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Outline
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= “Ageless” Aerospace Vehicles Project (CSIRO-NASA)

= Design at the Edge of Chaos

« Multi-cellular artificial “skin” as a sensor and
communication network

« Self-organising impact boundaries and impact networks
» “Information lives within the Network”
» Role of memory (hysteresis, stigmergy, self-referentiality)

= Multi-agent Diagnostics and Prognostics ‘”r"
i
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The AAV Problem

www.ict.csiro.au

 multiple impacts (micrometeoroids, particles, ...)

 range of impacts:
* non-destructive
 surface, no penetration — non-critical
» penetration, one cell/tile damage — may be critical
* major damage to a number of cells/tiles — critical

* robustness to multiple concurrent cell failures; scalability
« self-monitoring behaviour: detection, diagnostics, prognostics

« self-repair

()

CSIRO



AAV cells (agents)
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AAV panel
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AAV Concept Demonstrator
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Approach
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ideally: self-organisation

Autonomous Agents Multi-agent System

m
Local interactions Emergent Behaviour ‘II"I'
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Dynamic hierarchy
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Level 4
Damage Repair:
Swarn

Level 3
Damage Prognostics:
Complex

Level 2
Damage Diagnostics:
Clusters

Level 1
Damage Evaluation:
Groups O1

Level 0
Damage Detection:
Cell
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Sedimentary Mars — impacts
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Malin Space Science Systems, MGS, JPL, NASA ‘I' |”
High-resolution imaging of an area in the Schiaparelli Basin of Mars by the l ‘
MGS Mars Orbiter camera csiro




Self-organising stable impact boundaries:
Network as a sensor WWict Gsiro.au
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Self-organising unstable impact boundaries:

The role of memory (hysteresis) wwwict.csiro.au
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“Temporal” entropy (nodes diversity)
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Fig. 3. Temporal entropy Hiermp(p) for p = 0 (top), p = 4 (middle), and p = 10 (bottom).



Phase transitions
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Phase transitions (cont.)
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Random graphs dynamics

a 60-seconds demo
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“Spatial” entropy (fragments heterogeneity)
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Fig. 5. Average size Hsp(p) of CBF’s, for p = 0 (bottom), p = 4 (strongly fluctuating), and
p = 10 (almost straight line).



Phase transitions
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Objective function
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“Octagons™. small boundaries & long hysteresis
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“Morphs”: large boundaries & short hysteresis
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Dynamic hierarchy
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Level 4
Damage Repair:
Swarn

Level 3
Damage Prognostics:
Complex

Level 2
Damage Diagnostics:
Clusters

Level 1
Damage Evaluation:
Groups O1

Level 0
Damage Detection:
Cell
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Biological analogy: Ant colony and shortest path
fOFmatIOn www.ict.csiro.au
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The role of memory (stigmergy) — Ordered dynamics
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The role of memory (stigmergy) — Chaotic dynamics
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The role of memory (stigmergy) — complex dynamics
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The role of memory (stigmergy)
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AAV Diagnostics: Self-organising map
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Decentralised clustering
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Mobile agents for external damage inspection &
re pal I www.ict.csiro.au

Swarm robots in a loop with
SHM (scale-free) network




Biological analogy: wound healing
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Structural Health Management
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= Safety: damage detected at an early stage
» identification of threats and mechanisms of structural damage
* monitoring, evaluation and diagnosis of damage

= prognosis for structure, remediation decision-making and
responses

= Efficiency: ability to design more efficient structures
= reduced mechanical redundancy
= reduced manual inspectability requirement
= integration of structural state knowledge with control system

= Cost: reduced maintenance down-time
= self-monitoring
= self-maintenance

= self-repair ‘I:":”
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Cellular Automata

An array of cells that have a discrete value

Future states determined by:
» The input from the neighbourhood

= Current state of cell

= The rules that are applied to the input

d.woltram.com
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Entropy-based measures (Andy Wuensche et al.)
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= Shannon entropy

n n

g- _fz"(gf ; 1og[ 0, D

. Input entropy at time step (t)

- number of times a rule1 was invoked at time t

system size

neighbourhood size

()
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Input entropy — Ordered dynamics
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= Low entropy
= Low variance
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Input entropy — Chaotic dynamics
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Input entropy — Complex dynamics
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Input entropy - summary

input-entropy lock-—up frequenoy
space-time pattern O-———- entropy—-——--max O----histogram---max
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Entropy variance
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= Standard deviation of entropy
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Dynamic Hierarchies
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= |dentify and prioritise design/selection pressures (“top-down”):
= Stability of agents, clusters, patterns, swarms, etc.
» Robustness / “noise rejection”
= Efficiency of perception (optimal sensor layouts)
= Efficiency of computation (speed of response, analogue computation)

» Efficiency of communication (topologies: scale-free networks, “six-
degrees-of-separation” closed-worlds networks)

= Efficiency of action (self-healing materials)

= Construct quantitative measures — partial fitness functions
» [nformation-theoretic (entropy) measures
» Graph-theoretic (topology) measures

= Design / Evolve-in-silico / “Biomime” structural levels, satisfying
partial fitness functions (“bottom-up”)

()
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