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Outline

1. Motivation and project goals
2. Quantitative emergence

• What is emergence?
• Emergence computation 

3. Generic observer/controller architecture
4. Experimental results 
5. Summary and outlook
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Motivation and project goals

• Increasing complexity in technical systems
• Survive attacks, breakdowns, and other unexpected events with self-x-

properties

▸ Large number of interacting sub-systems
▸ Self-organisation

1. Development and investigation of metrics for the observation and analysis 
of emergence in self-organising systems (H)

2. Development and investigation of mechanisms to influence and control the 
effects of emergence in self-organising systems (K)

3. Realisation of tools and validation of the tools in various test scenarios

▸ Observer/controller architecture
▸ Toolbox with basic mechanisms to observe, analyse, and control emergent 

behaviour
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What is emergence?

• “The whole is more than the sum of its parts.”
• Many examples in nature, e.g. flock of birds.
• Humans decide intuitively on the occurrence of 

emergence.
• Precondition: large population of interacting 

elements without central control
• Emergence = self-organised order

• Organic computing: 
– How to build self-organising technical systems?
– Automate the recognition of emergent behaviour 

(formation of order pattern).
– Need of metrics to quantify emergence.
– Development of mechanisms to control self-

organised behaviour.
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Measuring emergence by entropy 
[Mnif and Müller-Schloer 2006]

• Order depends on the selection of 
certain attributes

• Entropy as a well-known metric of 
order

– Lower entropy ↔ higher order
– Higher entropy ↔ lower order

• Make use of the statistical 
definition of Shannon’s entropy

• Maximum entropy if the attribute 
values are equally distributed

Fingerprint
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Generic architecture (1/2)

• Distributed and/or central 
observer/controller architecture

• Multi-level organisation

system under observation
and control

system under observation
and control

observerobserver controllercontroller

observes controls

reports

selects observation model
goals

goals

data analyser

observation m
odel

observation m
odel

monitor

raw data

observer

select

evaluation of 
action

planning & 
execution

situation 
recognition

control action

controller

situation 
parameters
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Generic architecture (2/2) [Richter et al. 2006]

system under observation and control (SuOC)system under observation and control (SuOC)

observerobserver

pre-processorpre-processor

data analyser
data analyser

m
onitor

m
onitor

em
ergence  detector 1

aggregatoraggregator

individual datasystem data

observation m
odel

observation m
odel

em
ergence  detector 2

...

tim
e-space-pattern

raw data

model selection

select

select predictor
predictor

statistics

...

cluster prediction

select

select

controllercontroller

mappingmapping

action Ai

actionaction situation
parameters

situation
parameters

goal/
objective function

goal/
objective function

evaluationevaluation

history

history

∆t

fitness

situation param
eters

action selector

Ci Ai
Fi

adaptation moduleadaptation modulesimulation modelsimulation model

log filelog file
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Experimental environment

• Explain/control the collective 
behaviour of densely packed 
chickens in cages

• Autonomous agents with simple 
rules

• Emergent behaviour is spatial 
(clustering)

• Observation of 3 attributes
– X-coordinate
– Y-coordinate
– Direction (heading)

• Control mechanisms 
– Noise
– Feed

In cooperation with 
Tierärztliche Hochschule, Hannover
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Experimental results

P
attern 1

No cluster (no order)
• emergence-x= 0.181
• emergence-y= 0.177
• emergence-d= 0.091

P
attern 2

Small cluster + noise
• emergence-x= 0.226
• emergence-y= 0.237
• emergence-d= 0.046

P
attern 3

All chicken form a cluster
• emergence-x= 0.359
• emergence-y= 0.328
• emergence-d= 0.041
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Emergence prediction

• Prediction of the chicken positions with trajectory computation 
• Prevention of unwanted behaviour in time 

l

d

x

y
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Emergence prediction

Time: 26 Time: 28 Time: 62

Time: 2 Time: 9 Time: 14
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Emergence prediction

Time: 26 Time: 28 Time: 62

Time: 2 Time: 9 Time: 14
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flo
or

Elevator simulation

• Elevator group with inter-floor 
traffic

• Decentralised, self-organised 
behaviour using collective control

– Every cabin always stops at the 
nearest hall call in its running 
direction

• Bunching effect (emergence)
– Tend to synchronise (move up 

and down as a parallel wave)
– Inefficient behaviour (substitute 

with one huge single elevator)

time (sec.) x104
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Summary and outlook

• Summary
– Implementation of 2 test scenarios 
– Definition of emergence as self-organised order
– A generic observer/controller architecture
– First experimental results

• Outlook
– Focussing on technical scenarios (robot swarms, elevator, …).
– Integration of machine learning into the observer/controller loop.
– Optimisation of the observer/controller architecture.
– Closing the loop.
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