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Why study technology as an 
evolutionary process?

• Technology is the neglected prong of 
evolution, whose importance will be ever 
greater in the future.

• It forms the basis of living things as well as 
human-made things.

• For better or worse, it is the driver of 
economic growth.

• The major problems of civilization are 
created and solved by technology.



Human evolution and 
technological evolution are 

closely interlinked



Tool use predates genus homo
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Choppers, scrapers and 
pounders, 3.3 M years ago

homo habilis

Australopithecus garhi
Oldewan tools
2.6 M years ago



from: A Short History of Technology, by T.K. Derry and Trevor I. Williams (1960). p.191.

skier

Technology co-evolved with early humans



Without technology, 
none of us would exist
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Human population growth:  

Reverend Thomas Malthus Marquis de 
Condorcet



An Essay on the Principle of Population, as it 
Affects the Future Improvement of Society 
with Remarks on the Speculations of Mr. 
Godwin, M. Condorcet, and Other Writers.

• Argued against the perfectability of man
• “I think I may fairly make two postulates:

– food is necessary to the existence of man.
– the passion between the sexes is necessary and will remain nearly 
in its present state. 

• Population, when unchecked, increases in a geometrical ratio. 
• Subsistence increases only in an arithmetical ratio.” 

– implies an overpopulated world of misery and vice.



Sketch for an historical picture of the 
progress of the human mind (1795)

• Predicted:
–  the end of colonialism, spread of 

democracy, universal education, 
equality of sexes, welfare and social 
security, merit-based venture capital, 
increase in human lifespan, …

–  acceleration of knowledge and well-
being through feedback between 
education, science, and technology, ...

• A day when the earth would eventually 
become overpopulated 
• 



Log-log view of world population



Science, Nov 4., 1960



How does super-exponential 
growth happen?

• With fixed technology, population growth would 
follow an “S” curve.

• But technology improves, so carrying capacity 
of earth increases.

• Population growth depends on technology and 
technological improvement depends on 
population (more inventors = more progress)

• This drives super-exponential growth for both 
population and economy (Condorcet, Romer)
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Technology is an 
evolutionary process



Darwin among the machines 
(Samuel Butler, 1863)

• Evolution in the Darwinian sense:

- descent with modification and 
selection

- Erewhon (1872)

Butler imagined technology 
competing with humanity:

“In the course of the ages we shall 
find ourselves the inferior race”



The noosphere

• de Chardin envisioned 
biology, technology and 
culture co-evolving to 
form a greater whole, 
the “noosphere”.

Pierre Teilhard de Chardin



State of understanding of technology  
evolution is still anecdotal

• Lewis Mumford

• George Basala

• Joel Mokyr

• Brian Arthur

• …

Subject is dominated by economic historians.
See also growth economists, e.g. Paul Romer



Understanding is pre-Linnaen

• Linnaeus created the classification system 
that was the foundation on which Darwin 
built his theory

Carl Linnaeus, 1707 - 1778



Existing classification schemes
are due to patent offices and govt. agencies

• Thomas Jefferson, first patent examiner (1790)
- Congress shall have the power...to promote the progress of science 

and useful arts by securing for limited times to authors and inventors 

the exclusive right to their respective writings and discoveries."  

• Good start, but highly ad hoc

- classifications are far from uniform

• SIC, NAICS classify industries (closely related)

• What does one classify?

- Biological taxonomies are based on heredity

- For technology, functionality is important



What is technology?

• The collection of techniques, methods or 
processes used in the production of goods 
or services or in the accomplishment of 
objectives …  technology can be the 
knowledge of techniques, processes, etc. or 
it can be embedded in machines, 
computers, devices and factories

• Closely related to concept of “machine”.



What is a machine?

• Modern science is based on the mechanistic view, but 
there is no good definition of a machine.

• Perhaps by thinking carefully about what a machine 
is, in more general terms, we can at least make clear 
what it means to make “progress” in an engineering 
problem, or in evolution.

