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     How can we reduce the energy consumption of software systems?
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By tailoring software to its workload and 
usage scenario.

Energy Consumption at
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Configuration is everywhere!

Number of parameters today:
MySQL – 700+
Apache – 900+
Hadoop – 400+
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Users stick to default configurations,
leaving much potential unused.
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How can we measure software 
energy consumption?

Assessing Energy 
Consumption

Debugging Energy 
consumption

Practitioners’ 
perspective

1
2

3
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no energy measurement bias

Measuring Energy Consumption up to Code Level
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component-wise measurements
(adding up to the whole system)

High sampling rate: 
3.5 kHz

Accuracy: < 1.2% 
measurement error



Green Configuration

Hardware Components

8

Teensy 4.1

I²C

Raspberry Pi 4B

USB

INA 226
Sample Time 280 us
Sample Rate 3.5 kHz

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

60€ 30€ 5€

175€

https://github.com/AI-4-SE/FAMLEM
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Teensy 4.1

I²C

Raspberry Pi 4B

USB

INA 226
Sample Time 280 us
Sample Rate 3.5 kHz

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

60€ 30€ 5€

175€

https://github.com/AI-4-SE/FAMLEM

Time spent until it worked reliably: 

Priceless.
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Power Measurement
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Performance Profiling
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Linux perf
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Synchronizing Energy and Performance Measurements
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Synchronizing Energy and Performance Measurements
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How can we measure software 
energy consumption?

Assessing Energy 
Consumption

Debugging Energy 
consumption

Practitioners’ 
perspective

Can we find a 
reliable proxy?

1
2

3
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Solution: Using performance as a proxy for energy consumption

System-Level Correlation Option-Level Correlation

Energy Metering is expensive, difficult and tool 
intensive. 

Infeasible in many project settings.
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Literature Study Statements

“caching has an effect on performance but not on energy consumption” [2]
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“no correlation if some communication comes into play” [4]

[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 IoT Applications, 2019
[4] Quantifying energy use in dense shared memory HPC node, 2016

“perform significantly better and consume less energy with only a small loss in QoS” [1]

“the involved physical components may not consume energy proportional to time” [2]
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“computational offloading brings better performance but not always better energy efficiency” [3]
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Empirical Study to Investigate Performance–Energy Correlation
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brotli

jump3r

kanzi

GitHub

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

https://github.com/AI-4-SE/TwinsOrFalseFriends
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System-Level Correlation
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lrzip

Correlation: 0.99
MAPE: 31.0%
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System-Level Correlation
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lrzip

Correlation: 0.99
MAPE: 31.0%Finding: Overall, good performance indicates 

low energy consumption.

Locally, it depends on configurations.
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Option-Level Correlation
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Correlation: 0.99
MAPE: 10.3%

Correlation: 0.99
MAPE: 2.5%
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Option-Level Correlation
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Blowfish

Mem
oryT

abl
es

CachedTables

Correlation: 0.99
MAPE: 3.0%

Correlation: 0.13
MAPE: 213.5% !

Blowfish & MemoryTables



Green Configuration

Option-Level Correlation
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Blowfish

Mem
oryT

abl
es

CachedTables

Correlation: 0.99
MAPE: 3.0%

Correlation: 0.13
MAPE: 213.5% !

Blowfish & MemoryTables

Finding: Considering configuration options 

unlocks greater opportunities for 

energy optimization.



Green Configuration

Energy Consumption of 
Configurable Software 

Systems

23

How can we measure software 
energy consumption?

How can we get 
code-level insights?

Assessing Energy 
Consumption

Debugging Energy 
consumption

Practitioners’ 
perspective

Can we find a 
reliable proxy?

1
2

3
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Building Energy-Influence Models for Configurable Systems
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Sampling

Predict unseen configurations and 
isolate option-level impact

Collect system-level metrics 
for selected configurations

Configuration Space Sample Set

Infer energy influence of 
configuration options

12J + 
  2J     +
  4J     +
  1J 

Energy-Influence Model
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As a developer, how do I 
know which part of my code I 
need to change?

Black-Box Models
As a user, I can optimize 
configurations to reduce energy 
consumption 💪

… but I can’t see where in the 
code the energy goes.
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Established White-Box Models
We know exactly which code statements 
consume energy.

…but measuring this across a full system is 
often infeasible 😔

Black-Box Models
As a user, I can optimize 
configurations to reduce energy 
consumption 💪

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

How can we efficiently pin point 
energy hotspots in the code 
base with minimal measurement 
effort?
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Established White-Box Models
We know exactly which code 
statements consume energy. 💪

…but measuring this across a full 
system is often infeasible. 😔

Black-Box Models
As a user, I can optimize configurations 
to reduce energy consumption 💪

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

Method-Level 
White-Box Models

As a user, I still benefit from efficient configurations that 
save energy ⚡.

