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sophisticated quantitative analysis of behavior, including the use

of robust control, with other relevant conceptual and theoretical

frameworks from systems engineering, systems biology, and
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This paper aims to bridge progress in neuroscience involving

sophisticated quantitative analysis of behavior, including the use

of robust control, with other relevant conceptual and theoretical

frameworks from systems engineering, systems biology, and

mathematics.

Familiar and accessible case studies are used to illustrate

concepts of robustness, organization, and architecture

(modularity and protocols) that are central to understanding

complex networks.

These essential organizational features are hidden during normal

function of a system, but fundamental for understanding the

nature, design, and function of complex biologic and technologic

systems.
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ά[ŀǿǎέ ŀƴŘ ŀǊŎƘƛǘŜŎǘǳǊŜǎ

Å¢ƘŜƻǊȅ ƻŦ ƘŀǊŘ ƭƛƳƛǘǎΣ ŎƻƴǎǘǊŀƛƴǘǎΣΧ όάƭŀǿǎέ ύ 

Å¢ƘŜƻǊȅ ƻŦ άŀǊŎƘƛǘŜŎǘǳǊŜέΚ 

ïFrom platforms to 

ïάǎȅǎǘŜƳǎ ƻŦ ǎȅǎǘŜƳǎέ ǘƻ 

ïArchitecture

ÅCase studies: Internet, turbulence, smartgrid, 
cell biology, wildfire ecology, earthquakes, stat 
mechΣ ōǊŀƛƴ ŀǊŎƘƛǘŜŎǘǳǊŜΣ ¦!±ǎΣ Χ 
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Accident or necessity?

Both
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5ƻƴΩǘ ǿƻǊǊȅ ΦΦΦ

Åά¢ƘŜǊŜΩǎ ŀƴ ŀǇǇ ŦƻǊ ǘƘŀǘΦέ

Åά¢ƘŜ ǊŀǇǘǳǊŜ ƛǎ ƴŜŀǊΦέ

Åά¢ƘŜǊŜΩǎ ŀ ƎŜƴŜΧ

Åά¢ƘŜ ƳŀǊƪŜǘ ǿƛƭƭΦΦΦέ

Åά¢ƘŜ ƴŜǿ ǎŎƛŜƴŎŜǎ ƻŦ Χέ

ÅάhǊŘŜǊ ŦƻǊ ŦǊŜŜΦΦέ

Åά[ƛƪŜΣ ŘǳŘŜΣ ƭƛƪŜΣ ŎƘƛƭƭΧέ 



In the real (vs virtual) world

What matters:

ÅAction

What doesnôt:

ÅData

ÅInformation

ÅComputation

ÅLearning

ÅDecision

Åé





sense

move Spine



sense

move Spine

Reflex

Reflect



sense

move Spine

Reflex

Reflect



Yet Fragile

Fix?

L Obesity, diabetes

L Cancer

L Parasites, infection 

L AutoImmune/Inflame

LAddiction, psychosisé

N Epidemics, waré

M Catastrophes

MObfuscate, amplify,é

Accident or necessity?

What matters:

ÅAction

ÅAutomation

ÅLimits

ÅTradeoffs



wasteful?

fragile?

slow?

?

What we want 
to avoid.



IEEE TRANS ON SYSTEMS, MAN, AND CYBERNETICS, 

JULY 2010,      Alderson and Doyle



robust

efficient wasteful

fragile

Want robust 

and efficient



wasteful

fragile

robust

efficient

At best we 

get one



wasteful

fragile

robust

efficient

Often 

neither

M???L



Bad 

theory?

M???L

?

?

Bad 

architectures?

wasteful

fragile

gap?

robust

efficient



Control Comms

Compute Physics

ShannonBode

Turing

Godel

Einstein

Heisenberg

Carnot

Boltzmann

Theory?
Deep, but fragmented, 
incoherent, incomplete



Control Comms

Compute Physics

ShannonBode

Turing

Godel

Einstein

Heisenberg

Carnot

Boltzmann

wasteful?

fragile?

slow?

?

