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Energy Consumption at /¥ ecoCompute

How can we reduce the energy consumption of software systems?

By tailoring software to its workload and
usage scenario.

UNIVERSITAT ) .
LEIPZIG Green Configuration



Configuration is everywhere!
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Number of parameters today:
MySQL — 700+
Apache — 900+
Hadoop — 400+

Users stick to default configurations,
leaving much potential unused.
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Measuring Energy Consumption up to Code Level @ iiommrron

Made Simple 5

Geerd-Dietger Hoffmann

component-wise measurements
(adding up to the whole system)

High sampling rate: i, p — | O [
3.5 kHz é @L
ooy |
S INe
no energy measurement bias b i

Accuracy: < 1.2%
measurement error
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Hardware Components

INA 226
Sample Time 280 us
Sample Rate 3.5 kHz

Raspberry Pi 4B Teensy 4.1

12C

3,500 measurements per second
= 1 sample every 0.3 ms (for all components)

175€
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Power Measurement

[ NON ] MQTT Explorer

MQTT Explorer Q (1]

¥ kleistl.informatik.uni-leipzig.de
» edison (54 topics, 43578 messages)

DISCONNECT & e

» notimplemented (6 topics, 4842 messages) Topic l—i [ ] o
¥ curie
vo02
SSD12V = [4198742518, 1737463428.2003753, 0.004165776543473616, 0.0, 0.0017853328043458357, 0.0, 0.0029755546739097262... / 02 I
SSD5V = [4198742552, 1737463428.200381, 0.3011261329996643, 0.2981505783257546, 0.30053102206488236, 0.3005310220648...
RAMrechtsMitte = [4198742621, 1737463428.20039, 0.08748130741294595, 0.08748130741294595, 0.06248664815210425, 0.09997...
RAMrechtsUnten = [4198742654, 1737463428.2003953, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0...
MoBo12V = [4198742689, 1737463428.200403, 0.7755695741231763, 0.8012993704211016, 0.8086507407919373, 0.75719114819608... Value [i A
RAMIinksUnten = [4198742793, 1737463428.2009375, 0.0249946592608417, 0.0249946592608417, 0.0, 0.0, 0.0, 0.02499465926084...
RAMIinksMitte = [4198742827, 1737463428.2009425, 0.08748130741294595, 0.08748130741294595, 0.06248664815210425, 0.0999...
MoBo5V = [4198743065, 1737463428.2009737, 2.2724311044648577, 2.2620166631061736, 2.25160222174749, 2.266182439649647... 3
MoBo3V = [4198743099, 1737463428.2009788, 2.639019440290536, 2.6556825464644302, 2.630687887203589, 2.628604998931... <> = QoS: 0
oo 21.01.2025
P 4 13:43:39
curie/02/SSD5V o Q X curie/02/CPU12V o * X i |
50 4185076948,
- 1737463414.539115,
40 3.8741721854304636,
o= 3.786690878017518,
0.3 M 30 3.8241828669087803,
0.28 5 3.749198889126255,
. 3.8116855372783593,
0.28 10 3.761696218756676,
027 _ 3.8241828669087803,
3.761696218756676,
3.786690878017518,
» History o
Obliak
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Performance Profiling

Linux perf

N Function a()
- Function b()
Function c() [:] I:\ Time in miliseconds_

>
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Synchronizing Energy and Performance Measurements

Power in watts

A -

Function a()
Function b()
Function c()

»
Time in miliseconds
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Synchronizing Energy and Performance Measurements

Power in watts

A -

Function a()
Function b()
Function c()

»
Time in miliseconds
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Energy Metering is expensive, difficult and tool

intensive.
Infeasible in many project settings.
Solution: Using performance as a proxy for energy consumption
System-Level Correlation Option-Level Correlation
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positive
correlation

no / absent
correlation

negative
correlation

Literature Study Statements

. “perform significantly better and consume less energy with only a small loss in QoS” [I]

Energy (Ws)

05 10 15 20 25
Runtime (s)

. “the involved physical components may not consume energy proportional to time” [2]
' “caching has an effect on performance but not on energy consumption” [2]
a “no correlation if some communication comes into play” [4]
26 “computational offloading brings better performance but not always better energy efficiency” [3]

