≈ 30-40% for CPUs, rest on interconnect, storage & losses in power 

distribution

Assuming same CPUs
● Twice the performance, twice the CPUs (optimistic) à 15M CPUs

That makes 6MW for 15M CPUs
● 0.4W / CPU …

Exploring a theoritical exaFLOP supercomputer

NSF Exascale final report 2008
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DC
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Server room

PDU

UPS

Diesel 
Generators

PDU

PDU PDU

HW

Improving energy efficiency @ 100% load?

Where do kWh go?

Daughter board

Electronics

R FAN

Cool

Rack

PSU

…

A/C A/C

A/C & 
losses in 
PDU and 

UPS
60%

IT power
40%

…

Blade

DC/DC

CPU

Cooling, 
PSU losses 

& others; 
70%

CPU power; 
30%

Unused 
resources

; 80%

Used 
CPU 
time ; 
20%

A/C A/C

Accounts for ~3%
of overall power !

In
fra

st
ru
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Cool
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Power Usage Effectiveness (PUE ISO)

● Behind the scene it’s not what you may think

● There’s PUE cat. 1, cat. 2, cat. 3…
╶ Cat 3: IT power measured @ in-rack PDU

Everything PUE

CPU

PUE =
ΣPi(      )

P(       )

Daughter board

Electronics

R FAN

Cool

Rack

PSU

…

…

Blade

DC/DCCool

CPU CPU

https://www.scaleway.com/en/transparency/
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LeƐ enjeƵǆ éneƌgéƚiƋƵeƐ Ɛ͛imƉŽƐenƚ

Sources : Beyond PUE: New Metrics for Data Center Energy Efficiency, 2014, URL: https://www.greenhousedata.com/blog/beyond-pue-new-metrics-for-data-center-energy-efficiency, Thèse 
: Optimisation énergétique, Université de Bretagne-Sud, 2015, URL: https://tel.archives-ouvertes.fr/tel-01325363/document

> Dans la tendance Green IT du début du siècle, l͛écŽƌeƐƉŽnƐabiliƚé est devenue une tendance majeure dans la gestion
des Data Centers.

> L͛ éƚƵde Smart 2020 montre que les émissions de gaz à effet de serre liées aux data centers devraient augmenter de 7%
par an jƵƐƋƵ͛en 2020 et ƋƵ͛elleƐ devraient atteindre 12% des émissions de CO2 à travers le monde.

PUE (Power Usage Effectiveness)
GEC (Green Energy Coefficient)

ERF (Energy Reuse Factor)
CUE (Carbon Usage Effectiveness)

> Dans une étude de l͛Uptime Institute de 2014, 72% des répondants (membres de
l͛indƵƐƚƌie des data centers) affirmait mesurer leur PUE.

> Tendance affichée du secteur, le marché mondial des « Green » Data Centers*
représentait 25,8 milliards de dollars en 2014 et sa croissance annuelle moyenne
jƵƐƋƵ͛à 2022 est prévue à 30,8% (Transparency Market Research, 2015).

* PUE > 1, mais la majorité du marché du Green Data Center possède un PUE > 2

> Pour évaluer leur impact environnemental et leur efficacité énergétique, de nombreux indicateurs ont été développés.
Le PUE est le plus répandu même si sujet à de nombreuses critiques, la principale étant que le contexte de mesure
n͛eƐƚ pas fixé par la norme (ci-dessous le PUE déclaré par les datacenters en France, en 2015). Il est devenu l͛indicaƚeƵƌ
de référence mondial pour la mesure de l͛efficaciƚé énergétique fin 2015 (norme ISO/IEC 30314 -2)

https://www.scaleway.com/en/transparency/
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59©2016 Tech2Market ʹ Confidentiel Etude de marché du projet GENESIS - Rapport final

> Start-up créée en 2014, Defab développe des chaudières numériques, solution
assez proche de celle proposée par Stimergy. Son chauffe-eau thermodynamique
est équipé d͛Ƶn module numérique, qui récupère l͛éneƌgie dégagée par les
processeurs informatiques et rembourse ainsi la facture d͛eaƵ chaude du
logement. La différence avec Stimergy se situe à deux niveaux :
• la taille de sa solution et donc la typologie de clients. Stimergy se concentre

sur des bâtiments à besoin d͛eaƵ important, résidences de plus de 20
logements par exemple, et non Defab.