ÅEach theory ºone dimension

ÅImportant tradeoffs across
dimensions

ÅProgress is encouraging buté



Case studies

wasteful

fragile

Sharpen 

hard bounds

Conservation 

òlawsó?



Case studies

wasteful

fragile

Sharpen 

hard bounds

Mbad L
Find and 

fix bugs



Case studies

wasteful

fragile

Sharpen 

hard bounds

Mbad L
Find and 

fix bugs
Bad 

architectures?



J. Fluid Mech (2010)

Streamlined

Laminar Flow

Turbulent Flow

Turbulence 
and drag?



Streamlined

Laminar Flow

Turbulent Flow

Turbulence 
and drag?

u
z

x

y
Flow

Coherent structures

wU

z x

y



wU

z x

y

Blunted turbulent 
velocity profile

Laminar 

Turbulent 

wU

0uÐ =

1u
u u p u

t R

µ
+ Ð =-Ð + D

µ

άǘǳǊōǳƭŜƴŎŜ ƛǎ ŀ 
highly nonlinear 
ǇƘŜƴƻƳŜƴŀέ



0uÐ =

1u
u u p u

t R

µ
+ Ð =-Ð + D

µ

Small Large

Robust Simple Organized

Fragile chaocritical Irreducibile

Complexity?



0uÐ =

1u
u u p u

t R

µ
+ Ð =-Ð + D

µ

Small Large

Robust
Simple

2d, linear

Organized

Computer

Fragile
chaocritical

3d, nonlinear
Irreducibile?

Complexity?

mildly
nonlinear

highly 
nonlinear



Physics of Fluids (2011)

wU

z x

y

u
z

x

y
Flow

upflow
high-speed

region

downflow
low speed

streak

Blunted turbulent 
velocity profile

Laminar 

Turbulent 

wU
3D coupling

Coherent structures and turbulent drag



Case studies

wasteful

fragile

Sharpen 

hard bounds

Mbad L

Find and 

fix bugs

Bad 

architectures?



Case studies

wasteful

fragile

Sharpen 

hard bounds

Theory + biology case study



Chandra, Buzi, and Doyle



Theory + biology case study

ÅUniversal issues

ÅLongstanding mystery (century? millennia?)

Å!ŎŎŜǎǎƛōƭŜΣ ŎƻƳǇƻƴŜƴǘǎ άǿŜƭƭ-ƪƴƻǿƴέ

Å9Ǿƻƭǳǘƛƻƴ Ҍ ǇƘȅǎƛƻƭƻƎȅ Ҍ ά/5{κ/a9έ

ÅBroadly relevant

ÅScience paper in press (w/ Fiona Chandra, 
Genti Buzi)

ÅExtreme responses typical



Glycolytic oscillations

Hard tradeoffs between

1. Fragility (disturbance rejection)

2. Amount (of enzymes)

3. Complexity (of enzymes)

Åaƻǎǘ ǳōƛǉǳƛǘƻǳǎκǎǘǳŘƛŜŘ άŎƛǊŎǳƛǘέ ƛƴ 
science/engineering 

ÅNew insights and experiments

Metabolic 
overhead
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3. Complexity (of enzymes)



K Nielsen, PG Sorensen, F Hynne, H-G 
Busse. Sustained oscillations in glycolysis: 
an experimental and theoretical study of 
chaotic and complex periodic behavior 
and of quenching of simple oscillations. 
Biophys Chem 72:49-62 (1998).

Experiments



Figure S4. Simulation of two state model (S7.1) qualitatively recapitulates 
experimental observation from CSTR studies [5] and [12]. As the flow of material 
in/out of the system is increased, the system enters a limit cycle and then 
stabilizes again. For this simulation, we take q=a=Vm=1, k=0.2, g=1, u=0.01, h=2.5.
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This is a cartoon, 
but can be made 

precise.
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Fragility Different 
άŀǊŎƘƛǘŜŎǘǳǊŜǎέ

up-eyes

This is a cartoon, 
but can be made 
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Ldown
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Fragility

up-eyes

This is a cartoon, 
but can be made 

precise.