Runtime (s)

[1]1 Green:a framework for supporting energy-conscious programming using controlled approximation, 2020

[2] Evaluating the Impact of Caching on the Energy Consumption and Performance of Progressive Web Apps, 2020

[3] Analysis of Performance and Energy Consumption of Wearable Devices and Mobile Gateways in loT Applications, 2019
[4] Quantifying energy use in dense shared memory HPC node, 2016
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Empirical Study to Investigate Performance-Energy Correlation

HyperSEL

HSQLDB - 100% Java Database

VP8 [gzir Neimx

brotli

COMPILER INFRASTRUCTURE

kanzi

jump3r

ExaStencils

Apache

. mongoDB.

B -\.4;\-

GitHub

14 real-world software systems
2.5 years of accumulated CPU time
system-level and function-level data
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System-Level Correlation

Irzip

“’ Correlation: 0.99

Energy Consumption [k]]

200 400 600 800 1000 1200 1400 1600
Performance [s]
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System-Level Correlation
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Option-Level Correlation

200

— 61
~
S 5]
o
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> c
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MAPE: 10.3% > =
o
52|
Correlation: 0.99 1 , , , , . : :
MAPE: 2.5% 25 50 75 100 125 150 175
Performance [s]
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Option-Level Correlation

CachedTables
L
16. Encryption
HyperSEL = « No encryption ot
HSQLDB - 100% Java Database IE' 14 ° AES “!::g,
S « Blowfish s
o
g 12 Blowfish
7]
~ Correlation: 0.99 § o
MAPE: 3.0% <. 10+
ol
0]
o 81
Blowfish & MemoryTables , , , , ,
300 350 400 450 500

Correlation: 0.13

Performance [s]
MAPE: 213.5%
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Option-Level Correlation

CachedTables
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Building Energy-Influence Models for Configurable Systems

Configuration Space Sample Set

Sampling

I

i Collect system-level metrics

=N Ay for selected configurations
y
-
o | " 4
IL '

Infer energy influence of
configuration options

Predict unseen configurations and

isolate option-level impact 2J ¢ +

Energy-Influence Model
; 4J *
UNIVERSITAT
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Black-Box Models

As a user, | can optimize
configurations to reduce energy
consumption

... but I can’t see where in the
code the energy goes.

As a developer, how do |
know which part of my code |
need to change?

UNIVERSITAT X .
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How can we efficiently pin point
energy hotspots in the code
base with minimal measurement

effort?

= React.useState<any>(null);
1 = React.useState(false);
] = React.useState(10);

React.useEffect(()V=> {

.get(' /user/me
.Tnen((y{ aora
setMe(
b
.catch(() => {
setShowlLogin(t )
s
b s

Established White-Box Models

We know exactly which code statements
consume energy.

...but measuring this across a full system is
often infeasible ~>

UNIVERSITAT
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] File Edit Selection View Go Run Ten

home.tsx ind

ct.useState<any>(null);
] = React.useState(false);
1 = React.useState(12);

React.useEffect(() => {

.get(

.then(({
setMe( )

H

.catch(() => {

setShowLogin(tr

1O

Method-Level
White-Box Models

As a user, | still benefit from efficient configurations that
save energy

As a developer, | can identify which methods consume
energy without measuring every single line of code.

UNIVERSITAT
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White-Box Energy Influence Models via Profiling

One Influence Model
Sample Set Measurements Machine Learning for each Method

@ —

Predict configurations

1s +
3s x 4 —

— v4
2s + N
5s x -

N\

0Os + —)
1sx &

T m

foatik

Wtsomor  SUNflow

Lo Copy/Paste %
, Detector

= “2NPREVAYLER
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Challenge: Handling Variance in Measurement Data

100 I ég
Context variance o I I || =
o
o llle. .I.IIIII||I.|. RN —
Configuration variance g 100 il 1
S 50 |
. "l"llnn |||||IIII“I| || T )
Measurement variance o %
®
50 I e ih gﬁ
| TR -

100 200 300 400
Executign time (ms)

~——

| e
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White-Box Energy Influence Models via Profiling