• Current complex systems theorizing tends to focus 
exclusively on information, and neglect the 
mechanical implementation that is necessary for any 
kind of self-organized emergent behavior.



Classification of machines?

• Early treatises on machines
– Philo of Byzantium, 200  BC.
– Hero of Alexandria,  62 AD., “Mechanics”, “Book 

on the raising of heavy weights”
• Five simple machines known to Archimedes

–Lever, wedge, screw, wheel and axle, pulley



Wheel and axle

wedge

screw

lever

pulley

The five simple machines



What is a “machine”?
• A machine is an assembly of matter capable of 

selectively altering other assemblies of matter. 
• The key property of a machine is its ability to 

implement a functional constraint in the 
movement of matter (or energy).

• Not a definition of a machine, but rather of the 
“machine-ness” of matter.

• Machines can increase or decrease local entropy, 
creating order or disorder (though they always 
increase global entropy).



Constraint function

• Specifies what machine does in geometric/
topological and probabilistic terms.

• E.g. for sieve:  “Particles of size          will 
remain on the same side of the sieve.

• Probability of passage in any given shake of 
sieve depends on fraction of small vs. large 
particles.



Taxonomy of machines

• Can potentially classify machines based on 
their constraint functions.

• General classification of functions is an 
unsolved mathematical problem.

• Nonetheless, we can identify some important 
families of machines.



Biological organisms are assemblies of machines



Biological vs. technological evolution 
(see Sole et al., Complexity, 2012)

• Similarities
–Both driven by selection
–Both result in diversity
–Incremental variation
–Temporal progression
–Purposeful function of units

• Differences
–Self-reproduction vs. artificial manufacture
–Random variation vs. conscious design
–Microscopic vs. macroscopic scale of organization
–Innovation in technology analogous to horizontal gene 

transfer (like bacteria)
–Developmental process of technology is highly distributed

Dividing line will become increasingly blurred

(See also Wagner and Rosen, 2014)



from: “The Evolution of Technology,” by George Basalla (1988).

Technological evolution is analogous to 
horizontal gene transfer

vertical horizontal



Data available to understand technology is 
very different than that for biology

• Biology

- detailed knowledge of pylogeny

- no knowledge of  “performance”

• Technology

- no good taxonomy, anecdotal polygamy

- some knowledge of performance



Identify technological eras with 
US patents

joint work with Ioannis Psorakis, Jose Lobo, Debbie 
Strumsky,  Hyejin Youn

• 9M patents

• 1790 to present: 

- 10,000 tech. codes -> 150,000 tech. codes

• Closest thing to a fossil record of tech. change



Co-occurrence network
(Youn, Lobo, Bettancourt, Strumsky, 2014)

• Can define co-occurrence network as the 
frequency with which two technology 
codes appear together.

• Defines network with technology codes as 
nodes and co-occurrence frequency as 
weighted links.

• Provides a way to understand how 
technologies interact with each other and 
how this evolves through time.



Solar PV ecology

schottky, 
graded dipping, 

plural junction

polycrystalline 
or amorphous 

semiconductor

concentrator 
housing, 
cooling means
concentrator, orientator, 
reflector, or cooling means hybrid conversion system

136: Batteries: Thermoelectric and photoelectric

panel or array

cadmium containingsilicon or germanium 
containing

contact, coating or 
surface geometry



Evidence	
  for	
  technological	
  epochs

• Inventing	
   activity	
   changes,	
   based	
   on	
  
technological,	
   economic,	
   social,	
   even	
  
geopolitical	
  trends. 

• We	
   investigate	
   the	
   self-­‐organization	
   patterns	
  
of	
   technologies	
   across	
   time,	
   given	
   our	
  
combination-­‐based	
   communities	
   at	
   each	
  
decade. 

• Our	
  analysis	
   reveals	
   clusters	
  of	
   self-­‐similarity	
  
across	
   time,	
   corresponding	
   to	
   various	
  
historical	
   eras	
   (WWI,	
   WWII,	
   Cold	
   War,	
  
modern	
  era). 