L
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simple 
enzyme
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Too fragile



Fragility

Enzyme amount

complex enzyme
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Why oscillations?
Side effects of hard tradeoffs
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Fragility Biological architectures 

achieve hard limits and 

use complex enzymes 

and networks
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ωMicrofluidic experiments

ωYeast strain W303 grown in Ethanol

ωGlucose and KCN added ­anaerobic glycolysis

ωNADH measured every 3 s

0 60 120 180 240 300
0

50

100

150

t ( seconds)

NADH



Architecture Good architectures 

allow for effective 

tradeoffs

wasteful

fragile
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Åzand p are functions of enzyme complexity and amount
Åstandard biochemistry models
Åphenomenological

Åfirst principles?



What reviewers say
ÅάLŦ ǎǳŎƘ ƻǎŎƛƭƭŀǘƛƻƴǎ ŀǊŜ ƛƴŘŜŜŘ ƻǇǘƛƳŀƭΣ ǿƘȅ ŀǊŜ ǘƘŜȅ ƴƻǘ 
ǳƴƛǾŜǊǎŀƭƭȅ ǇǊŜǎŜƴǘΚέ 

Åά¢ƘŜ ŀǇǇǊƻŀŎƘ ǘƻ ŜǎǘŀōƭƛǎƘ ǳƴƛǾŜǊǎŀƭƛǘȅ ŦƻǊ ŀƭƭ ōƛƻƭƻƎƛŎŀƭ ŀƴŘ 
physiological systems is simply wrongΦ Lǘ Ŏŀƴƴƻǘ ōŜ ŘƻƴŜΧέ  

Åά²ƘƛƭŜ ǘƘŜ ƴƻǘƛƻƴ ƻŦ ǳƴƛǾŜǊǎŀƭƛǘȅ ƛǎ ǿŜƭƭ ƧǳǎǘƛŦƛŜŘ ƛƴ ǇƘȅǎƛŎǎΣ ƛǘ ƛǎ 
perhaps not so useful in biological sciences and medicine. To 
develop a set of universal principles for biological and 
physiological systems is mostly likely a dream that will never be 
realizedΣ ŘǳŜ ǘƻ ǘƘŜ Ǿŀǎǘ ŘƛǾŜǊǎƛǘȅ ƛƴ ǎǳŎƘ ǎȅǎǘŜƳǎΦέ  

ÅάΧdoes not seem to have an understanding or appreciation of 
ǘƘŜ Ǿŀǎǘ ŘƛǾŜǊǎƛǘȅ ƻŦ ōƛƻƭƻƎƛŎŀƭ ŀƴŘ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ǎȅǎǘŜƳǎΧέ 

ÅάΧŘŜǎƛǊŜ ǘƻ ŘŜǾŜƭƻǇ ǊƛƎƻǊƻǳǎ ŦǊŀƳŜǿƻǊƪ ƛǎ ǳƴŘŜǊǎǘŀƴŘŀōƭŜΣ ōǳǘ 
usually this can be done only by imposing a high degree of 
abstraction, which would then make the model useless Χέ 

ÅάΧ ŀ ƳŀǘƘŜƳŀǘƛŎŀƭ ǎŎƘŜƳŜ without any real connections to 
biological or medical problemsΧέ  



Fragility
hard limits

simple

Overhead, waste

complex

ÅGeneral
ÅRigorous
ÅFirst principle

ÅDomain specific
ÅAd hoc
ÅPhenomenological

Plugging in 
domain details

?



Control Comms

Physics

Wiener

Bode

Kalman

Heisenberg

Carnot

Boltzmann

robust control

ÅFundamental multiscale physics
ÅFoundations, origins of
ï noise 
ï dissipation
ï amplification

ÅGeneral
ÅRigorous
ÅFirst principle

?



