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Whati makesi a system complex?

dynamic patterns
hierarchicall stiructure
contiext:

Examples:
SYSTEM ELEMENT INTERACTIONS PATTERN EMERGENT
molecule particles physical forces orbitals chemistry
ecosystem species consume, compete, cooperate food chains species evolution
economy people, goods create, demand, consume markets inflation, recession...
brain neurons fire, stimulate/inhibit thoughts memory, reason
flock birds see, seek/avoid flocking flock migration
genome genes switch on/off, express growth, diff/n embryo->organism

Common themes =» common underlying principles
=>» try to build common theoretical framework

9th ICCRTS Copenhagen, Denmark - September 2004



Complex systems are on the “edge oif chaos”

4 h

s o : Complex As opposed
static system to chaotic
(complicated) Systems are system
: — dynamic [—
Static \_ . Turbulence
equilibrium 1 Y
U anarchy
stagnation Delicate balance
- between
Insensitive order & chaos Sensitive
_to small to small
Via -ve disturbances disturbances Via +ve
feedback feedback
Spontaneous,
Robustness adaptive, alive Robustness
to damage to change

n_context

Need
enough
stability to
persist

Need enough
changeability
to respxe

But note that
what persists
is pattern not
components

But note that
what changes is
behaviour not
composition
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Emergence oif adaptivity.

4 Dynzamic patierns emergs...
many simple agents interacting via local simple rules = interesting
behaviours and patterns

Time evolution of patterns of interaction in complex systems may
generate higher order patterns - emergent properties.

4 LLLDUtare iney adapilve?
System may appear to be changing in ordered way, but changes are
not necessarily adaptive — might simply result from fixed rules.

‘adaptive’ =» a concept of ‘better’ or ‘fitness’, something to do with
context outside of system

What is interesting is when changes :ir= adaptive, and the system
starts to encode information about the context

The ability to change is a precondition for adaptivity

9th ICCRTS Copenhagen, Denmark - September 2004



Adaptation - key feature of complex systems

System and
context
interact

If selection is System 'senses’
. . ; through outcome
linked to fitness G L
system adapts

— context
ia +/-

reedback

oops. So

feedback Changed outcome 4
sfr;:'r}grt hs might reinforce, System changes
d d inhibit or not affect (randomly or
S :r?‘l'eenx‘l' JJ:I system change triggered by outcome)

factor. R, feedback

System 'senses’
through changed
outcome of <
interaction J —

variation

System and
context
interact

Key features of adaptation:
*  Variation of system,
*  Feedback through interaction with context, and

> Selection of adaptive change by fitness-linked reinforcement or inhibition
it start with no fitness link, selection may =<2 adaptive through evolution.

This is a fixed context, with system fitness improving over time



Adaptation enables systems to respond to change

context

System and
changes

context
interact

If selection is System 'senses’
. . \ through outcome
linked to fitness e L
system adapts

|

/

System changes
(randomly or
triggered by

context

Changed outcome
either reinforces
or inhibits
system change

< feedback variation

System 'senses’
through changed
outcome of .
interaction J —

’

System and
context
interact

System can track changes in its environment and

remain adapted provided T .oy 22 T sdaptation
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Key! fieatures oiff adapiation

+  Concept of 'fitness'
. Source of variation
1 Selection mechanism

External
stimuli

| links

‘'something’ in between Possib-le outputs
(self-modifying) > (options for
output given inputs action)

Possible inputs Active @ Actual
info from Context)M filter @ inputs

ness-decreasina ones.



ADAPTATION

" increases
information content
of system so as to

Adapm’rion in Natiural' Complex Sysiems

Society

LEARNI LUTIO of CULTURE

Wher‘e is (IIETS,Z;TZQQ Sf,muen Sensng S In population of geno ExTr'a somatic, in media
information  ci.cits, brain, biochemistry... (fypes & frequencies)
o L Prob That culture thrives?

What is Probability that individual Probability that individuals : .
‘Fit ' thrives survive so that their genes are | (ideal) or that cultural objs

IThess : passed on in viable offspring proliferate? (tautological)

. Serial interaction process. : . : .
In’re}:'achon Links beTweendsen.Eed stimuli and Highly PGV'GJr lel m;rerfrxchon Highly parallel process. Vast
i responses produce options 1 direct: rocess, not conrtex : :
E‘rs‘e; l/a mslrln l fry it in the world: feedback from Isgensi‘rive Natural genetic UGS G [etans), prEeiliees,
erial/paralie interaction with context > modify s 9 structures are generated in
what stimuli links, attention to inputs, variation in population +
include 2 indilr'ecr: 'rr'yfilflinlyour head: y sexual selectn determine response To JGST no of
*responses reselection of likely 'winners' an : iti
availgble gvoidance of 'killer's'y by modelled WhGT Q?TS'T-F'IC‘d. So context conditions
* How linked interaction . stimuli’ & 'link’ are N/ A
Response > consequences > | Different ial reproduction as | - >differential proliferation
Feedback & sticks and carrots - good outcomes lefﬁre?ﬁai repr:dUC'l‘.l;);l o ff ' Ii"’ / df
Selecﬁon reinforce whole (stim, link, resp) AL 7y L er'.ac ,'on wi > some prevai ISappear
hani activation pattern, bad inhibit > context and within system - custodian survival prob ??

mechanism through competition for

*what to keep

*what discard
*fitness correlation

prob of future ‘good' responsem
thru better context-sensing, better
options, better choices. Strength
of fitness correln variable...

limited resources reqd for
reproduction. Selection totally
correlated with fitness.