• C lu s te r	
   bounda r i e s	
   co r re spond	
   to	
  
technological	
   shifts,	
   that	
   allow	
   us	
   to	
  
“sandbox”	
  different	
  models	
  at	
  different	
   time	
  
periods.



Eigenvalue centrality (Page rank)

• Make co-occurrence matrix directed by 
dividing by activity of each code pair

- assume “influence” flows from more active 
to less active code.

• Apply page rank algorithm
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Technology is the engine of 
economic growth

• Solow (1956):  Investment can’t explain it — 
technological progress is dominant cause

- technology is just a scalar “A(t)”.

• Rosenberg:  Must get inside the black box.

• Arthur:  Emphasizes role of combination

Need a predictive theory - what drives 
technological improvement?



Technologies	
  improve	
  	
  
at	
  very	
  different	
  rates
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Commodities
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Selected technologies
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Comparison
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Physics matters to economics

• Evolutionary search finds physical processes 
capable of rapid improvement

• Interaction between physics, which 
determines what is possible, and economics, 
which determines what is wanted 

• Physics is key determinant of technological 
improvement (Funk and Magee)

• Migration toward “good physics” can result 
in dramatic improvements



 Consequences for public 
investment

It is essential that we take the dramatic 
differences in rates of technological evolution 
into account when we consider public 
investment in technology R&D.





Empirical laws for  
technological improvement 



Wright’s law 
(1936)

Theodore Paul Wright

Cost vs. cumulative production = power law y = x��
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Ford’s model T

Wright’s law only works when reducing cost is main objective





Generality of Wright’s law

• Holds at the level of products, firms, 
industries, or best technology performing a 
given function.

• Explanation must be correspondingly 
general.



Moore’s law 
(1965)

Originally a statement about density of transistors
We will use to refer to the hypothesis that technological

performance improves exponentially with time

Gordon Moore
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Production vs. time

For technologies in this sample, also reasonable to 
postulate that production increases exponentially 
with time
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Compatibility of wright and Moore 
(Sahal, 1987)

If production expands exponentially and costs drop 
exponentially, Wright’s law will hold.

x(t) = exp(at)
y(t) = exp(�bt)
y(x) = x�b/a
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Laws can be used to make 
forecasts with reliable error bars

• Nagy, Farmer, Bui, Trancik, PlosOne, 2013

• Farmer and Lafond, Research Policy?, 2015



Key hypothesis

All technologies obey same random process
– parameters vary across technologies



Testing for predictability through hind casting
Nagy, Farmer, Bui, Trancik, PlosOne, 2013

Farmer and Lafond, Research Policy?, 2015

• Pretend to be at a given time in the past

• Forecast each “future” date

• Repeat for all past dates

• Score methods based on forecasting errors

• To pool different technologies, assume 
improvement process is the same for all 
technologies, except for parameters.

Can make objective forecasts with reliable error bars 



Moore’s law as a random walk with drift

Time	
  series	
  models	
  

Change in log(cost) Drift Noise

Wright’s law as random walk with drift 
dependent on cumulative production 



Distributional forecast of solar PV 
assuming business as usual
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World energy usage by source
} (BP statistical review of world energy) 

} IEA projection:  PV will generate 16% of electricity by 2050
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Energy storage

From Koh and Magee, 2007



Energy storage cost
From Koh and Magee, 2007



Why should public support 
technology R&D?

• Technologies get stuck in local maxima

• Stimulating production can be used to drive 
costs down (e.g. WWII)

• Governments do need to “pick winners”



local minima implied by Wright 
unit cost

production

old technology

new 
technology

Question: Do new technologies
enter with lower y intercept
or steeper slope?  (for moment 
assume lower y intercept)

What influences rate
at which new 
technologies enter?



Hypotheses for explaining 
Wright’s law

Why do costs drop as a power law of 
cumulative quantity produced?