IEEE TRANS ON AUTOMATIC CONTROL, 

FEBRUARY, 2011

Sandberg, Delvenne, and Doyle

http://arxiv.org/abs/1009.2830
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Environment Environment

Huge 

Variety

Huge 

Variety

Bacterial cell



TCA

Gly

G1P

G6P

F6P

F1-6BP

PEP Pyr

Gly3p

13BPG

3PG

2PG

ATP

NADH

Oxa

Cit

ACA

Autocatalysis

Control

ÅAutocatalytic 
ÅComplex vs
simple enzymes       

Feedbacks



Catabolism

TCAPyr

Oxa

Cit

ACA

Gly

G1P

G6P

F6P

F1-6BP

PEP

Gly3p

13BPG

3PG

2PG

ATP

NADH



C
a

ta
b

o
lis

m

AA

Ribosome

transl. Proteins

P
re

c
u

rs
o
rs

ATP

ATP

Inside every cell

Ribosomes

make 

ribosomes

Translation: Amino acids 

polymerized into proteins
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AA

Ribosome

RNA
RNAp

transl. Proteins

xRNAtransc.

P
re

c
u

rs
o
rs

DNA
DNAp

Repl. Gene

ATP

ATP

Building 

Blocks

ÅTranslation

ÅTranscription

ÅDNA Replication
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AA

Ribosome

RNA
RNAp

transl. Proteins

xRNAtransc.

P
re

c
u

rs
o
rs

DNA
DNAp

Repl. Gene

ATP

ATP

Enzymes

Building 

Blocks

Crosslayer

autocatalysis

Macro-layers

Inside every cell



NucleotidesCatabolism

P
re

c
u

rs
o
rs

Taxis and 

transport

N
u

tr
ie

n
ts

Carriers

Core metabolism

Same 

12

in all 

cells

Same 

8 

in all 

cells
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s

Co-factors

Polymerization 
and complex 

assembly
P

ro
te
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s

P
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Autocatalytic feedback

Taxis and 

transport
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ts

Core metabolism

DNA 

replication

Trans*

C
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m

Carriers

º100 º104 to ºÐ
in one

organisms

Huge 

Variety

12

8



Other examples

Clothing

Lego

Money

Cell biology



Shirt

Slacks

Jacket Tie 

T-Shirt

Socks

ShoesCoat
Shorts

Soft layering



Wool

Cotton

Nylon

Silk

Polyester

Rayon

Shirt

Slacks

Jacket Tie 

T-Shirt

Socks

ShoesCoat
Shorts

Modularity?



Shirt

Slacks

Jacket Tie 

T-Shirt

Socks

ShoesCoat
Shorts

Given a wardrobe (set of garments)

1 <<  # outfits  <<  # non-outfits

(random heaps are of garments are never outfits)



Shirt

Slacks

Jacket Tie 

T-Shirt

Socks

ShoesCoat
Shorts

1 <<  # outfits  <<  # non-outfits

(random heaps are of garments are never outfits)

large thin



large            thin          

1 <<  # toys <<  # non-toys

ñorder for freeò



Letters and words

Å9 letters: adeginorz

Å9!= 362,880 sequences of 9 letters

Åhƴƭȅ άƻǊƎŀƴƛȊŜŘέ ƛǎ ŀ ǿƻǊŘ

1 <<   (# words)  <<  (# non-words)

large                 thin



Shirt

Slacks

Jacket sweater

T-Shirt

Socks

ShoesCoat
Shorts

In
n
e

r

M
id

d
le

O
u
te

r

S
k
in



Hidden

Robust to variations in

Åweather

Åactivity

Åappearance requirements

Åwear and tear

Åcleaning

System 

constraints



Wool Cotton NylonSilk Polyester Rayon

Cloth

Shirt

Slacks

Jacket Tie 

T-Shirt

Socks

ShoesCoat
Shorts

Sewing



Cloth

Thread

Fiber

Garments

Xform

Xform

Xform

Modularity 2.0

Prevents unraveling of lower layers



Cloth

Thread

Fiber

Garments

Xform

Xform

Xform

Hidden, 

large, thin, 

nonconvex

Outfits

Assemble



Wool

Cotton

Nylon

Silk

Polyester

Rayon

Shirt

Slacks

Jacket Ti

e 

T-Shirt

Socks

ShoesCoat
Boxers

The 

hourglass?