One Influence Model

Predict configurations
Sample Set Measurements Machine Learning for each Method
- 1s +
— {@iﬁ? —) 3s x 4F
"‘" 5sx ¢

0Os +

1sx &
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IDE Integration

runtime-EclipseApplication - catena/src/main/java/components/graph/algorithms/GenericGraph.java - Eclipse Platform

File Edit

N
[# Package Explorer & m

¥ &4> catena [GreenDev master]

v (@& >src
¥ # > main.java
¥ {3 > components
» #>gamma
v %> graph
v i > algorithms
» #index
» [J) GenericGraph.java
» [Bidxinterface.java
» [BGraphinterface.java
» # hash
» # > phi
» [J}> Catena.java
» [7} Defaultinstances.java
» [3} Helper.java
» & > profiling
b > test
» =\ Maven Dependencies
» =i\ JRE System Library [JavaSE-1.8]

BN O R HOI®E I P de i

GenericGraph.java 8 ' [J] DoubleButterflyGraph.java
T e e L
IdxInterface indexing;

4 - public byte[][] graph (int g, byte[][] v, int lambda){

int diml = (Mm pow(2, 0);
int dim2 = H
byte[][] r = nﬂ iyh[dinllldml-

for (int k = 8; k < lambda; ++k){
r[@] = hF: T 1.
v[indexing.getIndex(8, 9)1));

int Toop = (int)Math.pow(2,0);
for (int i =1; i < loop; +i){

_hPrime. helper.
T[i] = hPrime.doFinal();

rli-11.v] i, 9

System.arraycopy(r, @, v, @, r.length);

return v;
4

8 mum 'lﬂlll hFirstibytel] Iny{

int k= mmuetmtwﬂael)'
int 1= k/n;

byte[][] w = new byte[L][n];
byte[] iByte = new byte[1];

[T Performance Overview 2
Path

flper Rl@sa BDe =8

-+, <

5v e Performance Value

‘ Quick Access \ AP

=0 [[ET1ask X| =0
OvBEe v

8= outli

. al

R =0

“ l"’z’&\’ >:f

¥ @, GenericGraph
_h:Hashints
_hPrime: Hé
helper : Helj

a

a

a

indexing: Id

= |

& kieker-1.12-aspectj.jar

hain.java.components‘graph.algorithms.DoubleButterflyGraph.java - catena/src

» =\ Junit 4 ¢ |tems' . 100.0 main.java.components.graph.algorithms.GenericGraph:graph
» =\ Referenced Libraries Bescrption 1.061113 main.java.Catena:flap
» &> target 0.19015925 profiling.CatenaProfiler:initCatenaByConfig

0.1401815 main.java.components.gamma.algorithms.SaltMix:gamma
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Energy Bugs in Configurable Systems

Functional bug S Configuration-dependent bugs
== o
() passed :E adks
— — R
) failed ;.( e
= A g
—E__ Requires fixing code Fixes are time consuming

Energy bugs

]
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What Does Debugging Literature Tell Us?

Software debugging,
testing, and verification
N —

by B. Halpen
P. Santhanam
In commercial software develo in cost o develop a programming system product
crgonizations, incressed :pmﬂlexky bk, LGS0 el eogram (i e 1),

Shortened dovs <les, and higher
St sipections o suat) ove laced
o responity on e “w’y of s
oging.tosting, and veiication. 4 s Tesue
TN Syetass Joutnalthstoacs, hors

A systematic literature review on benchmarks for evaluating

debugging approaches

Thomas Hirsch, Birgit Hofer

Institute of Software Technology, Graz University of Technology, Austria

ARTICLE INFO

ABSTRACT

Article history:
Received 16 December 2021

Received in revised form 22 June 2022
Accepted 23 June 2022

Available online 30 june 2022

Keywords:
Debugging

Bug benchmarks are used in development and evaluation of debt
tion and automated repair. Quantitative performance compariso
is only possible when they have been evaluated on the sam
benchmarks are often specialized towards usage for certain debt
data, metrics, and artifacts. Such benchmarks cannot be easily us
their scope as such approach may rely on specific data such ;
are not included in the dataset. Furthermore, benchmarks vz
of subject programs and the size of the individual subiect prc