• Economies of scale

• Learning 

• Network effects



Economies of scale

Examples:

• Factory costs c, subsequent units are free
 

• Chemical plant where cost is proportional 
to area, production proportional to volume

• Transistors get faster, cheaper and more 
efficient as they get smaller.   Exponential 
shrinking in time, exponential increase in 
production, implies Wright’s law.

c = x�1

c = x�2/3



Power law of practice

Improvement with practice in time to add two numbers
(Blackburn, 1936)



• Muth (1986) assumed engineers throw darts at 
random to create new designs, only accept solutions 
that are improvements.  Implies 

• Auerwald, Kauffman, Lobo Shell (2000).  Assume 
components are interconnected so designers must 
coordinate, show simulations give power laws.

• McNerney, Farmer, Redner, Trancik (2011) show that 

where d* is “design complexity” of network

Learning + networks:  Recipe model

c = x�1

c = x�1/(�d�)



Recipe MODEL OF  
technological improvement

Muth (Management Science, 1987)

Engineers generate new solutions at random, accept 
them if they are better.  Single component:  Implies 
Wright’s law with exponent = -1.

Auerswald, Kauffman, Lobo and Shell (JEDC, 2000)

 Multiple components that depend on each other.  
Accept improvements only if sum score improves.





Recipe MODEL (CONTINUED)

McNerney, Farmer, Redner, Trancik (PNAS, 2011)

simplified and solved recipe model

generates power law with exponent -(1/d), where d 
= “design complexity”, which depends on DSM.  
For homogeneous networks d is in-degree of DSM.

for heterogeneous networks there are typically 
bottleneck components, d is more complicated to 
compute, and progress typically occurs via a 
sequence of punctuated equilibria



Cost vs. time 
for recipe model



Need to go beyond recipe model

• Nice start, but only part of story

• Anecdotally:  Innovations in one industry 
often drive innovations in others

- solar PV, laser printers, digital cameras, ...

• Interactions between technologies are key

- must model evolution of entire technological 
ecology to understand a single technology



 leontief: input-output 
model of an economy

Nodes are industries, (weighted) directed links are 
inputs to each industry.
Can be based on physical flows or on monetary flows.
Precise analogy to equilibrium chemical kinetics 
(allowing non-integer stoichiometric parameters)
Conservation laws lead to linear system of equations   
Used in national accounting, central planning.
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McNerney, Fath, Silverberg (2013)U.S. industry network, 1997



Input tinkering/design improvement

• Incremental changes in the recipe

• New designs involve variations of inputs

• Successful variations are selected

- cheaper or better performance



How do technologies improve?

• Design improvement
- Input tuning
- Substitution of cheaper or better inputs
- Creation of new goods:  Network growth
- Improved social technologies of production, 

distribution, ... invisible to Leontief network

• Increase in combinatorial possibilities -- 
palette gets larger and more efficient



Focus on very simple model of 
technological change

• The net result of a design improvement is 
an overall decrease in material inputs to 
perform same function

•         is the flow of material inputs from 
sector j to sector i,            means 
improvement

φij → αφij

�ij
� < 1



Overall rate of progress depends
 on network structure

• Let       be normalized flow of money from 
sector i to j 

• Assume uniform learning rate               

• Implies rate of improvement of GDP is

•     is weighted by GDP in each sector

g = L̄�

� = �̇/�

L = (I � AT )�11

L̄

Aij



Production networks
Money flow structure

Flat economy Chain economy

F F

S1 S2 S3
S1

S2

S3
L̄ = 1

L̄ = 2Chain economy amplifies technological changes. 



Growth rate and trophic depth

R2 = 0.452
P-Value = 2.0 10-6
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Comparison to standard growth models