Dress Shirt Slacks Lingerie Coat Scarf Tie  

Garments

Cloth

Sewing

Wool Cotton NylonSilk Polyester

Material technologies

Rayon

Horizontal networks of fibers

V
e

rt
ic

a
l 
d

e
c
o
m

p
o
s
it
io

n
Horizontal networks of garments
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O
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Horizontal networks of fibers

Horizontal networks of garments

Cloth

Thread

Fiber

Garments

Xform

Xform

Xform



Cloth

Thread

Fiber

Garments

Xform

Xform

Xform

Universal strategies?

Garments have 

limited access to 

threads and fibers

constraints on 

cross-layer 

interactions

quantization 

for robustness

Even though 

garments seem 

analog/continuous

Prevents unraveling of lower layers



Fiber

Geographically diverse sources

Diverse fabric

Functionally diverse garments

General 

purpose 

machines Diverse Thread

sew

knit, weave

spin



Functionally diverse garments



Cloth

Thread

Fiber

Garments

Fragilities?



Cloth

Thread

Fiber

Garments

Scalable

Sustainable?



Embedded

virtual 

actuator/ 

sensor

Network 

cable

Controller

Lib

App

DIF

Networked/embedded/layered

Lib

Physical 

plant



Embedded

virtual 

actuator/ 

sensor

Network 

cable

Controller

DIF

Physical 

plant

Meta-layering of cyber-phys control



Physiology

Organs

Cells

Layered architectures



Physiology

Organs

Layered architectures

Cells



Physiology

Organs

Meta-layers

Prediction 

Goals

Actions

errors

ActionsC
o

rt
e

x







Which blue line is longer?



Which blue line is longer?



Which blue line is longer?



Which blue line is longer?



Which blue line is longer?



Meta-layers

Fast,

Limited 

scope

Slow,

Broad 

scope

Unfortunately, weôre not 

sure how this all works.



Shirt

Slacks

Jacket sweater

T-Shirt

Socks

ShoesCoat
Shorts
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Selection

assembly



Cloth

Thread

Fiber

Garments

Xform Ctrl Mgmt

Networked, 

universal, 

layered
Xform Ctrl Mgmt

Xform Ctrl Mgmt

Xform Ctrl Mgmt

D
o

m
a

in
 s

p
e

c
if
ic



Cloth

Thread

Fiber

Garments

Xform Ctrl Mgmt

Networked, 

universal, 

layered
Xform Ctrl Mgmt

Xform Ctrl Mgmt

Xform Ctrl Mgmt

D
e
m

a
n

d

S
u

p
p

ly



Cloth

Thread

Fiber

Garments

Xform Ctrl Mgmt

Networked, 

universal, 

layered
Xform Ctrl Mgmt

Xform Ctrl Mgmt

Xform Ctrl Mgmt

C
o

n
tro

l

S
u

p
p

ly

Complexity?



Yet Fragile

Fix?

L Obesity, diabetes

L Cancer

L Parasites, infection 

L AutoImmune/Inflame

LAddiction, psychosisé

N Epidemics, waré

M Catastrophes

MObfuscate, amplify,é

Accident or necessity?

What matters:

ÅAction

ÅAutomation

ÅLimits

ÅTradeoffs



THE END OF THEORY
Scientists have always relied on hypothesis 
and experimentation.  Now, in the era of 
ƳŀǎǎƛǾŜ ŘŀǘŀΣ ǘƘŜǊŜΩǎ ŀ better way.

ñAll models are wrong, and increasingly 

you can succeed without them.ò



Save our 

children

Peta-

philia

There is a 

treatment.