Benchmark

On Debugging the Performance of Configurable Software

Systems: Developer Needs and Tailored Tool Support

Miguel Velez Pooyan Jamshidi Norbert Siegmund
Camegie Mellon University University of South Carolina Leipeig University

Christian Kiistner
Saarland Informatics Campus - Carnegie Mellon University
Saarland University

3STRACT
termining whether a configursble softwase system has a per

manee bug or it was misconfigured is often challenging. While
e are devel-

Ve isenstact

My Hairi
Wa

Bug

Dot e vty of
industriol trength debuggers and itegrated
epen detlpnent eveonments,
stil engoge in for
chout hove .
of te

fon

Software Vi su
for Debugging

oo e prsetaon, and wtmmw auraization
transforms the unt for bugs nto o cogntive
accesible multimedio experince.

Baccker, Crs Dilano, and Aaron Marcs

1z (10

[Miguel Velez, Pooyan Jamshidi, Norbert Siegmund, Sven Apel, and Christian Kastner. On debugging the performance of configurable software systems: Developer needs and tailored tool support]

% reviewing 74 publications
% revealed 12 debugging strategies

No clear consensus -
literature shows fragmented
perspectives on debugging.
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Catena.java

Blake2b.java

I3

Blake2b_1.java

Helper.java @[ % - | DoubleButterflyGraph.java |@ | x
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Case Study: Density Converter

(multi platform image density conversion)

public final class Convert {

public static void main(String[] rawArgs) {
float fraction = 0.5f;

private static <T extends DensityDescriptor> Map<T, Dimension> getDensityBucketsWithFractionScale
java.util.List<T> densities, Dimension srcDimension, Arguments args, float fraction) {
double baseWidth = (double) srcDimension.width / fraction;
double baseHeight = (double) srcDimension.height / fraction;

private void verticalFromwWorkToDst(byte[][] workPixels, byte[] outPixels, int start, int delta) {
7 i A

for (int x = start; x < dstWidth; x += delta) {
final int xLocation = x * nrChannels;
for (int y = dstHeight - 1; y >= 0; y--) {
final int max = verticalSubsamplingData.arrN[y];
for (int j = max - 1; j >=0; j--) {
int valuelocation = verticalSubsamplingData.arrPixel[index];

float arrWeight = verticalSubsamplingData.arrWeight[index];
i A

UNIVERSITAT X .
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Participants

P11

P7

P5

P4

P1

P12

P10

P8

P3

Debugging as Episodes

T
T 1 I 1 I 1 ] Episodes
T 1T 1 T I n [ Exploration
[T 1 T T | 3 Reasoning
I il TN B I | £33 search
| e 1 T = — 1 Aimlessness
= T I G I T ] — Eeorglar:jlzat;on )
1
| | | | 1 N 1] : [ Knowledge Seeking
: [ ] Pause
1T T 1 I : ]
I T T [T 11 [T T =
1 N I | I : I
N | I 1 ] I L
[ IT IO 11 [ EsEsEE 11} {47.= 2.1 i
0 5 10 15 20 25 30 35 40
Time (min)

P11, reasoning:

“l need to understand what is
going on in order to be able to
formulate hypotheses”".

P4, (problem-specific) exploration:

“Usually I try to get a fairly complete
picture of something first.”

P9, aimlessness:

“[...] there is no point in staying
in such a frustrating moment.”

Reasoning appears
substantially more
often in successful
debugging.

Aimlessness seem
to be a possible
predictor for failure.

UNIVERSITAT ) .
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Participants

Debugging as Episodes

P11 =i | |

P7 L1 I 1

i
P5 | 1T E == N |

P4

P1

P12
P10
P8

P3

P11, reasoning

“l need to understand what is
going on in order to be able to
formulate hypotheses”".

P4, (problem-specific) exploration:

“Usually I try to get a fairly complete
picture of something first.”

Episodes
[0 Exploration
[ Reasoning
3 Search
[ Aimlesspe

P9, aimlessness:

“[...] there is no point in staying
in such a frustrating moment.”

Reasoning appears
substantially more
often in successful

debugging.
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Optimizing Software Energy Consumption in Practice

What is the current state of software energy consumption in practice? I l

How do practitioners relate software energy consumption to other metrics such as
runtime performance?