Standard growth model Standard growth model+

¯L
Explanatory variable Estimate SE P-Value Estimate SE P-Value

¯L 2.85 · 10�2
8.35 · 10�3

1.63 · 10�3

log(GDP in 1995) �6.01 · 10�4
2.83 · 10�4

4.11 · 10�2 �3.03 · 10�4
2.54 · 10�4

0.241

Saving rate 1.15 · 10�3
5.46 · 10�4

4.23 · 10�2
5.60 · 10�4

5.03 · 10�4
0.273

Expenditure share �9.06 · 10�2
7.60 · 10�2

0.241

Constant 4.97 · 10�2
3.22 · 10�2

0.132 �5.76 · 10�2
2.33 · 10�2

1.84 · 10�2

R-Squared 0.351 0.493

L̄
2 2.5 3 3.5 4 4.5 5

A
ve
ra
ge

fr
ac
ti
on

of
ex
p
en
d
it
u
re
s

p
ai
d
to

em
p
lo
ye
e
co
m
p
en

sa
ti
on

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

TUR
CZE

BGR

EST

MEX

LVA
ROM

HUN

KOR
LUX

TWN

MLT

POL

BEL

IRL

AUS

IDN

ESP

FIN

SVN

IND
LTU

GRC

AUT
DEU

GBR

DNK

USA
SWE

NLD
ITA

PRT

FRA

BRA
JPN
RUS

CHN

SVK

CYP

Fraction of expenditure paid to employee compensation
is not significant to explain growth. 



NAICS digits
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Input tinkering/design improvement

• Incremental changes in the recipe

• New designs involve variations of inputs

• Successful variations are selected

- cheaper or better performance



How do technologies improve?

• Design improvement
- Input tuning
- Substitution of cheaper or better inputs
- Creation of new goods:  Network growth
- Improved social technologies of production, 

distribution, ... invisible to Leontief network

• Increase in combinatorial possibilities -- 
palette gets larger and more efficient



Focus on very simple model of 
technological change

• The net result of a design improvement is 
an overall decrease in material inputs to 
perform same function

•         is the flow of material inputs from 
sector j to sector i,            means 
improvement

φij → αφij

�ij
� < 1



Trophic depth amplifies growth multiplicatively
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Overall rate of progress depends
 on network structure

• Let       be normalized flow of money from 
sector i to j 

• Assume uniform learning rate               

• Implies rate of improvement of GDP is

• Trophic depth     is weighted by GDP in each 
sector

g = L̄�

� = �̇/�

L = (I � AT )�11

L̄

Aij



Growth rate and trophic depth

R2 = 0.452
P-Value = 2.0 10-6
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Comparison to standard growth models

Standard growth model Standard growth model+

¯L
Explanatory variable Estimate SE P-Value Estimate SE P-Value

¯L 2.85 · 10�2
8.35 · 10�3

1.63 · 10�3

log(GDP in 1995) �6.01 · 10�4
2.83 · 10�4

4.11 · 10�2 �3.03 · 10�4
2.54 · 10�4

0.241

Saving rate 1.15 · 10�3
5.46 · 10�4

4.23 · 10�2
5.60 · 10�4

5.03 · 10�4
0.273

Expenditure share �9.06 · 10�2
7.60 · 10�2

0.241

Constant 4.97 · 10�2
3.22 · 10�2

0.132 �5.76 · 10�2
2.33 · 10�2

1.84 · 10�2

R-Squared 0.351 0.493

L̄
2 2.5 3 3.5 4 4.5 5

A
ve
ra
ge

fr
ac
ti
on

of
ex
p
en
d
it
u
re
s

p
ai
d
to

em
p
lo
ye
e
co
m
p
en

sa
ti
on

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

TUR
CZE

BGR

EST

MEX

LVA
ROM

HUN

KOR
LUX

TWN

MLT

POL

BEL

IRL

AUS

IDN

ESP

FIN

SVN

IND
LTU

GRC

AUT
DEU

GBR

DNK

USA
SWE

NLD
ITA

PRT

FRA

BRA
JPN
RUS

CHN

SVK

CYP

Fraction of expenditure paid to employee compensation
is not significant to explain growth. 