New words

ÅPeta-philia: Perverse love 

of data and computation

ÅPeta-fop: Someone who 

profits from peta-philia

ÅExa-duhs: Loss of clue 

from excessive peta-philia



Fortunately 

there seems 

to be a 

treatment

Not yet in 

widespread use

Peta-

philia



Case studies

wasteful

fragile

Sharpen 

hard bounds

Mbad L

Find and 

fix bugs



wasteful

fragile

Mbad L

Find and 

fix bugs



App App
Applications

Router



Chiang, Low, Calderbank, and Doyle



TCP
IP

Physical

MAC

Switch

MAC MAC

Pt to Pt Pt to Pt

Diverse applications

Layered architectures



Control

Compute

Internet

optimization

operating systems

ά[ŀȅŜǊƛƴƎ ŀǎ ƻǇǘƛƳƛȊŀǘƛƻƴέ

robust control

ÅмлҌ ȅŜŀǊǎ ƻŦ ǇǊƻƎǊŜǎǎ ϧ ƛƳǇŀŎǘΧ

ÅStatic optimization ­ dynamic control

Å²ƛǊŜƭŜǎǎΣ ǎŎƘŜŘǳƭƛƴƎΣ ƴŜǘ ŎƻŘƛƴƎΣ Χ

Å.ǳǘΧΦ

ÅSomething is wrong architecturally

Å.ŜǘǘŜǊ ǇǊƻǘƻŎƻƭǎκŎƻƴǘǊƻƭ ǿƻƴΩǘ ŦƛȄ ƛǘ

ÅDesign: from protocols to architectures



Layered architectures everywhere

Å/ƻƳǇǳǘŜǊǎΣ LƴǘŜǊƴŜǘΣ ǎƻŦǘǿŀǊŜΧ ŎȅōŜǊ-physical?

ÅBacterial biosphere

ÅEvo-devo

ÅBrain

Å[ŜƎƻΣ ŎƭƻǘƘƛƴƎΣ ǎǳǇǇƭȅ ŎƘŀƛƴΣ Χ 

Å¦ǎŜŦǳƭ άŎƻƳǇŀǊŀǘƛǾŜ ǇƘȅǎƛƻƭƻƎȅέ



TCP
IP

Physical

Diverse applications

Layered architectures

Diverse



OS

Physical

Diverse 
applications

Layered architectures

ÅOS allocates/shares 

ïdiverse resources among 

ïdiverse applications

ÅñStrict layeringò crucial, 

e.g. clearly separate

ïApplication name space

ïLogical (virtual) 

name/address space

ïPhysical (name/) address 

space

ÅName resolution w/in appls

ÅName/addr transl X layers



OS

Physical

Diverse 
applications

Layered architectures

In operating systems:

Don’t cross layers

(rings)

Direct 

access to 

physical 

memory?

In programming:

No global variables



Problems with leaky layering

Modularity benefits are lost

ÅGlobal variables?   @$%*&!^%@& 

ÅPoor portability of applications

ÅInsecurity of physical address space

ÅFragile to application crashes

ÅNo scalability of virtual/real addressing

ÅLimits optimization/control by duality?



App App
Applications

Router

IP addresses 

interfaces 

(not nodes)



App App

IPC

Global 

and direct 

access to 

physical 

address!

Robust?

ÅSecure

ÅScalable

ÅVerifiable

ÅEvolvable

ÅMaintainable

ÅDesignable

Åé

DNS

IP addresses 

interfaces 

(not nodes)



OS

Diverse hardware

Layered architectures

Little 
diversity

Diverse applications



OS

Diverse hardware

Layered architectures

άIƻǳǊƎƭŀǎǎέ

Diverse applications



Physical

IP

TCP

Application

Naming and addressing need to be 

Åresolved within layer

Åtranslated between layers

Ånot exposed outside of layer

Related ñissuesò

ÅDNS

ÅNATS

ÅFirewalls

ÅMultihoming

ÅMobility

ÅRouting table size

ÅOverlays

Åé



Architecture 

is not graph 

topology.

Architecture 

facilitates 

arbitrary graphs.

Persistent 

errors and 

confusion.