• Defab est en cours d e͛ǆƉéƌimenƚaƚion. Une levée de fonds est en cours et des
prototypes sur sites sont prévus pour 2016 à la Mairie de Paris et pour
l A͛DEME à Nantes.

> Par une plateforme en ligne, ils se proposent de louer les ressources des unités
informatiques à des entreprises, soit une offre Cloud IaaS.

Defab

Sources : Bonjour Idée : Defab, Juillet 2015, URL: https://bonjouridee.com/defab/ ; Quand l͛infoƌmaƚiqƵe chauffe l͛eaƵ de votre douche, Mars 2016, URL: https://sustainabilitydriven.com/2016/03/17/quand-
linformatique-chauffe-leau-de-votre-douche-when-it-heats-up-your-shower-water/ ;

In the news
● Underwater (Microsoft), tapping into ground water, growing CO2 absorbent algae

● Waste heat reuse
╶ Compute with a temperature setpoint

Everything PUE

DefabQarnot
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Datacenters have unparalleled energy density
● 1 rack ~ 1m2 à over 10kW
● Scaleway DC5: 10.000m2, 20.5MW à 2kW/m2

● Solar Peak ~ 250W/m2

« Virtualized » carbon-neutral Data Centre via compensation
● GAFAM into « Renewable Energy Credits », financial assets linked to renewable energies

● However announced intent to match DC power w. renewables (hour basis)

Trend is more into energy mix
● Interesting optimization questions
● Moving workloads across the globe

And renewables?
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Very little on compute equipment powered straight from the sun
● Google « solar cluster » 

● 48-node ARM cluster (MIT)

And renewables? Cont’d

Energy

Idle 20         40         60         80      100   
Load (%) 

220W

170W
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Questionning the « producer / consumer » approach
● Energy harvesting is distributed in essence (solar)
● Centralizing and then re-distributing energy incurs many losses

╶ Distribution (transport)

╶ Conversions AC/DC

╶ Heat density requires cooling

Upside down

Rooms 

UPS 

PSU 

Racks …. 
CPUs 

Typical power topology:
Fat-tree & one-way

What we’re looking for:
Arbitrary & TWO-way

NOT a comm. network:
Both

COMM and POWER network

Both DATA and POWER flow
in a Software defined fashion
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Energy, compute & memory are similar allocable resources!
● Energy harvested, stored and transported where necessary in the cluster
● No AC/DC conversion, no UPS: no losses in PSUs, passive cooling

╶ PUE ~ 1 

● Extreme reliability due to software-defined power supply network
● Excess energy pushed back into the grid

Key principles

2kJ

1kJ
Compute
network

Harvest Storage 
Energy
routing

Mains (bidir)

Job
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Distributed energy-driven system (no grid)
● Modeled as Stochastic hybrid (timed) automata
● On a real-time benchmark (11 tasks)

What to expect

Solution: modeling and analysis approach
• Distributed energy-driven system

• Node: energy harvester, storage, 
compute system and resource manager
• Energy and data migration

• Stochastic hybrid (timed) automata
• Edges with discrete probabilities
• Clocks as ODEs in different states, e.g. 

a) nrj’ ==  solar_power – dissipated_power
b) nrj’ == 0 && depleted’ == 1

• Statistical model-checking (SMC)
• Generation & monitor. of random runs
• Statistical methods to derive results
• Query: probability Pr that M satisfies ɸ

M ⊨ Prt<T ɸ

6Gamatié et al.

node 2

node 4

node 1

energy

data

Compositional modeling with automata

node 2

node 4 node 3

…

7Gamatié et al.

Abdoulaye Gamatié, Gilles Sassatelli and Marius Mikučionis. 'Modeling and Analysis for Energy-Driven Computing using Statistical Model-Checking.', Design, Automation and Test in 
Europe Conference - (DATE'21), virtual event, February 2021.

https://www.date-conference.coml/
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Distributed energy-driven system (no grid)
● Modeled as Stochastic hybrid (timed) automata
● On a real-time benchmark (11 tasks)

What to expect

Abdoulaye Gamatié, Gilles Sassatelli and Marius Mikučionis. 'Modeling and Analysis for Energy-Driven Computing using Statistical Model-Checking.', Design, Automation and Test in 
Europe Conference - (DATE'21), virtual event, February 2021.