Study on Energy-Conscious Software Development

134 developer > 480 open text answers

Load unfinished survey  Language: English - English ~

o EE—— Study on Energy-Conscious Software N a
Devel t \
0 T =
o (o] o men
o0 Bundesverband
green.software

] online survey
@ l'edd |1. @ @ > 20 hours manual analysis

UNIVERSITAT . .
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|s energy consumption relevant in participants’ projects?

@9 ,‘\ )68

WO /s <5

When is energy consumption measured:
J (#18) based on customer feedback

(#17) based on intuition

(#15) after each release

No (229) “J

Energy
consumption is

w

Software energy consumption is
1 automatically measured in an
@@ CI/CD pipeline (#10).
(35
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What metrics are considered good proxies for energy?

N Yes
s No

Number of developers
N IN o
o o S o
—
~N
—
w
)
9 —
~N
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Do Developers Intuitively Know when Performance is a good
Proxy for Energy?

Scenario 1

perfect positive correlation
moderate positive correlation
moderate negative correlation
perfect negative correlation

no correlation

Scenario 2
» ) Literature St
perfect positive correlation 19 T
°
moderate positive correlation 54 %
H
2
moderate negative correlation 2
perfect negative correlation g
81
no correlation 8 °
. . L L . )
Scenario 3

perfect positive correlation
moderate positive correlation
moderate negative correlation
perfect negative correlation

no correlation

negative

Scenario 4
perfect correlation [§ 1
moderate correlation

no correlation 26

0 10 20 30 40 50

Number of developers

60

“the involved physical components may not consume energy propot
“caching has an effect on performance but not on energy consurr

“no correlation if some communication comes into play” [4]

“computational offloading brings better performance but not alway:

udy Statements

‘perform significantly better and consume less energy with only :
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Do Developers Intuitively Know when Performance is a good
Proxy for Energy?

Scenario 1

perfect positive correlation
moderate positive correlation
moderate negative correlation
perfect negative correlation

no correlation

perfect positive correlation
moderate positive correlation
moderate negative correlation
perfect negative

no ¢

perfect positive co
moderate positive col
moderate negative cor

perfect negative corrd

perfect correlation [§ 1

moderate correlation

no correlation 26

0 10 20 30 40 50 60
Number of developers
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How to Support Practitioners

Barriers to Overcome

Barriers preventing energy measurement:
(559 ) Management is not interested

(46 8 ) Customers are not interested
(36 8 ) Not applicable in our use case

Persistent obstacles:

(149 ) Lack of energy measurement tooling
(109 ) Energy efficiency is perceived as complex
(06 8 ) Lack of education and training

Contra there are problems:

(11 8. ) Energy consumption is not important
(06 8 ) No perceived challenges

(059 ) Energy is not considered a cost driver

Actions

(138 ) Increasing awareness
(17 8.) Provide better energy
measurement tools

(08 Q) Educate developers
and stakeholders

(06 Q) just’ use efficient
languages (C, C++, Rust)

(06 @ ) Introduce public regulations
(048 ) Enforce transparency,
especially for cloud providers

(059 ) Adopt efficient algorithms
and implementations
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FAMLEM, the FAst ModuLar Energy Meter at Code Level

Max Weber

et oy 1 e e i comler
o ) sk s o e

Twins or False Friends? A Study on Energy
Consumption and Performance of Configurable

Software

Mo Ve, ot K, s Sl v A, Nt Sigmont”
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[ |
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syt o i s
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Practices

Energy Cq
MAX WEBER, Lipig Universit,Germany

ALINA MAILACH, SciDS A DresdenLepag Leipa Universy, Germany

FLORIAN SATTLER, Suarkind nformatics Campus Soaland Uiy, Germany
SVEN APEL, Sostnd nformates Compus Sesland Universty, Gesmany

NORBERT SIEGMUND, S Al Dresdenipg, Leipsi Universy, Germany

s anthe s

AN Refrence Fomat




UNIVERSITAT
LEIPZIG

Feel free to contact me!

E max.weber@cs.uni-leipzig.de

& nttps://github.com/Al-4-SE

m linkedin.com/in/max-weber-84a83415b

on the job market
from march ‘26

- =~
- v
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