Notices of the AMS, 2009



wasteful

fragile

slow
Good case studies

Mbad L

worse

άbŜǿ ǎŎƛŜƴŎŜǎέ ƻŦ 
άŎƻƳǇƭŜȄƛǘȅέ ŀƴŘ 
άƴŜǘǿƻǊƪǎέΚ



άbŜǿ ǎŎƛŜƴŎŜǎέ ƻŦ 
άŎƻƳǇƭŜȄƛǘȅέ ŀƴŘ 
άƴŜǘǿƻǊƪǎέΚworse

ÅEdge of chaos
ÅSelf-organized criticality
ÅScale-ŦǊŜŜ άƴŜǘǿƻǊƪǎέ
Å/ǊŜŀǘƛƻƴ άǎŎƛŜƴŎŜέ
ÅIntelligent design
ÅFinancial engineering
ÅRisk management
ÅάaŜǊŎƘŀƴǘǎ ƻŦ Řƻǳōǘέ
ÅΧ

ÅScience as pure fashion
ÅIdeological
ÅPolitical
ÅEvangelical
ÅNontech trumps tech



D. Alderson, NPS 178



Complexity = hard to understand, explain

ÅñComplexity scienceò = persistently in error

ïbionetworks: gene regulation, metabolism, PPI

ïwildfires, earthquakes

ïInternet, power grid

ÅMinimal impact on technology

ÅDiminishing impact on biology

ÅOf concern in medicine, neuroscience



Complex systems?

Fragile

ÅScale

ÅDynamics

ÅNonlinearity

ÅNonequlibrium

ÅOpen

ÅFeedback

ÅAdaptation

ÅIntractability

ÅEmergence

Åé

Even small 

amounts can 

create 

bewildering 

complexity



Complex systems?

Fragile

ÅScale

ÅDynamics

ÅNonlinearity

ÅNonequlibrium

ÅOpen

ÅFeedback

ÅAdaptation

ÅIntractability

ÅEmergence

Åé

ÅScale

ÅDynamics

ÅNonlinearity

ÅNonequlibrium

ÅOpen

ÅFeedback

ÅAdaptation

ÅIntractability

ÅEmergence

Åé

Robust



Complex systems?

ÅResources

ÅControlled

ÅOrganized

ÅStructured

ÅExtreme

ÅArchitected

Åé

Robust complexity

ÅScale

ÅDynamics

ÅNonlinearity

ÅNonequlibrium

ÅOpen

ÅFeedback

ÅAdaptation

ÅIntractability

ÅEmergence

Åé



Architecture

ÅResources

ÅControlled

ÅOrganized

ÅStructured

ÅExtreme

ÅArchitected

Åé

Robust complexity

ÅScale

ÅDynamics

ÅNonlinearity

ÅNonequlibrium

ÅOpen

ÅFeedback

ÅAdaptation

ÅIntractability

ÅEmergence

Åé



New 

words
Fragile complexity

Emergulent

Emergulence

at the edge of 

chaocritiplexity

ÅScale

ÅDynamics

ÅNonlinearity

ÅNonequlibrium

ÅOpen

ÅFeedback

ÅAdaptation

ÅIntractability

ÅEmergence

Åé



wU

z x

y

Blunted turbulent 
velocity profile

Laminar 

Turbulent 

wU

0uÐ =

1u
u u p u

t R

µ
+ Ð =-Ð + D

µ

άǘǳǊōǳƭŜƴŎŜ ƛǎ ŀ 
highly nonlinear 
ǇƘŜƴƻƳŜƴŀέ



0uÐ =

1u
u u p u

t R

µ
+ Ð =-Ð + D

µ

Small Large

Robust
Simple

2d, linear

Organized

Computer

Fragile
chaocritical

3d, nonlinear
Irreducibile?

Complexity?

mildly
nonlinear

highly 
nonlinear



Irreducibility and ñintelligent designò

Rube Goldberg



The essential 

ID argument

If biology is like this,

then it could not have evolved.

ÅThis is actually true, and in facté

ÅIf biology is like this,

Åthen it would be too fragile to persist,

Åand would need the constant interventionof 

supernatural forces



The flaw

ÅIt is too fragile to actually build.

ÅNeither biology nor (most of) technology is 

anything like this.

ÅWho said otherwise?  Lots of real scientists!

ÅOops! (But we are too fragile and unsustainable.)

This is a 

cartoon.