Case-study: setup

• Rosace real-time benchmark (11 tasks) 
execution over 2 consecutive days

• Irradiation conditions
• Clear-sky in June and December, in 

Girona (Spain) => PVGIS database

…

8

node 1 node 2

…

Node 8

4 dm2 ARM
Big.LITTLE

8-core

Problem: how to guarantee real-time constraints while minimizing the 
battery size under variable irradiation conditions

Gamatié et al.

F. Boniol et al. “PHYLOG certification methodology: a sane way to embed multi-core processors”, ERTS, 2020

Case-study: design exploration
• UPPAAL query: probability that any executed task misses its deadline 

Pr[<= 2*DAY] (<> exists(i:t_id) Task(i).Error)

• Best battery dimensioning (Wh) among all evaluated 5-node system 

scenarios

Heterogeneous dimensioning
(variable battery sizes)

9Gamatié et al.

Homogeneous dimensioning
(same battery size, here B1)

Traditional installation

Case-study: design exploration (3)
• UPPAAL query: probability that any executed task misses its deadline 

Pr[<= 2*DAY] (<> exists(i:t_id) Task(i).Error)

• Optimization of the battery dimensioning (Wh) with more nodes

(here, in December)

11

Gain of 65% 
w.r.t. 

5-node  Heterogeneous dimensioning
(variable battery sizes)

Homogeneous dimensioning
(same battery size, here B1)

Gamatié et al.

Min. battery size without energy transfer

Min. battery size with energy transfer
60%

Case-study: design exploration
• UPPAAL query: probability that any executed task misses its deadline 

Pr[<= 2*DAY] (<> exists(i:t_id) Task(i).Error)

• Best battery dimensioning (Wh) among all evaluated 5-node system 

scenarios

Heterogeneous dimensioning
(variable battery sizes)

9Gamatié et al.

Homogeneous dimensioning
(same battery size, here B1)

Traditional installation

https://www.date-conference.coml/
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With a grain of salt.. It’s all estimates & not CO2 abstractable
● DC global energy consumption said1 to have rosen 6% only since 2010 (550% compute)
● Which is itself only a fraction of the IT power consumption

● …itself not much compared to our CO2 footprint

Plenty of good reads
● The Shift Project / J.M. Jancovici, V. Courboulay, Ademe…
● GDS EcoInfo, https://labos1point5.org, https://csi-ins2i.cnrs.fr …

● https://www.electricitymap.org/ …

Summing up

1: E. Masanet et Al., « Recalibrating global data center energy-use estimates », Science, 367(6481), pp 984-986.

http://ravijen.fr
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Empreinte carbone du numérique en France ² Sénat ² CITIZING 

4.4. Données agrégées du numérique en France en 2019  
 
4.4.1. &RQVRPPDWLRQ G·pQHUJLH SULPDLUH, G·pOHFWULFLWp et émissions de gaz à effet de 
serre du numérique en 2019  
 
La mission estime que le secteur du numérique en France a consommé au total, y compris par 
ses importations, 148 7:K G·pQHUJLH SULPDLUH HQ 2019. Les terminaux représentent la grande 
majorité de cette consommation d·pQeUgie (70%), suivis par les centres informatiques (23%) et les 
réseaux (8%). On note par ailleurs que la phase utilisation est la plus énergivore, représentant 
plus des trois-quarts de la cRQVRPPaWiRQ d·pQeUgie SUiPaiUe (graphique 12).  

 
 
 

 

 
 
 

23%

77%

Amont
Utilisation

Graphique 11. ConVommaWion d·pnergie primaire dX nXmpriqXe, par VoXV-ensemble, 
valeur relative 

Graphique 12. Consommation d·pnergie primaire dX nXmpriqXe, par phaVe, YaleXr 
relative 

 

70%

8%

23%

Terminaux
Réseaux
Centres informatiques

« ÉTUDE RELATIVE À L’ÉVALUATION DES POLITIQUES PUBLIQUES MENÉES POUR 
RÉDUIRE L’EMPREINTE CARBONE DU NUMÉRIQUE »
http://www.senat.fr/rap/r19-555/r19-555-annexe.pdf

https://labos1point5.org/
https://csi-ins2i.cnrs.fr/
https://www.electricitymap.org/
https://www.electricitymap.org/
http://ravijen.fr/
http://www.senat.fr/rap/r19-555/r19-555-annexe.pdf
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THANKS!