As a developer, I can identify which methods consume 
energy without measuring every single line of code.
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White-Box Energy Influence Models via Profiling
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Sample Set Measurements 
1s + 
3s x     

One Influence Model 
for each Method

2s + 
5s x     

0s + 
1s x     

Machine Learning

Sunflow

Predict configurations

https://github.com/AI-4-SE/White-Box-Performance-Influence-Models
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Challenge: Handling Variance in Measurement Data
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Context variance

Measurement variance

Configuration variance

Solution: Filter large, 
non-deterministic outliers from 

context variance.
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White-Box Energy Influence Models via Profiling
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2s + 
5s x     

Predict configurations
Sample Set Measurements 

1s + 
3s x     

One Influence Model 
for each Method

2s + 
5s x     

0s + 
1s x     

Machine Learning
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IDE Integration
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How can we measure software 
energy consumption?

How can we get 
code-level insights?

Assessing Energy 
Consumption

Debugging Energy 
consumption

Practitioners’ 
perspective

Can we find a 
reliable proxy?

1
2

3

How do developers identify 
energy bugs?
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Functional bug
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Energy bugs

Configuration-dependent bugs

Energy Bugs in Configurable Systems

Requires fixing code Fixes are time consuming
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What Does Debugging Literature Tell Us?
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[Miguel Velez, Pooyan Jamshidi, Norbert Siegmund, Sven Apel, and Christian Kästner. On debugging the performance of configurable software systems: Developer needs and tailored tool support]

No clear consensus - 
literature shows fragmented 
perspectives on debugging.

❖ reviewing 74 publications
❖ revealed 12 debugging strategies
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Let’s observe developers debugging energy bugs in VR!
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Case Study: Density Converter
(multi platform image density conversion)
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Debugging as Episodes
Reasoning appears 
substantially more 
often in successful 
debugging.

Aimlessness seem 
to be a possible 
predictor for failure.

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.”

P11, reasoning: 

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



Green Configuration 38

Debugging as Episodes
Reasoning appears 
substantially more 
often in successful 
debugging.

Aimlessness seem 
to be a possible 
predictor for failure.

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.”

P11, reasoning: 

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

Finding: Developers do not follow a single 

strategy when debugging; 

they engage in goal-oriented episodes.
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How can we measure software 
energy consumption?

How can we get 
code-level insights?

Assessing Energy 
Consumption

Debugging Energy 
consumption

Practitioners’ 
perspective

Can we find a 
reliable proxy?

What is the current state of 
green software engineering?

1
2

3

How can we identify 
energy bugs?
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Optimizing Software Energy Consumption in Practice
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What is the current state of software energy consumption in practice?

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

WIP

134 developer

online survey

> 480 open text answers

> 20 hours manual analysis
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Is energy consumption relevant in participants’ projects?
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Do you focus on 
other factors that 
might influence 

energy 
consumption?

Understanding 
proxy factors 
is relevant!

Energy 
consumption is 

important. Software energy consumption is 
automatically measured in an 
CI/CD pipeline (#10).

When is energy consumption measured:
(#18) based on customer feedback
(#17) based on intuition
(#15) after each release

Energy 
consumption is 

no priority.

Yes (58👤
) 

No (89👤) 

No (22👤) 

Yes (45👤
) 
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What metrics are considered good proxies for energy?
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Do Developers Intuitively Know when Performance is a good 
Proxy for Energy?
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Do Developers Intuitively Know when Performance is a good 
Proxy for Energy?
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Finding: It depends! Especially when 

positively correlated developers’ intuition can 

be trusted.
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How to Support Practitioners
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Barriers preventing energy measurement:
(55👤) Management is not interested
(46👤) Customers are not interested
(36👤) Not applicable in our use case

Barriers to Overcome

Persistent obstacles:
(14👤) Lack of energy measurement tooling
(10👤) Energy efficiency is perceived as complex
(06👤) Lack of education and training

Contra there are problems:
(11👤) Energy consumption is not important
(06👤) No perceived challenges
(05👤) Energy is not considered a cost driver

Actions

(13👤) Increasing awareness

(17👤) Provide better energy 
measurement tools

(08👤) Educate developers 
and stakeholders

(05👤) Adopt efficient algorithms 
and implementations

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

(06👤) Introduce public regulations

(04👤) Enforce transparency, 
especially for cloud providers
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Assessing Energy 
Consumption

Debugging Energy 
consumption

Practitioners’ 
perspective

1
2

3

Thank you for your attention!
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Feel free to contact me!

max.weber@cs.uni-leipzig.de

https://github.com/AI-4-SE

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

on the job market 
from march ‘26 
😏