NAICS digits
0 1 2 3 4 5 6

L

1

1.5

2

2.5

3

3.5

4

4.5

5
Agricultural, Forestry, Fishing and Hunting
Mining, Utilities, Construction
Manufacturing

Wholesale, Trade, Transportation and Warehousing

Information, Finance, Insurance, Real-Estate, Leasing,
Professional and Technical Services, Management of
Companies,
Admisnistrative and Waste Services
Educational Services, Health Care
and Social Assistance

Arts, Entertainment, Recreation,
Accomodation and Food Services

Other Services
Government Industries

Aggregation



Provides alternate explanation for 
super-exponential population growth

• Paul Romer’s theory:  population and 
technology co-evolved.

• Our theory:  Growing trophic structure 
accelerates economic growth.



Analogy: Evolution of 
autocatalytic networks

• Autocatalytic metabolism:  Set of chemical 
species that jointly produce each other via 
catalyzed chemical reactions involving only 
other members of the set.



Metadynamics 
(with norman packard)

A metadynamics model is a dynamical systems model on a 
dynamic network. The dynamics induce changes in the network, 
which in turn induces changes in the dynamical system. 
For example, consider modeling a potentially infinite set of 
possible chemical reactions. 

Chemical kinetics are solved on a network of dominant 
reactions.  This network is defined by the set of existing 
chemical species, which can themselves change through time.  
As they change, they change the network. 

Key idea:  Evolution toward the adjacent possible (Kauffman).



Metadynamics papers

Farmer, J.D., S. Kauffman, N. Packard. “Autocatalytic Replication of 
Polymers.” Physica D  (1986). 
Farmer, J. D., N. H. Packard, A. Perelson. “The Immune System, 
Adaptation, and Machine Learning.” Physica D (1986)
Bagley, R. J., and J. D. Farmer. “Spontaneous Emergence of a 
Metabolism.” In Artificial Life II (1991).
Bagley, R. J., J. D. Farmer, and W. Fontana. “Evolution of a 
Metabolism.” In Artificial Life II (1991).







Simulation of an autocatalyic 
metabolism

Start with simple food set (e.g. 5 species)
Implement kinetics for catalyzed reactions among 
food set (which defines initial network).
Define shadow set as species that can be reached by 
uncatalyzed reactions within network
Create a new species from shadow set with 
probability depending on reaction rates.
If this adds new catalyzed reaction, alter network of 
catalyzed reactions accordingly.
Repeat.



from: The Functional Self-Organization of Autocatalytic Networks
In a Model of the Evolution of Biogenesis, Richard James Bagley, Ph.D. thesis (1991) 

equilibrium concentration with only uncatalyzed reactions



from: The Functional Self-Organization of Autocatalytic Networks
In a Model of the Evolution of Biogenesis, Richard James Bagley, Ph.D. thesis (1991) 



from: The Functional Self-Organization of Autocatalytic Networks
In a Model of the Evolution of Biogenesis, Richard James Bagley, Ph.D. thesis (1991)1 



 Spontaneous emergence of an 
evolving metabolism 

(with R. Bagley, W. Fontana) 

Set of specific chemical species
Capable of “digesting” many possible food sets
Composition of of species evolves through time 
under random variation and selection.
Metadynamic model generates network through 
dynamics of components of network.



How can we achieve 
sustainability?

• GDP grows exponentially

- developing countries are increasing their 
standard of living

• Fortunately, GDP is also “dematerializing”

• With constant population, for sustainability 
rate of growth of GDP must be slower 
than rate of dematerialization.

• Need to selectively encourage rewiring of 
economy to make this happen.



Rebooting the economy?

• Suppose all technology were destroyed

- Library with all explicit knowledge remains

- All tacit knowledge remains (100M technicians?)

- Century supply of freeze dried food

• Could we reboot the economy?

• How would we do it?

Economy is strongly autopoetic



Technology giveth, and 
technology taketh away

• Complex systems engineering is more like 
gardening than traditional engineering.

The noosphere is our garden, we must tend it. 



Last Sander question

Did being a scientist change your view of 
the world in general, and in what sense?



Technological progress gives us a 
hint about purpose

• Aristotle’s four types of causation

- material

- formal

- efficient

- final (telos)

• Telos is not primary, it is an emergent 
property of the world, driven by the 
nonlinear feedback of reproduction