Selection processes weakly
linked to ideal fitness. .. But
varies widely

Variation Random: trial & error Mutation, Scientific research;
Source of Others: imitation + error copying errors, creativity; analysis of
new info Creative: recombination recombination, recorded information;
(stim, link, resp)  From culture: education retroviruses RtE

OUTCOME More responsive to local More responsive to large ?? Impacts on learning and

environment - improves how
fixed design is used; gain is

s lacal (time & individual)

scale changes in environment
Explores design space nbhd >

new decian featiirec

evolution - new adaptation
mechanisms may arise



increases

information content

Adaptation in Designed Complex Systems

LEARNING EVOLUTION CULTURE
ADAPTATION = ADAPTIVE SYSTEMS FORCE DEVELOPMENT eg Def role in society?
Where is In system beft. sensing In SoS architecture, in tech : :
information and acting - datastores, designs, doctrine & process, gggsiéde of the system, in
system parameters organisational struct...
What is Ideal: externally defined  Ideal: externally defined: Prob that concepts about
fi "5 cost and effectiveness e Defence proliferate and
ithess: orce m rategic reqts.  gdopted by key players?
i Basically serial but can be parallel- Parallel °_”'Y at low ‘?"d~ Multiple
Im.erac.ﬂon ised < in single sys, or in po‘;)ula‘rion. complex inputs: serial processes of Deliberate shaping of a
meCharﬂsm Stimuli & response options may be strategic analysis, force assessment, hiahl llel
*serial/parallel  open or fixed ie. adaptive or not. tech watch, Response options are Ighly parallel process
*what stimuli Links (option selection) may be: various cap delivered by sys eng, sys with many co-exisﬂng
“what stimuli 1 direct: feedback from context integration, acquisition, doctrine
anlude 2 indirect: preselection of ,;Ike,y gevgs!ppnm;nf, %Sb); ;orr}rpljﬁ serial responses tfo many aspects
responses T el el 'killers' b ecision processes, supported by :
availnble e e o const”Y  modelling and analysis.  plus political,  OF perceived contexts 22
* How linked based on sensed info ‘ sociological and economic factors.
i i Interaction with context and within ??
Feedback & SDueCF;:eens(i”;% ?‘gi?uiigg'nt‘gc‘?,sured system via competition for limited Ly
Selection ~ data from context can be resources reqd for implementation. Have to understand
. h : Active selection based on modelling to inf + and
mechanism used o modify variable preselect likely winners etc Plus ofher reintorcement an

what to keep
what discard

aspects of inputs, responses
and links. S‘rr'engi‘rh of fitness
correln is variable

factors.... Selection criteria are Prob
that dev is implemented, prob decision-
makers think dev will > reqd intent?

suppression mechanisms

Variation Random: trial and error Scientific research; human 27 ' _
Source of By Eie&gn:Jr I‘lxecé mthJrTs,_menu, creativity; computer-aided Analysis, extrapolation,
?ew Iil’l‘ll:o ) o b/n nourcl cote =earch ?nf‘sc;g:{a ??:‘rl‘ys's of recorded recombination, what ifs..
stim, link, resp)  glgorithms '

OUTCOME More responsive to local ~More responsive to large Maintain conditions for

environment - improves how
fixed design is used; gain is
local... but'shareable.

9th ICCRTS Copenhagen, Den Sys‘l'em in the force

scale environment changes
Explores design space nbhd >
new design features

the force

continued success in
capability evolution?

the world



wimeitll S0... ow do we make a force robustly adaptive??

Ashby’s law of
Requisite Variety
e rererrrrTre. =

Have to di. 1guish between learning systems and evolutionary systems
— bow are adaptive, but have different strengths and issues.

Create variety




JU(Y mary: Critical Aspectis of- Designeal Adapfiation

What is nar’d = cmd what is worth paying atiention fo to increase adaptivity

o U Aw N R

10.

11.

Lack of clarity about what intended fitness is

Measuring fithess/success in real world, estimating it in models

Disconnect between fitness and selection mechanisms operating

Deciding what fo sense in context/ what stimuli to pay attention to (inputs)
Generating new more successful responses (outputs)

Encoding of information about the world into the system, evaluating candidate responses
and understanding under what conditions to pick which response (links)

Understanding the reinforcement and suppression mechanisms already operating and
being able to modify them to support the intended adaptation

Deconflicting self-organised and imposed mechanisms
Being able to execute adaptive cycle fast enough to keep pace with changing context

How to parallelise the selection process
How to forecast rapidly changing context
How to quickly implement adpative changes identified

Linkages between levels of adaptation - decoupling them for manageability, managing the
coupling for creating conditions for success

Handling an adaptive context (internal and external to own force) ... danger of instabilities
.. Managing co-evolution.
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